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MBO04 
 

Enhancing Soluble Expression of Glutamate Decarboxylase 
through Amino Acid Substitution and Chaperone Co- 

Expression 
 

Sornpornpun Pairoh and Panwajee Payongsri* 
 

Faculty of Science, Mahidol University, Bangkok 10400, Thailand 
 

*Corresponding author: E-mail: panwajee.pay@mahidol.edu 
 

ABSTRACT 
 

 Gamma-aminobutyric acid (GABA) is a neurotransmitter that helps 
maintaining blood pressure and prevents insomnia and this makes it widely 
used in food supplement industry. It is synthesized by the decarboxylation of 
L- glutamic acid by glutamate decarboxylase (GAD). GAD from Oryza sativa 
japonica was reported to have high activity upon C- term deletion (GAD∆C) 
once expressed in plant. However, the overexpressed GAD∆C in E. coli 
BL21(DE3) resulted in inclusion body and low enzyme activity per biomass. 
This project aims to improve the solubility and activity of GAD. Sequence 
alignment of soluble GAD from 2 species (E. coli and Arabidopsis) shows 
negatively-charged amino acids on the enzyme surface but GAD from O. 
sativa has positively charged amino acids at the same positions. Amino acid 
substitution at these positions by site-directed mutagenesis produced the 
double mutant R236E/R392E with improved activity upon expression in E. 
coli. Induction strategies were further assessed. SDS-PAGE and GABA 
production assay suggested that autoinduction with high glucose can 
marginally reduce inclusion body and improve enzyme activity in the mutant 
compared with IPTG induction in LB medium. Overexpression of chaperone 
pG-KJE8 closely before the mutant induction further enhanced the enzymatic 
activity of the mutant per biomass. Both medium selection and chaperon 
overexpression improved GABA production in the double mutant to 8 mM 
when compared with 0.2 mM in GAD∆C under IPTG induction. This study 
illustrated that both surface-charge modification, culture conditions, and 
induction strategy can be used to enhance soluble expression. 
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Keywords: Chaperone, Gamma-aminobutyric acid (GABA), Glutamate 
decarboxylase (GAD), Site-directed mutagenesis 
 

INTRODUCTION 
 

Gamma-aminobutyric acid (GABA) is an inhibitory neurotransmitter 
in brain (Waagepetersen et al., 1999). GABA is popular food supplement due 
to its benefits including reducing depression (Ting Wong et al., 2003), anti-
diabetic (Tian et al., 2004) and ability to decrease blood pressure in 
hypertension patients (Yoshimura et al., 2010). GABA production via 
biosynthesis is more popular than the chemical synthesis method because the 
biological method has high reaction efficiency and is eco-friendly, easy to 
handle, and scale up (Huang et al., 2007). 

Glutamate decarboxylase enzyme (GAD, EC 4.1.1.15) irreversibly 
converts L-glutamic acid to gamma-aminobutyric acid (GABA) and CO2 
using pyridoxal 5’-phosphate (PLP) as a co-factor (Akama et al., 2001). 
OsGAD3 from Oryza sativa japonica was expressed in Arabidopsis and its 
activity was reported to be higher than other isozymes (OsGAD, OsGAD 2) 
(Liu et al., 2004). Furthermore, removing the calmodulin binding domain 
(CaM) at the C-term of GAD from plant enzyme can increase the enzyme 
activity in the plant cell (Akama and Takaiwa, 2007). The high activity 
enzyme attracts the industrial application especially biotransformation with 
recombinant technology. In our previous work, GAD from Oryza sativa with 
deleted C-terminal was cloned and expressed in E. coli BL21(DE3). However, 
heterologous expression resulted in high inclusion body formation upon 
induction by IPTG and low GABA production level. This restricts the use of 
this enzyme for industrial application. Thus, this study aimed to enhance 
soluble expression and activity of GAD through molecular and engineering 
strategies. 

To improve soluble expression of recombinant proteins, several 
strategies have been studied including protein expression at reduced 
temperatures, modification of cultivation strategies, molecular chaperone, and 
protein engineering (Sørensen and Mortensen, 2005).  

Polar and hydrophobic patch on surface of protein also contribute to 
intermolecular interaction and inclusion body formation. To enhance 
molecular repulsion, which prevents aggregation, the amino acid on the 
protein surface could be targeted for substitution. Positively charge patch on 
the protein surface and hydrophobic patch were reported to be associated with 
protein insolubility (Chan et al., 2013). In contrast, proteins with negative 
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charges surface tend to suffer less from aggregation (Chan et al., 2013; Kramer 
et al., 2012).  

Coexpression of the target gene with molecular chaperone was 
successfully demonstrated but the induction time and conditions were varied 
and have to be specifically investigated. For example, the chaperone GroEL 
can enhance the activity of carbonic anhydrase enzyme (Effendi et al., 2021). 
The DnaK and GroEL systems prevent protein aggregation by binding of 
chaperone misfold protein. The expression order of chaperones and the target 
protein is also the key to enhance solubility of enzyme. An example was 
illustrated in the work of Malekian et al., (2019) where chaperone was induced 
before or after GM-CSF expression. They found inducing chaperone before 
GM-CSF can achieve higher soluble protein than the other condition 
(Malekian et al., 2019). 

In this study, a combination of engineering and molecular strategies 
was used to enhance soluble expression of GADΔC. The mutants were 
induced at low temperature to decrease inclusion body formation. Surface 
amino acids were targeted for mutation to enhance solublilty. These were 
identified by sequence alignment of GAD from E. coli, Arabidopsis, and 
Oryza sativa and 3D structure of GAD (1XEY). The bi-chaperone system 
(DnaK and GroEL) was performed in this work to improve solubility and 
activity. The culture conditions and induction time were investigated to 
enhance GAD variant expression. Whole cell biocatalysis illustrated the 
improvement in GABA synthesis. 
 

MATERIAL AND METHODS 
 

GAD gene from Oryza sativa japonica and materials  
OsGAD2 (accession number of the gene: AB056061, 55.6 kDa) from 

Oryza sativa with deleted C-terminal (GADΔC) was cloned into pET48b at 
NdeI site. GADΔC was used in the construction of the R236E/R392E mutant. 
All the variants were expressed in E. coli BL21(DE3). LB medium (5 g/L 
yeast extract; 10 g/L NaCl; 10 g/L tryptone) was used in the pre-cultivation 
and overexpression by IPTG induction. The 20-ml autoinduction (20 g/L 
tryptone; 5 g/L yeast extract; 5 g/L NaCl; 3 g/L KH2PO4; 6 g/L Na2HPO4) was 
supplemented with 200 µl of 50% glycerol, 500 µl of 8% lactose and 200 µl 
of 10% glucose (Studier, 2005). This is called autoinduction (2xGLC) and was 
used in the over-expression of GAD instead of IPTG. All the media were 
supplemented with 50 µg/ml kanamycin. The medium for chaperone 
coexpression was additionally supplemented with 20 µg/ml chloramphenicol. 
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Construct R236E/R392E mutant  
GADΔC was used as the template to construct R236E/R392E mutant 

by site-directed mutagenesis. The primers used in this study were illustrated 
below.  
Forward R236E:  

5’-CTGGCTGCAAAAAACAAAGAGACCGGTTGGGAC-3’  
Reverse R236E:  

5’-CCAACCGGTCTCTTTGTTTTTTGCAGCCAGCAG-3’.  
Forward R392E:  

5’-GCTCAGGCTTTCGAGCTGTCTTCTGG-3’  
Reverse R392E:  

5’-CCAGAAGACAGCTCGAAAGCCTGAGC-3’.  
The target codon was underlined and the nucleotide to be replaced 

were in bold letters.  
The whole plasmid was amplified by pfu polymerase and it was 

transformed into E. coli BL21(DE3) after DpnI treatment. The transformants 
were selected on LB containing kanamycin (LB-Kan) plate and the mutations 
were confirmed by DNA sequencing. 
 
Over-expression of GAD and chaperone (pG-KJE8)  

To study the effect mutation and induction condition, the expression 
of GADΔC and R236E/R392E GADΔC mutants were assessed when using 
IPTG and autoinduction medium. Throughout the study, cell density was 
determined by OD600. In all studies, all variants were pre-cultured in 10 ml of 
LB-Kan at 37 ºC, 200 rpm for 18 h. For IPTG induction, 800 µl of the pre-
cultures were seeded into 20 ml of LB-Kan and incubated at 37 ºC, 200 rpm 
for 3 h. When the OD600 reached 3, the temperature was shifted to 20 ºC and 
then GAD variants were induced by 0.05 mM IPTG. They were cultured for 
further 3 h. The samples were collected to analyze protein expression and 
enzymatic activity. For autoinduction condition, 100-µl pre-culture was 
seeded into 20 ml of autoinduction (2xGLC). It was cultured at 20 ºC, 200 rpm 
for 16 h or until the OD600 was around 6-7. The samples were taken to analyze 
protein expression and enzymatic activity. 
 To study the effect of coexpression with chaperone, pG-KJE8 plasmid 
was transformed into E. coli BL21(DE3) which already have the plasmid 
containing desired variants. The double-plasmid E. coli BL21(DE3) were pre-
cultured and seeded into 20-ml of autoinduction medium (2xGLC) and 
cultured at 20 ºC, 200 rpm. The chaperones were induced by 0.5 mg/ml L-
arabinose and 5 ng/ml tetracycline at OD600 = 5. GAD was induced at OD600 
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around 6-7 when glucose in medium was used up. The samples were taken 
and centrifuged to analyze protein expression and enzymatic activity. 
 
Expression analysis 

Cell pellets were resuspended in 100 mM Tris pH 7 to reach the final 
OD600 of 25. The cell was broken by ultrasonication on ice at the amplitude of 
35 for 10 cycles (10s on and 10s off). The lysate was centrifuged (16,200xg 
for 5 min at 4 ºC) to separate soluble protein from debris containing inclusion 
body. The cell debris was dissolved in 100 mM Tris pH7 with the same 
volume before sonication. The amount of protein in supernatant was measured 
by Bradford assay.  

GAD in the supernatant and cell debris was analyzed by 10% SDS-
PAGE. All samples were diluted in Laemmli buffer and denatured before 
loading. The protein was loaded at 10 µg/well. The molecular weight was 
compared with protein ladder (BLUeye Prestained Protein Ladder, 
GeneDireX, USA). The gel was stained with 0.1% Coomassie brilliant blue 
R-250 (CBB) and destained with water. 
 
Enzyme activity  

The whole-cell enzyme activity assay was used throughout the study. 
The cell pellets were resuspended in DW to achieve OD600 = 100. The 5-ml 
reaction consisted of 100 µl whole-cell suspension and 5 ml of substrate which 
contained equimolar mixture of glutamate and monosodium glutamate (MSG) 
at 20 mM and 0.2 mM pyridoxal phosphate (PLP). The mixture was 
continuously shaken at 150 rpm, 25 ºC for 18 h. Samples were taken at 
specified time intervals and stopped by boiling at 85 ºC for 5 min. The reaction 
was centrifuged at 16,200xg for 5 min. The supernatant was filtered through 
a 0.45 µm filter (Filtrex). To quantify GABA and glutamate by HPLC, the 
supernatant was derivatized by OPA (O-Phthaldialdehyde; Sigma, cat. no 
P0532-50ML). The analysis was done through C18 column (4.6 x 150 mm, 
Thermo scientific) using isocratic elution of 0.045M sodium acetate pH 5.4 
(eluent A) and acetonitrile (eluent B) at the ratio A:B = 70%:30% at 1 mL/min. 
The column temperature was fixed at 30 ºC. GABA standard curve was 
constructed to allow quantification. 
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RESULTS 
 

Amino acid sequence and structural analysis for mutagenesis  
Amino acid sequence alignment of GADs from 3 species including E. 

coli, Arabidopsis, and Oryza sativa showed differences in amino acid 
composition. At certain positions, GAD from Oryza sativa possesses 
positively charged amino acid while GAD from E. coli and Arabidopsis have 
negatively charged amino acids (Fig. 1A). Furthermore, the crystal structure 
of GAD from E. coli (PDB ID: 1xey) and Arabidopsis (PDB ID: 3hbx) 
revealed that several of these negatively charged amino acids are on the 
surface of the enzyme (Fig. 1B). These included Asp-233 and Asp-394 in 
GAD from E. coli and Glu-234 and Glu-390 in Arabidopsis. However, these 
positions were Arg-236 and Arg-392 in GAD from Oryza sativa. Therefore, 
Arg-236 and Arg-392 were substituted with glutamic acid by site-directed 
mutagenesis resulting in the double mutant R236E/R392E GADΔC. 

 

 
 

Figure 1.  (A) Amino acid sequence alignment of GADs from Oryza 
sativa, E. coli, and Arabidopsis. The black boxes indicated 
Arg-236 and Arg-392 in GAD from Oryza sativa. (B) The 
crystal structure of GAD from E. coli (PDB ID: 1xey). The blue 
and red residues are positively and negatively charged amino 
acids, respectively. The yellow residue in yellow circule is 
Asp-233 and the green residue in green circule is Asp-394. 

 
After obtaining the desired mutants, the induction strategy, culture 

medium, and chaperone were investigated to enhance expression of soluble 
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and active enzyme. Expression and activity of whole cell R236E/R392E 
GADΔC and GADΔC were compared under the same culture conditions. 
 
Effect of induction strategy on solubility and activity of GAD  

To study the induction strategy on the solubility and activity, 
R236E/R392E GADΔC and GADΔC mutants were cultured in 2 media. 
Autoinduction contained glucose at double concentration as normally used to 
increase biomass and extend the induction time. The final OD600 of culture, 
pH after reaction, and the amount of GABA (mM) are shown in Table 1. Both 
mutants reached similar final OD600 when using the same medium illustrating 
that the mutation did not affect the microbial growth. However, autoinduction 
has higher biomass than LB medium due to higher nitrogen and carbon 
contents. The prolonged culture period after induction led to higher inclusion 
body formation while GABA production was not improved. Therefore, the 
cultures were continued to up to 3 hours after induction in both media.  

SDS-PAGE revealed that both GADΔC and R236E/R392E formed 
inclusion body in both IPTG and autoinduction. The soluble GADs from 
GADΔC and R236E/R392E mutants are not clearly different when using the 
same medium (Fig. 2A and B). To distinguish whether the double mutant has 
improved enzymatic activity or soluble expression, the amount of GABA that 
each mutant can produced was measured. The amount of cells in each reaction 
were the same. Therefore, all reactions have the same number of cells and the 
active enzyme per unit biomass can be compared directly. 
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Figure 2.  SDS-PAGE of samples induced by 0.05 mM IPTG (A), 
autoinduction (2x glucose) (B), and autoinduction with 
chaperon (C). Soluble proteins were loaded at 20 µg/well in 
Figure 2A and 10 µg/well in Figure 2B and C. The E. coli 
BL21(DE3) is the control representing the background host 
proteins (C). The induced cells were sonicated and centrifuged 
to separate supernatant (S) and cell debris (D). The number 1 
and 2 represent GADΔC and R236E/R392E, respectively. 
Superscript Ch indicated samples with chaperone induction. 

 
For IPTG induction (Table 1), the OD600 were determined at 3 h after 

induction. For autoinduction, the final OD600 were determined at 16 h for non-
chaperone system and at 20 h with chaperone co-expression. 

 
Table 1. The final cell density (OD600), pH after reaction, and the amount of
    GABA (mM) of each inducer. 
 

Sample inducer final 
OD600 

pH 
after 

reaction 

GABA 
(mM) 

GAD∆C 0.05 mM IPTG 3.92 4.51 0.167 
 Autoinduction 6.08 4.25 0.480 

R236E/R392E 0.05 mM IPTG 3.96 4.73 0.454 
 Autoinduction 7.31 4.35 2.07 

GAD∆C pG-KJE8 Autoinduction 8.67 4.42 3.00 
R236E/R392E pG-KJE8 Autoinduction 8.11 5.15 8.11 

 
When using the same cell concentration in all reactions, IPTG 

induction has lower GABA content in both variants. Only 0.167 mM GABA 
was achieved in GADΔC and 0.454 mM in R236E/R392E. In contrast, 
autoinduction enhanced the enzymatic activity of both variants at least 3 times 
over IPTG induction in GADΔC and nearly 5 times in the double mutant. 
These indicated that autoinduction could enhance soluble expression of both 
variants. R236E/R392E has higher GABA level than GADΔC in both media 
and has the highest GABA was obtained when cultured in autoinduction at 
2.07 mM. This indicated that the mutation either futher improve soluble 
expression from GADΔC or enhance enzymatic activity. However, the 
R236E/R3392E obtained from this condition only reached 10% substrate 
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conversion. To further enhance soluble expression, the chaperone (pG-KJE8) 
was co-expressed with R236E/R392E to improve solubility of the enzyme 
under the autoinduction condition. 

 
Effect chaperone (pG-KJE8)  

The chaperone (pG-KJE8) was co-expressed with the R236E/R392E 
to enhance the solubility of R236E/R392E and GADΔC. The time-course 
monitoring of enzyme expression and inclusion body formation in 
autoinduction was done by SDS-PAGE. It was revealed that the enzymes 
started to express when the cell density reached OD600 6-7 and the inclusion 
body rapidly formed afterward. Therefore, chaperone was induced at OD600 = 
5 which took place before GAD induction. The coexpression of chaperone in 
E. coli that is expressing GADΔC or R236E/R392E resulted in similar cell 
density. The amount of soluble GAD from GADΔC and R236E/R392E are 
not clearly higher than the previous induction strategy (Fig. 2C). However, 
both GADΔC and R236E/R392E have a higher amount of GABA than the 
other 2 conditions (Table 1). In GADΔC, GABA content increased from 0.48 
mM to 3 mM when using chaperone while GABA content reached 8.1 mM in 
the double mutant under the same condition. Therefore, the chaperone (pG-
KJE8) improves the solubility of GAD which resulted in higher enzyme 
activity per unit biomass. 
 

DISCUSSION 
 

Early induction is commonly used in recombinant protein production 
to achieve high protein concentration (San-Miguel et al., 2013). However, 
since growth and protein expression are competing for both carbon and 
nitrogen sources, the balancing between growth and protein expression is 
essential for efficient biocatalyst production (Rosano and Ceccarelli, 2014). 
Late induction has an advantage in high biomass production which 
subsequently increased the enzyme production capacity (Studier, 2014). In 
whole cell biocatalyst where the target enzyme is prone to inclusion body 
formation, early induction may not provide a clear benefit on protein 
production because a large portion of carbon and nitrogen produce non-
functional proteins (Galloway et al., 2003). Therefore, the late induction was 
employed in both media. In autoinduction, this was achieved by 
supplementing glucose at higher concentration.  

Autoinduction was found to improve soluble expression of GAD in 
both variants. IPTG induction in pET system was rapid and resulted in high 
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expression due to strong T7 promoter. This may not provide sufficient time 
for protein folding, especially heterologous expression even when the codons 
were optimized for E. coli. Slowing down expression including lowering 
temperature was one of the common strategies. With the same rational, 
changing inducting strategy to be more gradual could also promote protein 
folding. The autoinduction in this study was also supplemented with higher 
glucose concentration which could prolong the growth phase and delayed the 
gene expression in pET system. Since glucose is continuously consumed by 
E. coli, this allows a more gradual effect of lactose on induction than IPTG 
(Studier, 2005) and consequently could improve soluble expression. 

It might be expected that high expression of functional GAD could 
have negative impact on the microbial growth. The decarboxylation of 
glutamic acid is an irreversible process and high intracellular GAD activity 
might reduce the pool of glutamic acid within the cells which subsequently 
affected amino acid metabolism and growth. In this study, the final OD600 of 
E. coli expressing GADΔC and R236E/R392E were not greatly different 
under the same culture conditions indicating that the expression of the double 
mutant and its basal activity did not affect the cell growth. In the co-expression 
system, the cell culture period was slightly longer than the non-chaperone 
system but it has slightly lower cell density than the non-chaperone system. It 
indicated that double expression (GAD and chaperone) affects the growth of 
bacteria. pG-KJE8 chaperone has 2 systems including DnaK and GroEL 
systems. DnaK and GroEL systems used ATP to fold protein thus their 
function could affect ATP pool and TCA cycle that subsequently impaired the 
growth of bacteria (Martínez-Alonso et al., 2010). Additional protein 
expression also diverted carbon and nitrogen from growth. In order to balance 
the resource between growth and protein synthesis, the additional glucose in 
the autoinduction played crucial roles in both delaying expression and 
enhancing growth.  

Chaperone expression prior to GAD induction resulted in higher 
GABA biosynthesis in both variants than the non-chaperone system. This 
indicated that such conditions promoted soluble expression although the 
amount of soluble protein was not visibly higher on the SDS-PAGE. The 
double mutant always has higher conversion than GADΔC and it could be 
argued that this could be due to higher soluble expression or activity 
enhancement upon mutation. The mutation on the surface of GAD could 
promote intermolecular repulsion and reduce protein aggregation. 
Nonetheless, the co-expression with chaperone could improve the GABA 
biosynthesis of the double mutant. Therefore, it can be confirmed that soluble 
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expression of GAD is essential for enzymatic activity.  
The production of GABA by microorganism by decarboxylation leads 

to the rise in the pH of the reaction. In this study, the double mutant obtained 
from chaperone-coexpression reached the final pH of 5.15 which was in good 
agreement with the highest GABA production (8.11 mM). However, this 
mutant has the conversion yield of 68.67%. This may be because the glutamate 
could be used as a carbon and energy source for bacteria by converting 
glutamate to alpha-ketoglutarate by glutamate dehydrogenase (Sakamoto et 
al., 1975). Therefore, some portion of MSG and glutamate could be used to 
grow of bacteria. In addition, several factors were reported to affect the 
production of GABA by microorganism including pH, temperature and 
cultivation time (Dhakal et al., 2012). The optimum pH of production of 
GABA depends on each bacteria, which will be investigated in the further 
project. 
 

CONCLUSION 
 

Inclusion body formation is a common obstacle in heterologous 
expression. Although protein refolding can be applied in protein purification 
process, this cannot be done in whole cell biocatalyst is required. Enhancing 
soluble expression becomes essential for such application. In this study, 
multiple strategies including protein engineering, chaperone co-expression, 
culture medium, and induction condition were shown to facilitate soluble 
expression of GAD enzyme. 
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ABSTRACT 
 

Collagen 3D scaffold is commonly used for wound dressing, 
especially for chronic wounds due to its excellent biocompatibility, porosity, 
ability to mimic natural extracellular matrix, and maintain moisture. At 
present, fish collagen has attracted much attention from biomedical 
communities as alternative medical collagen. Thailand’s aquatic industries 
always have abundant by-products especially fish skin that can be a high 
quality source of collagen. This study aims to investigate the potential of tuna 
skins as a source of collagen and ability to be wound dressing. The native 
collagen was extracted via a modified acid- & pepsin-solubilized method from 
skin of three different species of tuna; skipjack tuna (Katsuwonus pelamis, 
SKJ), yellowfin tuna (Thunnus albacares, YF) and albacore tuna (Thunnus 
alalunga, ALB). The collagen was then characterized for their chemical and 
physical properties. The % yield of collagen from SKJ, YF, and ALB was 
8.38%, 29.96%, and 40.48% respectively. The % purity of collagen from YF 
and ALB were 88.37% and 91.76%, respectively which was significantly 
higher than SKJ (68.27%). Sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) revealed that the extracted collagen from skin 
was type I collagen based on their molecular weights. Circular dichroism 
confirmed the presence of their native triple helix structure. In addition, the 
color of YF collagen appeared to be the whitest among three species of tuna. 
Finally, all extracted collagen were successfully fabricated into 3D porous 
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scaffolds by freeze-drying method. Scanning electron microscope (SEM) 
revealed that the microstructures of all scaffolds were highly porous with 
different pore sizes. 

 

Keywords: 3D Scaffold, Native Collagen, Tuna skin, Wound dressing 
 

INTRODUCTION 
 

Wound healing is a biological response and complicated process. If the 
wound healing process are interrupted, the wound can be a chronic wound. 
Therefore, wound dressings are necessary materials that can be used to cover 
and protect the wound from other damages (Peng et al., 2022). Polymeric 3D 
scaffolds are one of important wound dressing tools for tissue engineering 
applications towards chronic wounds. Key characteistics of 3D scaffolds for 
facilitating smooth wound healing are highly biocompatibility, porous 
structure for cell migration, good water-absorbing property, as well as suitable 
mechanical characteristics that can result into their good interaction with 
endothelial cells enabling proper angiogenesis process (Hu et al., 2021). 
Collagen is the most abundant structural protein in the extracellular matrix of 
animals. It is a common biomaterial for such wound dressing applications due 
to its excellent biocompatibility, biodegradability, low toxicity and poor 
immunogenic reactions (Li et al., 2022). In addition, the collagen can be easily 
fabricated into 3D scaffolds with excellent biocompatibility, biodegradability, 
high mechanical strength, high water absorption, and porosity. Moreover, the 
presence of native structure of collagen are suitable for wound healing process 
since it can stimulate new tissue growth, angiogenesis, and re-epithelialization 
(Brett, 2008). 

At present, the commercial collagen 3D scaffold has been derived from 
bovine and porcine. However, the mammal-derived collagen has several 
serious concerns, including the risks of zoonotic transmission and the religious 
restriction (Liu et al., 2022). Therefore, new sources of collagen are needed to 
avoid the problems in traditional collagen. For this reason, marine collagen, 
especially collagen derived from fish skin, has attracted much attention over 
mammalian collagen. Thailand is currently one of the top countries in the 
world exporting aquatic products especially canned and processed tuna fish 
products. Therefore, it leads to the accumulation of a large number of by-
products, including bones, scales, and skin, from tuna industrial processing. 
Consequently, the economic and sustainable use of fish by-products for the 
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production of a high-value product like medical collagen has received 
considerable attention. 

Therefore, this study aims to investigate the potential application of 
tuna skins as a source of native collagen and ability to be fabricated into 
biomedical 3D scaffolds. The study investigated the effects of the skin from 
three different species of tuna which are skipjack tuna (Katsuwonus pelamis, 
SKJ), yellowfin tuna (Thunnus albacares, YF) and albacore tuna (Thunnus 
alalunga, ALB) on their collagen characterization. In addition, the extracted 
native collagen was characterized for chemical and physical properties. The 
collagen analysis included general appearance, yield, purity, proximate 
analysis, molecular weight, tertery structure of native collagen (i.e., triple 
helix). Finally, all three types of collagen from three species of tuna were then 
fabricated into 3D porous scaffolds by freeze-drying method. The scaffolds 
were then evaluated for their surface and the cross-sectional morphologies via 
SEM to quanlitatively evaluate their pourisity. 
 

MATERIALS AND METHODS 
 

Materials 
Three species of tuna skin including, Skipjack tuna (Katsuwonus 

pelamis, SKJ), yellowfin tuna (Thunnus albacares, YF) and albacore tuna 
(Thunnus alalunga, ALB), were kindly donated by Thai Union Group PCL. 
Chemical and reagents are analytical grade and purchased from Sigma-
Aldrich. Hydrogen peroxide (H2O2) and sodium hydroxide (NaOH) were used 
as pretreatment solution for collagen extraction process. Glutaraldehyde 
(GTA) solution was chemical crosslinker of collagen scaffold. 

 
Collagen extraction  

Tuna skins were extracted via a modified acid- & pepsin-solubilized 
method (Elango et al., 2016). Briefly, skins were treated with H2O2 and NaOH 
in the pretreatment process to remove pigments and other impurities. The 
collagen was extracted from the pretreated skin by acetic acid containing 
pepsin at 4 ºC. The extracted collagen was collected by sodium chloride 
(NaCl) via salting out precipitation and then centrifugation. The extracted 
collagen was redissolved in an acetic acid solution and dialyzed against 
distilled water to neutralize the pH and remove salts. Finally, the extracted 
native collagen were lyophilized and characterized for their physical and 
chemical properties properties. 
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Collagen characterizations 
 The extracted collagen was characterized for their physical and 
chemical properties including, the appearance, the % yield, proximate 
composition, molecular weight via SDS-PAGE, triple helix structure via 
circular dichroism, and % purity of collagen. 

Color appearance of freeze-dried collagen was analyzed by visual 
observation and color spectrophotometer based on three color parameters, 
including L* (lightness), a* (redness/greenness) and b* (yellowness/blueness) 
(Nilsuwan et al., 2022). 

% Yield of collagen is calculated based on the weight of the 
lyophilized collagen by the dry weight of skin. 

Proximate compositions of extracted collagen were determined for 
moisture, total protein, fat, and crude ash content, according to the standard 
AOAC methods (AOAC, 1995). 

% Purity of the extracted collagen were calculated from the % of 
proximate compositions based only on moisture and crude protein. 

The purity and molecular weight of the extracted collagen were 
analyzed by SDS-PAGE by using 10% separating gel and 4% stacking gel 
(Laemmli, 1970). 

The secondary structure of extracted collagen (i.e., triple helix) was 
determined by a circular dichroism spectrophotometer, which measures the 
different absorption of circularly polarized light (Sanz et al., 2020). 
 
3D Collagen scaffold fabrication 

Collagen 3D scaffolds were fabricated by using freeze-drying method 
with chemical crosslinker (Elango et al., 2016). Briefly, the extracted collagen 
was dissolved in acetic acid together with GTA solution. Next, the solutions 
were mixed together at 4 ºC until homogeneous and subsequently injected into 
the 3D template. Then, the template was kept at -20ºC overnight and 
lyophilized for 24 h  

 
Surface and cross-sectional topographies of 3D collagen scaffold via 
scanning electron microscopy (SEM) 
 The microstructure of 3D collagen scaffolds was analyzed by 
Scanning Electron Microscopy (FE-SEM HITACHI SU8010) at the 
accelerating voltage of 10kV and the magnification of 40x and 100x. (Elango 
et al., 2016). 
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RESULTS  
 
The extracted collagen properties 
 The % yield, proximate composition and % purity of collagen 
extracted from skin of three different species tuna are in Table 1. The results 
showed that the % yield of collagen (based on dry weight basis) from SKJ, YF 
and ALB tuna were 8.38%, 29.96% and 40.48%, respectively. Proximate 
analysis showed that the protein was the major component in the extracted 
collagen from SKJ (57.88%), YF (77.28%) and ALB (80.65%). The collagen 
from both YF and ALB tuna had much higher protein content when compaed 
to SKJ tuna. The % purity of collagen from SKJ, YF and ALB tuna were 
calculated to be 68.27%, 88.37%, and 91.76% respectively. The fat content 
found in collagen from SKJ (4.47%) was also significantly higher than from 
YF (1.91%) and ALB (0.51%). It is also important to note that the % moisture 
was not different among collagen obtained from three different species of tuna 
as well as and % ash. 
 
Table 1. The % yield, proximate composition and the % purity of 

extracted collagen from skipjack tuna, yellowfin tuna and 
albacore tuna. 

 
Properties Skipjack tuna Yellowfin tuna Albacore tuna 

% yield 8.38 29.96 40.48 

Proximate composition 
 % Moisture 
 % Crude Protein 
 % Crude Fat 
 % Ash 

 
10.39 ± 0.70 
57.88 ± 0.22 
4.47 ± 0.92 
0.79 ± 0.27 

 
11.09 ± 1.10 
77.28 ± 0.05 
1.91 ± 1.32 
0.71 ± 0.29 

 
11.11 ± 0.67 
80.65 ± 0.31 
0.51 ± 0.44 
0.58 ± 0.10 

% purity 68.27 ± 0.92 88.37 ± 1.15 91.76 ± 0.98 

 
The protein pattern of extracted collagen 

Because the extraction process may include other proteins in the 
finished product, the collagen protein profile, as well as collagen purity, must 
be confirmed. The electrophoretic patterns revealed that the extracted collagen 
contained type I collagen based on molecular weight of the collagen protein 
subunits by SDS-PAGE. The electrophoretic patterns of collagen from three 
different species had the same patterns when compared with type I collagen 
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from cow tendon. All collagen contained two alpha subunits; alpha 1 and alpha 
2, in which each has Mw at 120 kDa. Moreover, all collagen samples contain 
a distinct protein band with a size of 240 kDa known as the beta chain, which 
consists of a dimer of alpha chains covalently linked together (Fig. 1). 

 

 
 
Figure 1.  SDS-PAGE patterns of different extracted collagen from cow
  tendon, SKJ skin, YF skin and ALB skin. 
 
The native structure of extracted collagen 
 The circular dichroism (CD) spectrophotometer was used for 
evaluating the molecular conformation of the native collagen protein. The 
results showed that all tuna collagen had positive peak at around 221 nm and 
negative peak at around 197 nm suggesting the presence of collagen triple 
helix structure. When comparing with the native conformation of collagen 
from cow tendon, the tuna collagen had the same circular dichroism spectra 
pattern which was also comfirmed as native type I collagen. 
 
The appearance of extracted collagen 

Color of extracted collagen from SKJ, YF and ALB tuna were dark 
gray, off-white and light brown respectively. The International Commission 
on Illumination (CIE) for its collagen was indicated in Table 2. 
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Table 2. Instrumental color and visual observation of extracted collagen
  from SKJ, YF and ALB tuna. 

 
Fabrication of 3D collagen scaffolds 

All the extracted SKJ, YF, and ALB collagen were fabricated into 3D 
scaffolds by the freeze-drying method, resulting in porous cylinderical 
sponges as shown in Fig. 2. 

 

 
 
Figure 2.  Images of collagen-based scaffolds were fabricated from 
  extracted collagen of SKJ, YF and ALB tuna. 
 

The microstructure of collagen 3D scaffolds 
The microstructures of 3D collagen scaffolds were investigated for 

surface and cross-sectional topologies analysis by SEM. The results showed 
that all 3D collagen scaffolds from SKJ, YF and ALB contained fibrous-like 
microstructures with high porosity of internal stuctures as showed in Fig. 3. 

Parameter Skipjack tuna  Yellowfin tuna  Albacore tuna  
Lightness (L*) 75.57 ± 1.41 77.9 ± 4.39 72.42 ± 4.38 

Redness (a*) 1.41 ± 0.17 1.72 ± 0.58 3.6 ± 1.23 
Yellowness (b*) 7.14 ± 0.64 10.98 ± 2.45  14.01 ± 3.74 

Color Dark gray Off-white Light brown 
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Figure 3. SEM micrographs of collagen-based scaffolds from extracted 

collagen of SKJ, YF and ALB tuna respectively in surface at 
the magnification of 100x, and cross-sectional views at the 
magnification of 40x, 100x and 250x. Scale bar represents 500 
µm, 200 µm and 1 mm. 

 
DISCUSSION 

 
The extracted collagen via a modified acid- & pepsin-solubilized 

method from skin of three species of tuna including, SKJ, YF and ALB had 
differences in % yield and color appearance. The results suggested that the % 
yield and color of the extracted collagen depended on the species and physical 
structure of fish skin. The anatomical structure of the skin 
of larger tuna species like ALB and YF has a thicker layer of skin than that 
of SKJ tuna, a medium-sized tuna, and hence more proteins, including 
collagen, reside in the skin's middle layer in those two species than in SKJ. 
The differences in color of the final extracted collagen from three different 
tuna species might be rooted from the amount of melanin pigment present in 
tuna outer skin. The SKJ skin has the darkest color among the three; thus, it 
yielded the dark gray collagen. Nevertheless, the color of extracted collagen 
appears not to affect other properties of collagen. The results of proximate 
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composition showed that protein is the major component of the extracted 
collagen. The differences of protein content might be related to tuna skin 
structure as well as density of collagen in fish skin (Nurilmala et al., 2019) . 
Moreover, another major difference among the three extracted collagens was 
their fat contents, in which SKJ had almost 2.3 times higher when compared 
to YF and 8.8 times higher when compared to ALB. These findings might be 
due to the fact that the lipid content of tuna skin has been found to depend on 
many factors, including composition in skin structure, tuna species, catching 
season, location, age, and maturation (Nurilmala et al., 2019).  

The protein patterns from electrophoresis SDS-PAGE analysis showed 
that all extracted collagen were also similar to type I collagen from cow 
tendon. Based on their molecular weights identified, all extracted collagen 
proteins from tuna skin were type I collagen, similar to the previsous finding 
(Arumugam et al., 2018). Based on circular dichroism spectra, all extracted 
collagen had positive peak at around 221 nm and negative peak at around 198 
nm, suggesting that all collagen proteins still have native molecular structure 
of triple helixes when dissolved in solution (Qi, Zhou, Wang, He, and Li, 
2015). The preserved native structure of tuna collagen might be due to the fact 
that the collagen extraction process was always performed in cold 
temperature. Finally, all SKJ, YF and ALB collagen could be fabricated into 
3D porous cylinderical sponges with their shape and structure integrity 
maintained. The SEM micrograpes of collagen porous scaffolds showed high 
porosity with fibrous-like networks microstructure that should be suitable for 
tissue engeineering and wound dressing applications. The highly porous with 
interconnected pore networks inside 3D scaffolds is a desirable characteristic 
for supporting nutrient and oxygen flows, cell attachment, cell migration and 
cell proliferation to promote proper wound healing process (Murphy, Haugh, 
& O'Brien, 2010). 

 
CONCLUSION 

 
In summary, the results of this study showed that tuna skin has great 

poteintial to be used as alternative source of a high-value product like collagen 
proteins for biomedical applications. In this study, the extracted collagen from 
3 different tuna species was identified as type I collagen with good 
characteristics. Our findings also confirmed that the effect of tuna species and 
physical structure of tuna skin can have a major influence on the 
characteristics of the extracted collagen proteins. These collagens could be 
successfully fabricated into 3D collagen scaffolds with the necessary 
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properties to promote proper cell attachment, migration, and proliferation that, 
like a natural extracellular matrix protein, play a key role in tissue 
regeneration. Thus, extracted collagen from YF skin should be the most 
suitable collagen for being a biomaterial due to its whiteness, which is more 
acceptable than others. However, further studies have to investigate more 
potential properties for biomaterials of these collagen-based scaffolds, such as 
water binding capacity, porosity, water vapor transmission, mechanical 
properties, biocompatibility testing with cell lines, angiogenesis, etc. The 
knowledges gained from this study will lead to the development of 3D 
collagen scaffolds for wound healing in the future. The production of a high-
value product like medical-grade collagen from fish by-products will be 
economicly important due to sustainable of waste valorization in Thailand. 
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ABSTRACT 
 

Uropathogenic Escherichia coli strains or UPECs are the majority 
cause of urinary tract infections (UTIs) and multidrug-resistant UPECs has 
been also increasingly emerged worldwide. Bacteriophages or phages, 
prokaryotic viruses that kill bacteria, are therefore one of the promising tools 
to combat UPECs. In this study, we focused on the isolation and purification 
of phages that can infect UPECs. Wastewater samples from 20 locations were 
collected and used as sources for phage enrichment. After the enrichment step, 
plaque formations of the enrichment cultures were visualized. The result 
revealed that the cultures from L2, L4, L16, and L17 produced visible plaques 
after the incubation, suggesting the presence of phages. Due to the clear plaque 
morphology, putative plaques from L16 and L17 were isolated and purified. 
After these steps, we obtained 2 purified phages, named L16 and L17 in 
accordance with the locations where the phages reside. Phages L16 and L17 
are able to infect various E. coli strains including lab strains, probiotic strains, 
and clinically isolated UPECs. Phage L16 produces plaques with clear centers 
and turbid edges and a diameter of ~2 mm. Phage L17, on the other hand, 
produces smaller plaques (<1 mm) with clear centers. The titers of phages L16 
and L17 are equal to 1.4 x 1011 pfu/mL and 3.6 x 1010 pfu/mL, respectively. 
The killing assay at various MOIs of infection showed that both phages L16 
and L17 can decreased cell number of UPEC strain CFT073. In particular, 
phage L17 is more efficient in killing the bacteria than phage L16 when 
compared at the same MOI. Further investigation into the biological properties 
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of these phages will be needed to explore their potential to be an effective 
alternative tool to combat UPECs. 
 
Keywords: Antibiotic drug-resistance, Bacteriophage, UPECs, Urinary Tract 
Infections (UTIs), Uropathogenic Escherichia coli.  
 

INTRODUCTION 
 

Escherichia coli is normally known as harmless bacteria that mostly 
reside in the human intestine and play various roles in the healthy human 
intestinal tract. However, some strains of E. coli can become deadly and 
infectious when the bacteria accidentally enter the human urinary tract. When 
the migration of E. coli from stool to the urethra occurs, it would cause an 
infection, called urinary tract infection (UTI). The E. coli strains that invade 
and cause this disease are so called uropathogenic Escherichia coli strains or 
UPECs. The infection with UPECs could lead to sepsis in 
immunocompromised patients, affecting around 150 million people each year 
worldwide (Ana et al., 2015). Antibiotics are a common resource for the 
treatment UPECs. Nevertheless, the emergence of resistant UPECs to 
antibiotics has been found increasing day by day. Trimethoprim-
sulfamethoxazole (TMP-SMZ), one of the recommended first-line treatments 
against UTIs, is no longer used since UPECs have been resistant to this drug. 
For example, the resistance rate of UPECs to TMP-SMZ was reported at 
59.6% in India by Prasada et al., 2019, and 24.5 % was reported in Switzerland 
by Erb et al., 2018.  

As a consequence, alternative therapeutics are urgently needed to 
combat drug-resistant UPECs (Beata et al., 2019).  Bacteriophage or phage, a 
virus that kills bacteria, is highly abundant in nature (Martha et al., 2011). 
Phages have been long known to replicate within bacteria and are considered 
an alternative way to combat bacteria since the 20th century ( Weber et al. , 
2016) .  In the clinical aspect, phages are considered safe for humans 
(Borysowski and Górski, 2008). They also have the ability to penetrate 
through the biofilm established by bacteria, which normally contributes to the 
persistent cells in patients (George et al., 2018). These suggest the use of 
phages as an antimicrobial agent is an alternative powerful tool to combat 
bacterial infections in clinics. However, not all phages can be used as 
candidates for treatment since some phages can lysogenize the bacterial host, 
which leads to more harmful bacteria.  In this study, we aimed to isolate and 
purify phages that can infect and kill UPEC strain CFT073, one of the most 
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dangerous UPECs, whose infection in the kidney leads to pyelonephritis and 
sepsis in patients (Andrew. A. et al., 2008). We expect our phages to be an 
effective alternative to combat UPECs in the future. 
 

MATERIAL AND METHODS 
 
Materials 

Luria-Bertani agar (LB agar) (10 g/L tryptone, 10 g/L NaCl, 5 g/L 
yeast extract 10 g/L agar) was used as media for E. coli. SM buffer (0.1 M 
NaCl, 0.016 M MgSO4.7H2O, 0.05 M Tris-HCl, 0.01% w/v gelatin, distilled 
water) was used as a diluent and storage buffer for phages.  
 
Sample source 
 

Location 
no. Area Latitude Longitude Collection 

date 

L1 Samyan market 13.7371055633
7188 

100.524368494
6851 20191110 

L2 Samyan market 13.7373841687
16527 

 
100.523395949

66261 
20191110 

L3 I'm park Chula 13.7402081951
51004 

100.524634445
3485 20191110 

L4 Restaurant wastwater, 
Soi Chula 5 

13.7406376375
71128 

100.523810603
40541 20191110 

L5 Restaurant wastwater, 
Soi Chula 5 

13.7411882916
40503 

100.523899824
16756 20191110 
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Location 
no. Area Latitude Longitude Collection 

date 

L6 Chula dormitory 13.7413746480
60164 

100.527232059
04827 20191110 

L7 Chula dormitory 13.7406623906
47131 

100.527277021
37105 20191110 

L8 Chula dormitory 13.7399290048
13233 

100.526296352
53983 20191110 

L9 Chula dormitory 13.7414086449
46574 

100.528000341
38818 20191110 

L10 Chula dormitory 13.7414666451
79557 

100.528589786
72802 20191110 

L11 Chula library 13.7390082445
44701 

100.527815532
5767 20191110 

L12 Chula pond 13.7385368046
77953 

100.530158280
46104 20191110 

L13 Chulalongkor,  
MHMK building 

13.7355588840
32123 

100.530645396
13486 20191110 

L14 Chulalongkor,  
MHMK building 

13.7362747657
37951 

100.530901211
67213 20191110 
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Location 
no. Area Latitude Longitude Collection 

date 

L15 Chulalongkorn,  
MHMK building 

13.7361970488
20086 

100.531286690
92544 20191110 

L16 Restaurant wastwater, 
Bantadthong rd. 

13.7406167406
58888 

 
100.523650471

12791 
20191110 

L17 Restaurant wastwater, 
Banthatthong rd. 

13.7408001482
47517 

100.523057865
53104 20191110 

L18 Restaurant wastwater, 
Banthatthong rd. 

13.7408074119
1114 

100.522792408
15484 20191110 

L19 Restaurant wastwater, 
Banthatthong rd. 

13.7410360098
1533 

100.522927844
41377 20191110 

L20 Restaurant wastwater, 
Banthatthong rd. 

13.7411427647
25758 

100.523082997
86911 20191110 

 
Enrichment of phage against UPECs 

The wastewaters were collected from 20 places (designated as L1 to 
L20) in order to use them as phage sample resources. One mL of each 
wastewater was added to the mixture which included 250 µL of 100 mM 
CaCl2, 25 mL of LB broth, and 250 µL of E. coli strain CFT073, and was 
incubated at 30 °C, 200 rpm for 48 hours. After the incubation, each 
enrichment culture was centrifuged at 9,000 rpm for 10 minutes and then 5 
µL of supernatant of each culture from the locations was dropped onto the 
bacterium lawn of E. coli strain CFT073 and incubated at 30 °C for 16 
hours. The plaque formation was later observed. 
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Phage isolation and purification  
The phage purification step was performed using the double-layer agar 

method to purify phages. Briefly, 200 µL of E. coli strain CFT073 overnight 
culture and 10 µL of each dilution of filtrated enrichment culture (100 to 10-8 
dilution) were added into 5 mL of molten 0.35% LB soft agar. After that, the 
mixtures were poured onto 2% LB agar plates and were incubated at 30 °C for 
16 hours. After the incubation, the putative plaques that were single 
translucent were picked and resuspended in 100 µL of SM buffer. This step 
was repeated at least 4 times until the plaque morphology of each purified 
phage was homogeneous. 

After the fourth round, the web-lysis plates of each purified phage 
were soaked with 5 mL of SM buffer and incubated at 30 °C for 5 hours. Then, 
the soaked SM buffer of each plate was taken and centrifuged at 9,000 rpm 
for 15 minutes. Then, the supernatant was filtered through the 0.45-micron 
filter in order to remove the remaining bacterial cells. 

Determination of phage titer by spot test was performed. Phage lysate 
of phage L16 and L17 were serially 10-fold diluted (10-3 to 10-10), and each 
dilution was dropped onto the bacterium lawn of E. coli strain CFT073. 
Plaques were visualized after incubation at 30 °C for 16 hours and titer was 
then calculated. 
 
Host range determination  

The host spectrum of phages L16 and L17 was determined by a spot 
test to test the infectivity of each phage against various E. coli strains including 
UPECs, as listed in Table 1. The bacterium lawns were prepared by mixing 
200 µL of overnight cultures of hosts with 5 mL of molten 0.35% LB soft 
agar. Then, the mixtures were poured onto 2% LB agar plates. Five µL of 
high-titer lysate of phages L16 and L17 was dropped onto the bacterium lawn. 
Plaques or clear zone were visualized after incubation at 30 °C for 16 hours. 
 
Killing assay 
 The log phase of E. coli strain CFT073 was prepared by culturing the 
overnight culture until OD600 reached 0.4 by shaking at 250 rpm, 30°C. The 
culture was then infected with phages at various MOI as follows: 0.01, 0.1, 1, 
10, and 100. All infected cultures were monitored by measuring the OD600 
every 10 minutes for 3 hours. This experiment was carried out in triplicate. 
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RESULTS  
 
Enrichment of phages against E. coli strain CFT073 

The wastewater from 20 locations (L1 to L20) was used as a sampling 
resource for phage enrichment. After the enrichment was done, the enrichment 
cultures of each location were dropped onto the bacterium lawn of E. coli 
strain CFT073. Plaque formation was then visualized after the incubation to 
indicate which locations potentially contained phages. We found that, among 
the screened wastewater samples, there were 5 locations including L2, L4, 
L16, L17, and L19 that had plaques formation, suggesting the presence of 
phages that target E. coli strain CFT073 (Fig. 1). Since plaques as appeared in 
L16 and L17 were obvious and relatively clear compared to the others, we 
decided to choose these locations for following experiments.  
 
Phage isolation and purification  
 After phages in L16 and L17 were isolated and purified, high titer-
lysates of phages were prepared. The phages were named phage L16 and 
phage L17, in accordance with the locations where they reside. The plaque 
morphologies were visualized and the titer of phage lysates were evaluated by 
spot test (Fig. 2). Phage L16 appears to produce plaques with clear centers and 
turbid edges with a diameter of around 2 mm. Phage L17, on the other hand, 
produces much more smaller plaques less than 1 mm with clear centers and 
edges. The titer of phages L16 and L17 were determined in PFU/mL and the 
titers equal to 1.4 x 1011 and 3.6 x 1010, respectively. 
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Figure 1.  Plaque formation from enrichment cultures of wastewater 
samples collected from 20 locations (L1 to L20). Five µL of 
each enrichment culture was dropped on the bacterium lawn of 
E. coli strain CFT073 and plaques were visualized after 
incubation at 30 °C for 16 hours. (a) Locations L1 to L10, (b) 
Location L11 to L20, and C.T. is designated as a control 
(enrichment culture without wastewater added). 

 

 
 

Figure 2.  Determination of phage titer and visualization of plaques by 
spot test. Phage lysates of phages L16 (top panel) and L17 
(lower panel) were serially 10-fold diluted as shown at the log 
(fold) (-3 to -10). Then, each dilution was dropped onto the 
bacterium lawn of E. coli strain CFT073. Plaques were 
visualized after incubation at 30 °C for 16 hours and titers were 
calculated. Scale bar equals 10 mm. 

 
Host range determination 
 To explore the potentials of phages L16 and L17 in the clinical aspects, 
the host range of phages L16 and L17 were tested with various strains of E. 
coli including lab strain E. coli, and clinically isolated UPECs by spot test. 
The killing ability was considered positive if the plaques or clear spots appear 
after the incubation. The result revealed that phages L16 and L17 have slightly 
different host spectrum and are able to infect a broad range of E. coli strains 
including lab strains, probiotic stains, UPECs, and clinically isolated UPECs 
as shown in the table. 1.  

 
Killing assay 

The killing assay at various MOIs of infection (0.01, 0.1, 1, 10, and 
100) of phages L16 and L17 was determined to explore the efficiency of the 
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phage in suppressing bacterial growth in vitro. The result showed that both 
phages L16 (Fig. 3a) and L17 (Fig. 3b) could potentially inhibit the growth of 
E. coli strain CFT073 for at least 3 hours. The highest inhibition of bacteria 
growth was observed at MOI 100 and when lowering MOIs, the inhibition 
capacity was decreased accordingly. Interestingly, phage L17 (Fig. 3b) 
appears to display higher efficiency than phage 16 since, even at relatively 
low MOI (MOI at 10), it still strongly suppresses the growth of bacteria 
throughout the observed period. 
 
Table 1.  Host range determination of phages L16 and L17. Different 

strains of E. coli were used as the host to determine the host 
spectrum of phages using a spot test. + indicates “plaque 
formation” and + indicates “no plaque formation”. 

 

Types of host Host strain 
Plaque formation 

L16 L17 

Lab  strains 
E. coli ATCC25922 + + 

E. coli lmp - + 
E. coli MC4100 - + 

UPECs 
E. coli CFT073 + + 

E. coli UTI89 + + 
E. coli ABU83972 - + 

Probiotic strains E. coli Nissle 1917 - + 

Clinically isolated  
UPECs 

PK1036 (AT1) - - 
PK1037 (AT2) - + 
PK1038 (AT3) + + 
PK1039 (AT4) - - 
PK1040 (AT5) - - 
PK1041 (AT6) - + 
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Figure 3.  The killing profile of (a) phage L16 and (b) phage L17 against E. 

coli strain CFT073 at various MOIs (0.01, 0.1, 1, 10, and 100) for 
3 hours. Each data point represents the means ± Standard 
Deviation (S.D.) of triplicate. 

 
DISCUSSION 

 
Scientists throughout the world have been looking for alternative 

solutions to the rapidly escalating problem as a result of the emergence of 
UPECs that are resistant to antibiotics and the scarcity of newly discovered 
medications (Andrei et al., 2016). Due to the ability of phages that can lyse a 
bacterium host at the end of its life cycle, the use of phages as a therapeutic 
agent is therefore the promising alternative way to combat antibiotics 
resistance bacteria (Toit, 2017) Phages L16 and L17 were successfully 
isolated and purified from wastewaters using E. coli strain CFT073 as an 
parental host for isolation. The plaque morphologies of both phages appear as 
clear plaque, suggesting that they might be lytic phages and strictly enter only 
the lytic cycle. The phages are also capable of killing a great variety of UPECs 
including clinical isolates, which are accounted for 35% in phage L16 and 
80% in phage L17 of the tested strains. These phages can also inhibit bacterial 
growth and, in particular, phage L17 displays high efficiency as it suppresses 
the bacterial re-growth at relatively low MOI. Altogether, due to its lytic life 
cycle, broad host spectrum, and its efficiency in inhibiting bacterial growth, 
we considered that phage L17 is potentially a promising agent for treating 
UTIs in the future. However, as one of the hosts tested for Killian’s host 
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spectrum was E. coli Nissle1917 which has been utilized as a probiotic. The 
plaque forming was observed in this strain, suggesting that the combination of 
phage Killian and E. coli Nissle1917 in medical use should be avoided. 

In addition, phages have many advantages over antibiotics. For 
example, phages are specific to bacterial hosts; unlike, antibiotics that usually 
target all bacteria in our body, and would disturb the microbiome of patients. 
However, the side effects of phage therapy in humans are needed to be 
investigated to warrant its safety for clinical use.  
 

CONCLUSION 
 

Phages L16 and L17 that were isolated and purified from wastewater 
samples have the potential to kill various strains of E. coli including E. coli 
CFT073 and clinically isolate UPECs that cause UTIs. The killing assay of 
these phages against E. coli CFT073 showed that L16 and L17 have the ability 
to inhibit the growth of E. coli CFT073 for at least 3 hours. Moreover, phage 
L17 shows remarkable inhibition of host growth rate at MOI 10. Phage L16, 
on the other hand, shows less inhibition of host growth rate, compared to 
phage L17.  
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ABSTRACT 
 

The three-dimensional (3D) cell culture system is being employed 
more frequently to investigate cell therapy and tissue repair due to its close 
mimicry to in vivo cells. In this study, alginate hydrogels were created for 
human mesenchymal stem cells (MSCs) culture and an investigation was 
conducted into the effects on cell viability and cell proliferation compared to 
2D monolayer culture. Hydrogel characterization, cell proliferation analysis, 
live/dead straining, and qRT-PCR were examined. The results showed that 3D 
alginate hydrogel effectively increased cell proliferation, cells grew as cellular 
spheroids supported the continuous culture and showed a high survival rate of 
75.36% after culture for 14 days in MSCs. Furthermore, the 3D alginate 
hydrogel increased the expression of cell proliferation genes (Ki67, YAP, and 
TAZ) in 3D MSCs cultured on day 14 by 3.1, 4.0, and 2.48-fold, respectively, 
and the stemness properties of the 3D MSCs were increased, as indicated by 
a higher expression of the stemness-related gene (Oct-4) and were upregulated 
by 3.1-fold, compared to the 2D monolayer culture. Overall, these suggest that 
3D alginate hydrogels can serve as a promising carrier for stem cell-based 
therapy and various tissue engineering applications.  
  
Keywords: 3D culture, Alginate, Cell proliferation, Cell survival, Hydrogel, 
Mesenchymal stem cells. 
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INTRODUCTION 
 

In tissue engineering and regenerative medicine, cell therapy using 
human mesenchymal stem cells (MSCs) has been extensively studied (Kolios 
and Moodley, 2013). Numerous stem cell studies have been conducted to treat 
a variety of illnesses and injuries (Wang et al., 2012). MSCs have the ability 
to differentiate into different types of cells including adipocytes, osteoblasts, 
myocytes and chondrocytes (Brown et al., 2019). MSCs also have the ability 
to self-renewal (Kolf et al., 2007). Due to limited cell survival, poor cell 
engraftment, and a lack of site-specificity, stem cell-based treatment is 
frequently futile (Nicodemus et al., 2008). Therefore, it is imperative to 
develop methods and efficient cell culture systems to enhance cell survival 
and function. 

Three‐dimensional (3D) cell culture models have been used to mimic 
in vivo cell morphology and molecular control (Kim et al., 2004). The 3D 
culture provides an additional dimension for cell-cell communication, cell-
ECM interaction, and cell adhesion. In 3D cell culture models, cells grew in 
scaffold biomaterials, cultured as cellular spheroids, which is different from 
2D cell culture cultured in a petri dish or flask dish (Foty, 2011). Thus, 3D 
cell culture is an alternative method used in cell studies and research to achieve 
consistency and is close to the growth of in vivo cells. 

Hydrogels are commonly employed as scaffolds for cell therapy, drug 
delivery, and tissue engineering because of their adaptability, 
biocompatibility, and ease of production (Ahsan et al., 2018). Hydrogels with 
high hydrophilicity are biocompatible and can imitate natural tissues. 
Hydrogels have been frequently used to create artificial extracellular matrix 
(ECM) for in vitro studies of cellular function (You et al., 2018). Alginate has 
been used as a biomaterial in tissue engineering (Venkatsan et al., 2014). 
Alginate comes from algae and is a natural heteropoly saccharide. Because of 
its biocompatibility, nontoxicity, high water content, and low 
immunogenicity, alginate has been used in a wide range of engineering 
applications (Bhattarai et al., 2007). Therefore, alginate was an excellent 
material for investigating the functions of cell survival and cell proliferation. 
 In this study, we developed the alginate hydrogel and analyzed it by 
cell proliferation analysis and cell viability by fluorescent image of live/dead 
straining in Mesenchymal Stem Cells (MSCs). Then, cell proliferation and 
stemness properties of cells in 3D alginate hydrogels were measured by qPCR 
analysis in comparison with the 2D monolayer culture. 
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MATERIAL AND METHODS 
 
Cell culture 

Umbilical cord mesenchymal stem cells (UC-MSC cells) were 
cultured in complete medium with Minimum Essential Medium Eagle - Alpha 
Modification (Alpha MEM) medium, 10% (v/v) Fetal Bovine Serum (FBS), 
1% Non-Essential Amino Acid (NEAA), 1% (v/v) L-glutamine, and 1% (v/v) 
penicillin–streptomycin. Cells were incubated at 37°C in a humidified 
incubator atmosphere with 5% CO2: 95% air. The fresh complete medium was 
changed every 2 days for both culture conditions.  
 
Hydrogel preparation  

Alginate was dissolved in sterile deionized (DI) water with stirring at 
60°C to produce a 2 wt% hydrogel aqueous solution, and a sterilized 0.20 µm 
filter was used. After that, it was incubated with UV radiation for 15 minutes. 
Lyophilized products were stored at 20°C for two days to obtain white porous 
foam. Each mixture was incubated at 37°C to form hydrogels, and to ensure 
complete gelatinization, all of the samples were allowed to sit for 30 minutes. 

 
Scanning electron microscopy (SEM) image  

The structure and porosity of the alginate hydrogels were observed 
using a scanning electron microscope (FIB‐SEM, Carl Zeiss). The sample was 
sputter coated (Sputter Coater Leica EM ACE600, Leica Microsystems (SEA) 
Pte Ltd) with gold to produce a thick film before observation under a scanning 
electron microscope. 
 
Swelling ratio measurement   

After gelatinization, the gels were subsequently incubated in PBS and 
allowed to swell, then weighed at various time intervals until a constant weight 
was reached. The degree of swelling was calculated with the following 
formula: swelling degree = (Ws − Wd)/Wd, where Ws represents the weight 
of swollen gels and Wd represents the weight of the freeze-dried gels. 
 
Cell proliferation analysis 

The proliferation of cells cultured on the 2D culture and 3D alginate 
hydrogel was determined using a resazurin assay. Briefly, 1 ml of resazurin 
solution (25 µg resazurin per 1 ml fully complete medium) was added to each 
well after washing with phosphate buffered saline (PBS) and incubated at 
37°C for 30 min. The resazurin solution was transferred to a black 96-well 
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plate to read the fluorescence values on a microplate reader (Varioskan, 
Thermo Fisher Scientific, Waltham, MA) at an excitation wavelength of 530 
nm and an emission wavelength of 590 nm. Cells were washed three times 
with PBS to remove the resazurin solution, then the fresh complete medium 
was added. This procedure was repeated every 2 days for 14 days. 
 
Live/Dead staining  

The vitality of the cells inside the 3D alginate hydrogels was evaluated 
using live/dead cell fluorescent double staining. MSC spheroids inside the 3D 
hydrogels were stained with 4 μM calcein acetoxymethyl ester (calcein AM) 
and 4 μM of propidium iodide (PI) for 30 min at room temperature and 
protected from light. Calcein AM and PI were used to stain live cells (green 
fluorescence) and dead cells (red fluorescence), respectively. Live/dead cells 
were imaged with a fluorescence microscope (ZOE™  Fluorescent Cell 
Imager, Bio-Rad Laboratories, Hercules, CA). Five fields were counted 
randomly from each image at a magnification of 100× using the ImageJ 
program (NIH). 
 
qPCR analysis  

Total RNA from the cells after 7, 14, and 21 days in the 2D and 3D 
cultures were isolated using a NucleoSpin RNA Kit. Quantitative polymerase 
chain reaction (qPCR) experiments were performed using the QuantStudio 5 
Real-Time PCR System (Thermo Fisher Scientific), which were conducted in 
96-well plates. To monitor cDNA amplification, qPCR BioSyGreen Mix 
Low‐Rox (PCR BIOSYSTEMS, London, UK). Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) was used as the endogenous housekeeping gene. 
The expression level of Ki67, YAP, TAZ, and Oct-4 gene were examined. The 
primers for the reference gene GAPDH and the primers designed for the genes 
of interest are shown in Table 1. Relative expression was determined by the 
2−ΔΔCt method, and each target gene was normalized against GAPDH and the 
2D culture condition. 
 
Statistical analysis 

The statistical analysis was performed using SPSS (version 16.0, SPSS 
Inc., USA). The data is presented as mean ± SD values. A comparison of more 
than two quantitative data sets was performed using one-way ANOVA. A 
comparison of the two quantitative data sets was performed using Student’s t-
test. The statistical significance was set at p < 0.05. 
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RESULTS  
 
The morphology and cell proliferation of MSCs in alginate hydrogels 

Cells in the 2D condition grew as flat sheets in a petri dish or flask, 
which is different from cells in a 3D hydrogel, which grew as cellular 
spheroids. In 3D hydrogel, cells grew as cellular spheroids (Fig. 1A). Cells in 
the 2D condition rapidly expanded over the first 9 days, however at the 10-
day time point, the cell population started to decline. However, the 3D UC-
MSCs developed slowly at first during the culture but then steadily grew faster 
over the period of the a 14-days culture (Fig. 1B). These results indicate that 
alginate hydrogels support cell proliferation of Mesenchymal stem cells. 
 

 
 
Figure 1. The morphology and cell proliferation of MSCs in 3D alginate 

hydrogel. (A) Morphology of MSCs in 2D cluture and 3D 
hydrogels. (B) Cell proliferation of MSC cells cultured on the 
2D culture and the alginate hydrogels was determined by a 
resazurin assay. 
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Characterization of alginate hydrogels 
The morphological structure of the hydrogels was analyzed using SEM 

images. The data confirmed a porous morphology with an approximate 
diameter size of 69 µm (Fig. 2A). As for the swelling ratio, the water 
absorption of alginate hydrogels increased the swelling ratio to 32% of their 
initial weight (Fig. 2B). Thus, the characterization of alginate hydrogels 
confirms their microporous structure and the high-water absorption in 
hydrogels.  
 

 
 

Figure 2. Characterization of alginate hydrogels. (A) SEM image of 
alginate hydrogels. (B) Swelling ratio of the alginate hydrogels. 

 
Cell viability of MSCs in alginate hydrogels 

MSCs were encapsulated in the 3D alginate hydrogels and cultivated 
for 3, 7, and 14 days in order to examine the influence of the hydrogels on the 
viability of the MSCs. MSCs develop into cellular spheroids during the culture 
period. Live/Dead staining (calcein AM/PI) was used to determine the MSCs 
viability in the alginate hydrogels. Cells that survived (green) and dead cells 
(red) were observed. The percentage of live and dead cells was shown to be 
84.11%, 78.26%, and 75.36% inside the hydrogels at days 3, 7, and 14, 
respectively. Thus, 15.89%, 21.74%, and 24.64% of the cells were dead in the 
alginate hydrogels at days 3, 7, and 14 days, respectively (Fig. 3). 
 
 
 
 
 



 
The 34th Annual Meeting of the Thai Society for Biotechnology and International 
Conference “Sustainable Bioeconomy : Challenge and Opportunities”  

  
 
 

 November 24–25, 2022, Ambassador Hotel Bangkok, Thailand 43 
 
 

 
 
Figure 3. Cell viability of MSCs in alginate hydrogels at 3, 7, and 14 days 

of culture was determined by fluorescence to live/dead staining. 
Living cells show green (calcein AM) fluorescence, and dead 
cells emit red (PI) fluorescence.   

 
Cell proliferation and stemness properties of MSCs in alginate hydrogels 

To compare the expression of cell proliferation and stemness-related 
genes of MSCs in 2D culture and 3D alginate hydrogel, the mRNA expression 
in MSCs from both conditions was determined by q-PCR. The proliferation of 
genes, including Ki67, YAP, and TAZ genes. Results showed that Ki67, YAP, 
and TAZ genes were significantly increased in the MSC culture with the 
alginate hydrogels and the genes were upregulated by 3.1, 4.0, and 2.48 folds, 
respectively, at day 14, in comparison to the 2D culture. In addition, the 
stemness properties of MSCs were measured by Oct-4 gene expression. The 
result showed that Oct-4 genes were significantly increased and upregulated 
by 3.1 fold in the 3D alginate hydrogels on day 14, compared to the 2D culture 
(Fig. 4). These results indicate that the 3D alginate hydrogels enhanced the 
proliferation and stemness properties of Mesenchymal stem cells. 
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Figure 4. The mRNA expression levels of MSCs in the 2D culture and the 

3D alginate hydrogels. (A, B and C) Expression of cell 
proliferation genes (Ki67, YAP and TAZ) and (d) stemness-
related genes (Oct-4) determined by qRT-PCR. Each target gene 
was normalized against GAPDH and the 2D culture condition. 
The values were presented as mean ± SD, n=3 (*p < 0.05 and **p 
< 0.01 versus control). 
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Table 1.  Primer sequences used for real-time PCR 
 

Gen
e 

Forward Reverse 

Ki67 5’- 
CCTGTACGGCTAAAACATG

GA-3’ 

5’-
GCTGGCTCCTGTTCACGTA

-3’ 
YAP 5’-

CCTGCGTAGCCAGTTACCA
A-3 

5’-
CCATCTCATCCACACTGT-

3’ 
TAZ 5’-

CTTGGATGTAGCCATGACC
TT-3’ 

5’-
TCAATCAAAACCAGGCAA

TG-3’ 
Oct-

4 
5’-

CAGTGCCCGAAACCCACAC
-3’ 

5’-
GGAGACCCAGCAGCCTCA

AA-3’ 
 

DISCUSSION 
 

In this study, the 3D alginate hydrogel was analyzed for cell 
proliferation and cell survival in Mesenchymal stem cells (MSCs). The 
properties of alginate hydrogel were demonstrated as a result of a porous 
structure analyzed with an SEM image. Our data is similar to the detailed 
hydrogel characterization reported previously (Ahmed, 2015). The porous 
structures were important for nutrient storage, gas exchange, and provided a 
cellular spheroid for cell differentiation and cell expansion (Knight and 
Przyborski, 2015). In addition, the alginate hydrogels increased the swelling 
ratio of their initial weight, confirming the effect of water absorption.   

Our findings demonstrated that the 3D alginate hydrogels had an effect 
on MSC cell viability and proliferation, with a tendency to develop as cellular 
spheroids. After 14 days of culture, cell viability was discovered and a high 
survival rate of 75.36% was observed. These findings concur with previous 
studies (Chaicharoenaudomrung et al., 2019). According to the study, the 
alginate hydrogel creates a 3D environment in glioblastoma cancer cells that 
promotes high cell survival and the formation of cellular spheroid. In addition, 
cell proliferation and stemness properties in MSCs were confirmed by an 
increase in the gene expression of cell proliferation genes (Ki67, YAP and 
TAZ genes) and stemness-related gene (Oct-4 gene) in the culture of the 3D 
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alginate hydrogels, compared to the 2D culture. Taken together. The 3D 
alginate hydrogel model enriched cell survival, proliferation, and stemness 
properties in Mesenchymal stem cells. 
 

CONCLUSION 
 

In conclusion, this study showed the development of 3D Mesenchymal 
stem cell culture system using alginate hydrogels. Our data showed that this 
system mimicked the in vivo microenvironment and supported cell 
attachment, with high cell proliferation and cell viability. In the 3D alginate 
hydrogels, Mesenchymal stem cells increased the proliferation and stemness 
properties, compared with the 2D culture system. Our findings suggest that 
3D alginate hydrogels can serve as a promising carrier for stem cell-based 
therapy and various tissue engineering applications. 
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ABSTRACT 
 

Transcription factors have been widely used as biosensors for several 
applications to detect a wide range of compounds. However, natural 
transcription factor-based biosensors (TFBs) still have some limitations, such 
as low ligand sensitivity. Therefore, engineering TFBs to acquire desired 
properties remains a major challenge. To overcome this problem, in this study, 
we aimed to develop a novel platform for engineering TFBs with improved 
sensitivity. We chose the tetracycline-responsive transcriptional regulator 
TetR from E. coli as the model biosensor. TetR-mediated signal transduction 
involves the equilibrium between TetR-bound and TetR-free promoter at 
different concentrations of anhydrotetracycline (aTc), which is the ligand of 
TetR. We employed directed evolution for evolving TetR to exhibit higher 
sensitivity toward aTc by utilizing both negative and positive selection 
systems, which were responsible for eliminating nonfunctional TetR mutants 
and enriching variants with improved properties. The first round of directed 
evolution yielded eight TetR mutants that exhibited higher aTc sensitivity than 
their wild-type counterpart. Ultimately, the platform developed in this study 
will be useful for tailoring the sensitivity of TFBs to match the specifications 
of real-world applications. 
  
Keywords: Biosensor, Directed evolution, Tetracycline promoter, TetR. 
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INTRODUCTION 
 

The idea of employing microorganisms as cell factories for producing 
various chemical and biological compounds has become more approachable 
over the past few decades. However, there are still some challenges 
concerning this concept. Many host organisms often suffer from being forced 
to synthesize high amounts of native or nonnative metabolites which lead to 
cell death. Therefore, metabolic engineering and synthetic biology approaches 
are required for the optimization of host cells properties and enhancing 
production yields (Gohil et al., 2021). Transcription factor-based biosensors 
(TFBs) that can sense metabolites and adjust protein production in a real-time 
manner become important tools for regulating metabolic pathways as TFBs 
provide some useful features such as real-time monitoring, stability, 
sensitivity, cost effectiveness and reproducibility (Peter et al.,2018 and Ding 
et al.,2021).  

However, only a handful of natural TFBs exhibit properties required 
for real-world applications (Ding et al., 2021). Some of them cannot give 
desirable response profile. The other confer poor specificity. Moreover, many 
natural TFBs fail to provide enough sensitivity for analyte detection. 
Consequently, engineering TFBs to meet requirements is a necessary step to 
create TFB variants with desirable characteristics. 

Directed evolution of transcription factors has been one of the most 
promising strategies for improving TFBs. In this approach, a library of 
randomly mutated transcriptional regulator gene is created and screened or 
selected to search for improved variants. A commonly used strategy for rapid 
screening of vast mutant libraries is fluorescence-activated cell sorting or 
FACS (Corte et al., 2020 and Binder et al., 2013). Nevertheless, this method 
is expensive and not effective in certain scenarios, such as engineering 
biosensors with very low reporter gene expression (Flachbart et al., 2019).  

To solve this problem, in this project, we aimed to establish an in vivo 
selection for the directed evolution of TFBs with higher sensitivity for a target 
analyte. Tetracycline regulatory protein (TetR) was chosen as the model 
biosensor. TetR is a regulatory protein that binds and unbinds to tetracycline 
promoter (Ptet), depending on the concentration of a variety of tetracycline 
derivatives, such as anhydrotetracycline (aTc). Our in vivo selection system 
was composed of both negative and positive selection. In the negative 
selection part, Ptet was designed to control the expression of a toxic gene, 
namely the phiX174-E gene. The growth of E. coli cells that expressed 
nonfunctional TetR mutants were, therefore, suppressed. TetR variants 
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selected from the negative selection step were reselected in the positive 
selection part to search for TetR mutants with higher sensitivity to aTc. In this 
part, the ampicillin resistance gene under the control of Ptet was used as the 
selection marker. Therefore, only E. coli cells that expressed TetR variants 
with higher sensitivity to aTc were enriched, when the cells were grown in the 
presence of appropriate concentrations of ampicillin and aTc. The improved 
variants were analyzed via DNA sequencing. Ultimately, the platform 
developed in this study should be useful for tailoring the sensitivity of TFBs 
to match the specifications of real-world applications. 
 

MATERIAL AND METHODS 
 
Materials 

Chemicals and medias used in this study were of either microbial 
molecular or analytical grade and were purchased from Difco (USA), Himedia 
(India), Alfa Aesar (USA) and Sigma (USA). Enzymes and reagents for 
molecular biology were ordered from New England Biolabs (USA) and 
Agilent (USA). To isolate the plasmid, FavorPrep Plasmid Extraction Mini 
Kit (Favogen, Taiwan) was used. GEL/PCR Purification Mini Kit (Favogen, 
Taiwan) was employed for purifying DNA from PCR and DNA excised from 
agarose gel. Plasmid DNA purification was carried out with DNA Clean & 
Concentrator Kit (Zymo Research, USA). Synthetic DNA fragments and 
primers were purchased from IDT (USA). 
 
Design and construction of positive and negative selection plasmid  

The positive selection plasmid pAT8-YR2-5 was constructed by 
modifying the plasmid pAT-cr1-TEM (Nearmnala et al., 2021). The 
chloramphenicol resistance gene (cat gene) without EcoRI restriction site was 
ordered from IDT and amplified by AvrII-Cm-FW and PacI-Cm-RE primers. 
Then, the original cat gene on pAT-cr1-TEM was replaced with the new cat 
gene. Next, pAT-TEM (Nearmnala et al., 2021) was amplified with EcoRI-
pAT-FW and NdeI-pAT-RE to generate a 193-bp of 5’UTR. This gene 
fragment was digested and inserted into pAT-cr1-TEM with EcoRI and NdeI 
restriction sites. The resulting plasmid was named pAT8-bla. A wild-type bla 
gene was substituted by mutated bla, YR2-5, from Nearmnala et al. 
(Nearmnala et al., 2021). The resulting plasmid was designated pAT8-YR2-5. 

For the construction of a negative selection plasmid, the ampicillin 
resistance gene on pAT8-YR2-5 was replaced by the E gene of the 
bacteriophage ΦX174. The E gene was amplified with primers X174-E-F and 
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X174-E-R and inserted into pAT8-YR2-5 between the NdeI and XhoI sites to 
generate the negative selection plasmid named pAT8-E. 
 
In vivo complementation assay 
 To determine suitable concentrations of anhydrotetracycline (aTc) 
used in the positive selection, an in vivo complementation assay as described 
by Nearmnala et al. was performed (Nearmnala et al., 2021). A single colony 
of E. coli XL1-Blue harboring pAT8-YR2-5 was inoculated in LB broth with 
30 μg/ml chloramphenicol. E. coli XL1-Blue without plasmid and E. coli 
XL1-Blue with pAT-TEMc, a plasmid that constitutively expressed TEM, 
were used as a negative and positive control, respectively. The OD600 of 
overnight cultures was adjusted to 1.0. The cultures were diluted and spread 
on LB agar plates containing 50 μg/ml of ampicillin and different 
concentrations of aTc. Cells were also spread on LB agar plates containing 30 
μg/ml chloramphenicol. After incubation at 37 ºC for 24 hours, the colony size 
was measured by ImageJ (Schneider et al.,2012).  A 6-mm filter paper disc 
was applied as the standard for colony diameter measurement.  

 
Directed evolution of TetR 
 To create a library of randomly mutated TetR, error-prone PCR 
(epPCR) was carried out by using the GeneMorphII random mutagenesis kit 
(Agilent). The PCR product was then cloned into the HindIII and EcoRI sites 
of pAT8-E to generate a negative selection library, which was subsequently 
transformed into E. coli XL1-Blue by electroporation. Negative selection was 
performed by incubating the transformed cells in LB broth containing 30 
μg/ml of chloramphenicol at 37 ºC and 200 rpm for 18 hours. The culture was 
then used for plasmid extraction. The tetR mutant genes were cloned into 
pAT8-YR2-5 at the EcoRI and HindIII sites to generate a positive selection 
library, which was transformed into E. coli XL1-Blue by electroporation. 
Positive selection was carried out by spreading the transformed cells onto LB 
plates with 50 μg/ml of ampicillin and varying concentrations of aTc. One 
hundred colonies in each condition were chosen for a downstream screening 
step by a growth assay. Improved TetR mutants were further analyzed by 
DNA sequencing. 
 
Growth assay 
 The aTc sensitivity of TetR mutants was evaluated based on the growth 
of E. coli by employing a streak plate method adapted from a previous study 
(C.L.Baylis et al., 2000). Colonies were picked from the positive selection 
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plates and were streaked on LB plates containing 30 μg/ml chloramphenicol. 
Then, a single colony obtained from this plate was streaked in a 3-section 
pattern on LB agar containing 50 μg/ml ampicillin and different 
concentrations of aTc. The plates were incubated at 37 ºC for 18 hours. The 
growth score of each mutant was arbitrarily assigned according to this criteria: 
0 for no trace of growth, 1 for the first section covered with a few single 
colonies or small clearly visible cells, 2 for the first section partially covered 
with cells, 3 for the first section fully covered with cells and the second section 
covered with a few single colonies, 4 for the second section partially covered 
with cells, 5 for the second section fully covered with cells and the third 
section covered with a few single colonies, 6 for the third section partially 
covered with cells and 7 for the third section fully covered with cells. 
 

RESULTS  
 
The design and construction of the dual negative-positive selection 
 To select for TetR variants with higher sensitivity to aTc, the selection 
scheme that could distinguish improved mutants from the unimproved clones 
was necessary. We designed in vivo selection systems in which Ptet was used 
to control the expression of a gene that affected cell growth, so only cells that 
contained desired TetR would grow in the selective conditions. However, one 
selection step was not enough for selecting TFBs with higher sensitivity. Both 
negative and positive selection systems were essential. In the negative 
selection part, the plasmid pAT8-E which is composed of a toxic E gene under 
the control of Ptet, was constructed to remove nonfunctional TetR mutants 
from the library. Only cells that expressed functional TetR mutants were able 
to inhibit the expression of the toxic protein and survived in this selection step. 
Subsequently, all mutants from the negative selection were reselected by 
positive selection. In this step, an ampicillin resistance gene was used as the 
selectable marker. We attempted to use the wild-type bla gene for positive 
selection, but its encoded enzyme was too catalytically active to be used 
because E. coli cells harboring this gene was able to grow on LB plates 
containing ampicillin 50 µg/ml even in the absence of aTc. We, therefore, 
replaced the wild-type bla gene with YR2-5, a less active bla mutant 
(Nearmnala et al., 2021). With the resulting plasmid pAT8-YR2-5, we 
established the positive selection system that could enrich improved TetR 
variants by selecting on LB agar plates with 50 μg/ml ampicillin and varying 
concentrations of aTc. 
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Validation of selection conditions 
 The positive selection is a crucial step for enhancing mutants with 
improved sensitivity. Therefore, we performed a growth assay to determine 
appropriate growth conditions required for directed evolution. We carried out 
the test by using pAT8-YR2-5, which contained the bla mutant gene 
controlled by the wild-type TetR. The growth of E. coli harboring this plasmid 
should depend on the concentration of aTc added to the media. The result 
showed that the growth of the E. coli cells relied on aTc concentration (Table 
1). In the absence of aTc, no trace of growth was observed, while higher aTc 
concentrations led to bigger colony size. Unlike E. coli containing pAT8-
YR2-5, the positive control cells, which constitutively expressed the 
ampicillin resistance gene, were able to grow in all tested conditions. On the 
other hand, negative control which is E. coli without a plasmid did not grow 
at all. According to Table 1, concentrations of aTc that conferred partially cell 
growth should be employed in the positive selection because too high aTc 
concentrations might allow unimproved variants to survive on the selection 
plate.  
 
Table 1. The average colony size of E. coli XL1-Blue harboring pAT-

TEMc (positive control), no plasmid (negative control), and 
pAT8-YR2-5 in LB agar supplemented with 50 µg/ml ampicillin 
and different concentration of aTc. 

 

LB conditions 
Average colony size (mm) 

Positive 
control 

Negative 
control pAT8-YR2-5 

Cm30 1.61 0.00 1.78 
Amp50 1.61 0.00 0.00 
Amp50+aTc2.5 1.66 0.00 0.00 
Amp50+aTc5 1.64 0.00 0.45 
Amp50+aTc10 1.64 0.00 0.83 
Amp 50+aTc20 1.65 0.00 1.63 

 
Directed evolution of TetR 
 To evolve TetR, the library of randomized TetR variants was 
generated by error-prone PCR and cloned into the negative selection plasmid 
pAT8-E. Negative selection was performed in LB broth containing 30 µg/ml 
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chloramphenicol. During overnight incubation, all E. coli cells harboring 
functional TetR mutants would survive and propagate. Plasmids from a pool 
of survival variants were extracted. Mutated tetR gene was digested and 
cloned into pAT8-YR2-5, the positive selection plasmid. Then the positive 
selection was carried out in LB agar plates with 50 μg/ml ampicillin and aTc 
at different concentrations (Table 2). Colonies that grew on LB plates 
containing 50 µg/ml ampicillin without aTc were considered leaky TetR 
mutants. The number of cells on LB agar with chloramphenicol was used to 
calculate the library size. We picked one hundred colonies from the two most 
stringent conditions, 1 nM and 5 nM aTc, to examine the effectiveness of our 
selection system. In addition, one hundred colonies from LB agar with 30 
µg/ml chloramphenicol were also selected to examine the growth 
characteristic of unselected population. The growth assay was carried out to 
compare property between the wild type and the mutated TetR. We classified 
TetR variants into three categories (Figure 1). The mutants that grew better 
than the wild-type TetR on LB plates with 50 µg/ml ampicillin were 
considered as leaked TetR. Cells that had similar growth to the wild-type in 
every condition were labelled as unimproved clones. Compared with the wild 
type, variants that showed better growth at low aTc concentrations were 
labelled as improved variants. According to Figure 1, improved TetR mutants 
were mostly found in the 5 nM aTc condition. The result suggested that our 
positive selection was able to enrich TetR mutants with higher sensitivity to 
aTc. However, it was essential to validate inducer concentration before 
performing the positive selection because too low concentration of aTc (1 nM) 
did not always enhance mutants with higher sensitivity to the ligand. In 
contrast, TetR with leaky expression was overgrown in this condition. 
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Table 2. Number of colonies on the positive selection plates, library size, 
and percentage of nonfunctional mutants from the dual negative-
positive selection 

 

LB conditions Dilution 
undilute 10-1 10-2 10-3 10-4 

Cm30   >300 212 <30 
Amp50 >300 >300 104   
Amp50+aTc1 >300 >300 209   
Amp50+aTc5 >1500 >1500 1098   
Amp50+aTc10 >1500 >1500 1224   
Library size 2.1 x 106 
%Nonfunctional 
TetR mutants* 4.9% 

*Percentage of nonfunctional TetR mutants was a proportion between number of 
colony on LB plates with 50 μg/ml ampicillin and 30 μg/ml chloramphenicol. 
 

 
 
Figure 1. Percentage of TetR mutants classified by sensitivity level from 

three different positive selection conditions (blue represented 
mutants with leakage expression, yellow showed variants that 
conferred similar growth to wild-type and pink was TetR with 
more sensitivity to aTc) 



 

 
The 34th Annual Meeting of the Thai Society for Biotechnology and International 

Conference “Sustainable Bioeconomy : Challenge and Opportunities” 

 
 

56 November 24–25, 2022, Ambassador Hotel Bangkok, Thailand 
 
 

Characterization of evolved TetR mutants 
The best eight TetR variants with higher sensitivity to aTc were 

analyzed by a streak plate method (Table 3). The result showed that all eight 
mutants exhibited aTc-dependent growth. At 50 µg/ml ampicillin and aTc 1 
nM, all selected clones were able to grow better that the wild type. This 
suggested that all mutants were more sensitive to aTc. We further analyzed 
these variants via DNA sequencing and the result was summarized in Table 4 
and Figure 2. The mutated residues were found throughout the entire structure 
of TetR. We grouped mutated residues into four categories based on their 
locations. The orange color represented mutations found on the TetR surface. 
The blue color represented mutations that located between the helix bundles. 
While green and yellow illustrated mutated residues on the DNA binding 
domain and the inducer binding site, respectively. 

 
Table 3. The growth score of eight TetR mutants evaluating by streaking 

method at ampicillin 50 µg/ml and aTc in different concentrations 
 

Selection Conditions 
Growth score 

aTc concentration (nM) 
0 1 5 

Control 
Positive control 7 7 7 
Negative control 0 0 0 
pAT8-YR2-5 (WT) 1 3 7 

Amp50+aTc1 TetR109 1 7 7 

Amp50+aTc5 

TetR31 1 7 7 
TetR49 2 7 7 
TetR65 2 7 7 
TetR78 2 7 7 
TetR79 2 7 7 
TetR101 1 7 7 
TetR105 1 7 7 
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Table 4. Mutations of TetR variants 
 

 
 

 
 

 
 

2 7 11 32 47 60 81 109 111 117 119 121 124 130
S S N Q N L N Q E L F C G A

Amp50+aTc1 TetR109 D V
TetR31 Y D
TetR49 G L F
TetR65 W R H
TetR78 C I I
TetR79
TetR101 V
TetR105 F

Amp50+aTc5

Wild-type

Selection conditions Amino acid residue

138 155 156 160 163 164 168 179 188 191 192 198 207
G K E T T D P H F E L E S -

Amp50+aTc1 TetR109 I 3
TetR31 I D W 5
TetR49 S N 5
TetR65 3
TetR78 G 4
TetR79 D S 2
TetR101 A 2
TetR105 A G P 4

Selection conditions

Wild-type

Amp50+aTc5

Amino acid residue Number of 
mutations
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Figure 2. The location of mutations found in the evolved variants of TetR. 
(PDB number of the TetR structure was 4AC0) 

 
DISCUSSION 

 
Directed evolution has become an effective strategy for engineering 

TFBs. The crucial step in this method is screening or selection of improved 
variants. In this study, we successfully constructed the positive selection 
system by using Ptet to control the expression of ampicillin resistance gene. 
The mutants with higher sensitivity to aTc were differentiated from 
unimproved one based on the growth in LB plates containing ampicillin and 
aTc. According to the selection result, selective condition at aTc 5 nM 
conferred higher number of improved variants than unselected condition, LB 
plates with chloramphenicol, for 3-fold. This result suggested that the positive 
selection was able to increase the possibility to discover desired TetR mutants. 
Nevertheless, our selection system still needed to be improved. The negative 
selection that employed E gene, a toxic gene, under the regulation of Ptet still 
allowed some mutants with leakage gene expression to grow. 
 

CONCLUSION 
 

In summary, the positive and negative selection plasmids were 
successfully constructed for the dual negative-positive selection. Our 
proprietary engineering framework was able to enrich TetR with more 
sensitivity to aTc. Eight TetR variants with altered aTc sensitivity were 
selected for the next round of directed evolution. The ultimate outcome of this 
project will provide improved TetR mutants with higher aTc sensitivity and a 
novel engineering system for in vivo selection-based directed evolution of any 
TFBs. 
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ABSTRACT 
 

Environmental contamination by the overuse of lead (Pb) in a variety 
of industries is the major cause of lead poisoning disease in Thailand. Medical 
diagnosis of this disease is quite complex and takes time as the pathology of 
this disease can occur in many organs and shows similar symptoms to other 
diseases. The analysis of Pb2+ content in human medical specimens is also 
limited in a laboratory as highly equipped analytical devices are required. To 
overcome these problems, we developed a rapid colorimetric biosensor for 
onsite Pb2+ detection in an aqueous solution using GR5 DNAzyme 
functionalized magnetic particles (MPs) and gold nanoparticles (AuNPs). 
With this platform, we found that Pb2+ catalyzing ribonucleotide 
phosphodiester bond cleavage of GR5 DNAzyme was completed within 1 
minute with the aid of MPs to reduce the interference in the reaction. The 
fading of the colored AuNPs solution was detected after applying the external 
magnet to pull down the newly formed cleaved GR5 DNAzyme functionalized 
MPs-AuNPs complex, thus, decreasing the concentration of free AuNPs in the 
supernantant. The lowest concentration of Pb2+ that gave the observable 
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signal by naked eye was 1 ppm while the calculated limit of detection was 
0.905 ppm. This reaction was also highly specific to Pb2+ as no color changes 
were detected from the reaction between GR5 DNAzyme and other heavy 
metal ions. These findings suggested that our developed biosensor has the 
potential to be an alternative method for rapid and onsite Pb2+ detection in the 
future. 

  
Keywords: Colorimetric biosensor, DNAzyme, Gold nanoparticles, Lead ion 
detection. 
 

INTRODUCTION 
 

Lead (Pb) is one of the most widely used heavy metals in a high variety 
of industries, e.g., paints, batteries, alloys, pesticides, and ceramics (Yu et al., 
1999). Due to its high toxicity, the overuse of this chemical has led to a global 
environmental health hazard. In Thailand, the spill of Pb-contaminated mine 
tailings into Klity Creek canal in Kanchanaburi has become one of the critical 
problems since 1998 (Srirattana et al., 2021). Although the rehabilitation has 
been conducted, Klity Creek villagers are still suffered from Pb contamination 
in the creek with the concentration more than 7,000 mg/kg (7,000 ppm) in the 
present (Wachpanich, 2021).  

The exposure to lead ion (Pb2+) contaminant can lead to a chronic lead 
poisoning disease with a wide range of symptoms, such as, abdominal pain, 
fatigue, memory loss, and depression (Miracle, 2017). Vital organ 
dysfunction, anemia, cancer, and death can also be found in the patients with 
high level or long exposure to this contaminant (U.S. Department of Health 
and Human Services, 2007). However, all of these symptoms are similar to 
many diseases. Therefore, medical diagnosis of lead poisoning becomes more 
complex and requires patient interviews and history taking together with Pb2+ 
content analysis by highly equipped analytical devices, such as atomic 
absorption spectrometer (AAS) and inductively coupled plasma mass 
spectrometer (ICP-MS) (World Health Organization, 2011). 

Centers for Disease Control and Prevention (CDC)’s National Center 
for Environmental Health (2022) recently revised the blood lead reference 
value of 3.5 μg/dL (approx. 0.035 ppm) to identify patients with higher blood 
lead level than normal. Analysis of lead level in venous sample is then 
required as an initial screening test. However, such analytical devices for this 
purpose also require highly skilled specialists and cannot be used at the rural 
areas. Although several sensors for Pb2+ detection have been reported and 
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some of them are already available in the market (Higher Enterprises Co., Ltd., 
2014, Oxumex Natural Alternatives Ltd., 2019, Xu et al, 2020, Zhang et al., 
2021), these developed sensors still require specific analytical equipment and 
high sample volume, thereby, becoming a limitation for onsite Pb2+ detection. 

DNAzymes are known as a DNA oligonucleotide ribonuclease that can 
catalyze ribonucleotide phosphodiester bond cleavage upon the reaction 
against a specific type of metal ion (Lan et al., 2010, Zhu et al., 2015). Among 
the various types of DNAzymes, GR5 DNAzyme is a highly reactive and 
specific Pb2+-dependent DNAzyme. (Lan et al., 2010, Zhu et al., 2015). 
Therefore, we employed GR5 DNAzyme as a base of rapid biosensor 
development together with gold nanoparticles (AuNPs) which enable a naked 
eye visualizable signal in this study (Moyano and Rotello, 2011, Yeh et al., 
2012, He et al., 2022). With the aid of magnetic particles-external magnet 
couple, we could accelerate the removal of interference step, thus, reducing 
the total required time for Pb2+ detection to be less than 10 minutes. This 
developed biosensor also showed great specificity toward Pb2+ with limit of 
detection (LOD) of 0.905 ppm. These results suggested that our developed 
biosensor has the potential to be an alternative method for rapid and onsite 
Pb2+ detection in the future. 
 

MATERIAL AND METHODS 
 
Materials 

HAuCl4∙3H2O, Lead (II) nitrate (Pb(NO3)2), and other heavy metal 
standards were purchased from Fluka (North Carolina, US). Sodium citrate 
was purchased from Ajax Finechem (Victoria, Australia). Thiolated-
DNAzyme was synthesized by Integrated DNA Technologies (Iowa, US). 
Dynabeads® M-270 Epoxy was purchased from Invitrogen (Massachusetts, 
US). All heavy metal standard solutions in this study were prepared using 
ultrapure Milli-Q water type 1. Phosphate buffer saline was prepared from 
dihydrogen phosphate (Merck, Darmstadt, Germany). 

 
Gold nanoparticles synthesis  

Gold nanoparticles (AuNPs) were synthesized through citrate 
reduction of HAuCl4∙3H2O following the method previously described in 
(Abdelrazig et al., 2021). In brief, 100 mL of 1 mM HAuCl4∙3H2O solution 
was heated to boiling under vigorous stirring at 300°C 600 rpm until the 
appearing of bubbles in the solution. Then 10 mL of 38.8 mM sodium citrate 
was promptly added to the reaction mixture until the color of the solution 
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changed from pale yellow to burgundy red. The reaction continued boiling for 
10 minutes before cooling to room temperature. Optical density (OD) was 
determined by UV-Vis spectrophotometer (Cytation 5, BioTek, Vermont, US) 
at λ = 520 nm. The diameter of AuNPs was analyzed by Dynamic Light 
Scattering (DLS) using Malvern Zeta Potential Analyzer with Zetasizer 
version 7.01 software (Malvern, UK). 
 
Design and preparation of GR5 DNAzyme functionalized magnetic 
particles 

The sequence of GR5 DNAzyme used in this study was 5 ́-ATC TCA 
CTA TrAG GAA GAG ATG ATG TCT GTT TTT TAC AGA CAT CAT 
CTC TGA AGT AGC GCC GCC GTA TAG TGA GAT TTT TTT TTT 
/3ThioMC3-D/3 ́ where the underlined sequence was cleaved after the 
reaction with Pb2+. Functionalization of MPs by DNAzyme started from the 
equilibration of Dynabeads® M-270 Epoxy (5 mg) following the 
manufacturer’s instructions. The equilibrated beads were then mixed 
thoroughly by vortex with 100 μg thiolated-GR5 DNAzyme. After that, the 
mixture was incubated for 16-24 hours at 37°C with slow tilt rotation. External 
magnet was applied to the reaction tube to collect GR5 DNAzyme 
functionalized MPs (DNAzyme-MPs) before proceeding to the 4 times 
washing-resuspending step using 1X PBS buffer (pH 7.4). The concentration 
of the resuspended coated beads was then adjusted to 100 μg/mL with the 
same buffer. 
 
Lead ion detection using GR5 DNAzyme functionalized MPs-based 
biosensor 

Unless otherwise stated, Pb2+ detection experiments were performed 
by mixing 10 μL of 100 μg/mL GR5 DNAzyme-MPs with 50 μL of 7.5 ppm 
Pb2+ standard solution. After 1-minute incubation, the external magnet was 
applied to the bottom of the tube to collect the cleaved DNAzyme-MPs. The 
supernatant containing interferences and excess salts and ions was then 
removed. After washed the cleaved DNAzyme-MPs 2 times using Milli-Q 
water type 1, 40 μL of 1 mM AuNPs was added and further incubated for 5 
minutes. External magnet was re-applied at the bottom of the reaction tube. 
The supernatant was then collected and its OD520 was then analyzed. All 
reactions including the negative control (without Pb2+) were conducted thrice. 

To optimize the appropriate time for cleavage reaction between GR5 
DNAzyme and Pb2+ in the sample, the incubation time after mixing GR5 
DNAzyme and the sample was varied between 1–30 minutes. The shortest 
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time that gave a clear resulting supernatant as can be seen by naked eye was 
determined as the appropriate time for cleavage reaction. 

Varied concentration of Pb2+ standard solution ranging from 1–100 
ppm was used to determine the capacity of the biosensor. The color of 
resulting supernatants was then observed by naked eye and the color intensity 
at OD520 was analyzed. LOD of the biosensor was calculated according to 
the previous reports (Mocak et al., 1997, Cheeveewattanagul et al., 2021).  

20 ppm standard solutions of cadmium, copper, and zinc ions (Cd2+, 
Cu2+, and Zn2+, respectively) were used as a sample to determine the 
specificity of the biosensor. OD520 of the resulting supernatant was then 
analyzed and compared with the obtained result using Pb2+ as the sample. The 
reaction without any heavy metal ions was used as a negative control in the 
experiment. 
 

RESULTS  
 
Synthesis and characterization of gold nanoparticles  

As shown in Figure 1A, the optical density spectrum showed a single 
peak with λmax at 520 nm. This result indicated that our synthesized AuNPs 
was a spherical particle with the diameter of approx. 16 nm (Ríos-Corripio et 
al., 2013, Attia et al., 2015). DLS was then used to confirm the size of the 
synthesized AuNPs and found that their average diameter was 16.98 nm (Fig.  
1B). 
 

 
 

Figure 1. (A) Optical property and (B) Size of the synthesized AuNPs. 
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Incubation time requirement for completed cleavage reaction of 
DNAzyme catalyzed by lead ion 

The incubation time required for the completed cleavage reaction of 
GR5 DNAzyme against Pb2+ (7.5 ppm) was optimized. To prevent the 
interference signal from excess AuNPs, the concentration of AuNPs used in 
this experiment was 125 μM. As shown in Figure 2, clear supernatant was 
obtained after incubating the reaction for only 1 minute. This result showed 
that GR5 DNAzyme is greatly active against Pb2+ and may be suitable for the 
development of DNAzyme-MPs-based biosensor for Pb2+ detection. This 1-
minute incubation time was then selected for the following experiments. Still, 
we noticed that the signal from the negative control was pale which could be 
due to the inadequate amount of AuNPs in the reaction. Therefore, AuNPs 
were further used without dilution. 

 

 
 

Figure 2. Resulting supernatants after performing the reaction against Pb2+ 
with varied reaction times (1–30 minutes). 

 
Lead ion detectable range of the biosensor 

To analyze the capacity of DNAzyme-MBs-based biosensor, we 
varied Pb2+ concentration within the range of 1–100 ppm with the fixed 
concentration of AuNPs = 1 mM and DNAzyme-MBs = 100 μg/mL. The 
changes in AuNPs color in the solution could be detected from the sample 
with 1 ppm Pb2+ by our naked eye. The colored solution gradually faded off 
with increasing Pb2+ concentration (Figure 3). As our synthesized AuNPs were 
capped with negative charge from citrate during the reduction reaction, the 
attractive van der Waals force can drive the coordination between unpaired 
nitrogenous bases of cleaved GR5 DNAzyme with AuNPs (Figure 4A) (Li 
and Rothberg, 2004, Koo et al., 2015, He et al., 2020). With this condition, 
the application of external magnet to the tube can pull down DNAzyme-MBs-
AuNPs, thereby, decreasing the concentration of free AuNPs in the 
supernatant (Figure 4B). This result also suggested that the concentration of 

w/o Pb2+ 1 min 5 min 10 min 15 min 20 min 25 min 30 min
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Pb2+ in the sample could be determined by the color intensity of the remaining 
AuNPs in the supernatant. 
 

 
 
Figure 3. Resulting supernatants after performing the reaction against 

varied concentrations of Pb2+ (1–100 ppm).  
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Figure 4.  Schematic illustration of GR5 DNAzyme functionalized MPs-
based biosensor. (A) Cleavage and binding mechanisms of GR5 
DNAzyme and AuNPs in the presence and absence of Pb2+. (B) 
Experimental flow of the biosensor for Pb2+ detection. 

 
We further determined the LOD of our biosensor using the calibration 

curve from triplicate reactions at each Pb2+ concentration including blank 
sample (Figure 5) together with the previously reported relation of the signal 
response equal to 푥 + 3σ, where 푥 is the mean response of the blank sample 
and σ is the standard deviation of the response (Mocak et al., 1997, 
Cheeveewattanagul et al., 2021). The obtained calculated signal response was 
0.496. Therefore, the calculated LOD of our biosensor was found to be 0.905 
ppm. 

 

 
 

Figure 5. Relationship between the optical density of the resulting 
supernatant and concentration of Pb2+ in the sample. (Inset) 
Linearity relationship over the range of 1–20 ppm. A0 = optical 
density at 520 nm of the blank sample, A = optical density at 520 
nm of the sample containing Pb2+ at any concentration. 

 
Specificity of GR5 DNAzyme functionalized magnetic particles-based 
biosensor 

To confirm that our developed DNAzyme-MPs-based biosensor was 
highly specific to Pb2+ detection, we performed the reactions against 20 ppm 
of other divalent metal ions, Cd2+, Cu2+, and Zn2+, and compared the results 
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with the reaction against 20 ppm of Pb2+. As shown in Figure 6, the clear 
supernatant after AuNPs attachment with greatly reduced OD520 value was 
obtained only from the sample containing Pb2+. This result clearly indicated 
the high specificity toward Pb2+ detection of our developed biosensor. 

 

 
 
Figure 6. Detection of Cd2+, Cu2+, and Zn2+ using the developed biosensor 

as compared to the detection of Pb2+. (A) Resulting supernatants 
after performing the reaction against various types of metal ions. 
(B) OD520 analysis of the resulting supernatants.  

 
DISCUSSION 

 
Highly toxic Pb2+ contamination in the environment has become a 

critical global problem in the present. Medical diagnosis of patients with lead 
poisoning is undoubtedly complex and takes time due to the pathology of this 
disease being very similar to the symptoms of other diseases. Late diagnosis 
also has a high risk as patients' health worsens over time from the progression 
of the disease. Therefore, a rapid and feasible biosensor that can be used for 
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onsite initial screening is needed. Herein, we developed the GR5 DNAzyme 
functionalized MPs-based colorimetric biosensor with rapid and high 
specificity for Pb2+ detection. Although the LOD of our developed biosensor 
is still not reached the blood lead reference value as revised by CDC, the 
capacity of the sensor is high enough to screen the risk of lead poisoning 
disease in people living in the rural area, as comparing our biosensor’s LOD 
to the reported Pb2+ contamination level at Klity Creek area of 7,000 ppm 
(Wachpanich, 2021). All processes to analyze Pb2+ in the sample using this 
biosensor can also be finished within 10 minutes without any requirement of 
highly equipped analytical devices. This clearly suggests that our developed 
biosensor has the potential for rapid onsite Pb2+ detection, particularly in rural 
areas where no analytical specialist is available. Still, further study with real 
clinical specimens is required.  
 

CONCLUSION 
 

In this study, the biosensor specific for Pb2+ detection has been 
developed using GR5 DNAzyme-MPs as a detector and AuNPs as a signal 
generator. We also showed that this biosensor has high specificity toward only 
Pb2+ as no signal changes were detected when tested with other heavy metal 
ions. Unwanted interferences in the system can be easily removed using the 
attached MPs-external magnet couple, thereby, accelerating the total detection 
time requirement to be faster. Despite being higher than the reference value, 
LOD of this device is still lower than the level of Pb2+ contaminant in rural 
area. Therefore, the findings in this study could be used as a base of further 
development for highly rapid and specific clinical biosensors for Pb2+ 
detection in the future.  
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ABSTRACT 

Owing to recent cancer burden around the world, accounted for one in 
six deaths in 2018, new natural anticancer compounds with low production 
cost and high activity have been desired to face with drug resistance. Genus 
Micromonospora is one of the promising anticancer-producing actinomycetes. 
This project focused on the purification of anticancer compounds from marine 
Micromonospora sp. strain MCN027 based on bioassay-guided fractionation. 
The isolated strain from mangrove sediment in Thailand was identified by 16S 
rRNA gene sequencing and phylogenetic tree construction as M. maritima or 
M. sediminicola, which were both isolated from marine sediment in Thailand. 
Culture broth of MCN027 was extracted using ethanol/ ethyl acetate 
extraction to obtain crude residue, prior to partial purification through Sep-
Pak ODS open column eluted with acetonitrile-water system. Crude extract 
and fractions were subjected to 2D-anticancer assay and observed the 
percentage of cell inhibition against %MCF-7 cells (breast cancer cells line) 
and HCT-116 cells (colorectal cancer cells line). Fraction 3 showed the 
highest anti-breast cancer activity (79.38%) while fraction 4 and fraction 5 
highly inhibited the growth of colorectal cancer cells line with 63.05%, and 
62.46%, respectively. These fractions were chosen for further purification step 
to identify the putative anticancer compound(s). 
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INTRODUCTION 
 

In several decades, the vast majority of natural products has been 
extracted from terrestrial habitats, as a result, most of the compounds has been 
re-discovered and found to be known recently. Owing to its newly being 
attempted and structure diversity’s compounds, marine environments have 
been attracted to be sources for screening of bioactive compounds 
alternatively (Baltz, 2008). Among marine organisms, The order 
Actinomycetales of the phylum Actinobacteria is an outstanding group of 
bacteria which can produce various types of biotechnological products used 
in different purposes, for instance, antibiotics, anticancer and antifungal in 
clinical use, biofuel and bioremediation for environmental development, 
including probiotics, additive substances, and detergents for industry usage. 
Likewise, the field of study about actinomycetes will be expanded so far in 
future directions (Jagannathan et al., 2021).  

Genus Micromonospora is one of the largest genera among mangrove 
rare actinobacteria producing natural products with diverse bioactivity, for 
instance, rifamycin, butemycin, and 훽-carboline (Azman et al., 2015).  It was 
firstly proposed by Ørskov in 1923. Species belonging to this genus possess 
short substrate mycelium attached with single spore and generate carotenoid 
pigment leading to the color of yellow, orange, red, purple, brown or black 
shown in colonies (Trujillo et al., 2014). Members in the genus are widely 
spread in different geographical territories on earth, such as plants, marine 
sediment, soil, and extreme habitats. According to previous study, a total of 
87 genomes of species in the genus were analyzed comparing with BigScape 
and MIBiG database and showed a high number of BGCs tending to produce 
putative novel secondary metabolites. In addition, there were a number of 
reported anticancer from Micromonospora sp. in various types of compounds, 
including macrolides, alkaloids, quinones, and peptides (Hifnawy et al., 
2020). 

Cancer disease is now the second leading cause of death. In 2018, 
approximately 9.6 million death or one in six deaths are occurred by many 
types of cancer, for instance, lung, prostrate, colorectal, stomach cancer in 
male, and breast, colorectal, lung, cervical cancer in female (data retrieved 
from World Health Organization website). In particular, in underdeveloped 
and developing countries, cancer incidence is rapidly increasing due to several 
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factors, including environmental risks, lifestyle, and diet. Poverty can cause 
inaccessibility of treatment, consequently, investment on cancer prevention or 
treatment will be needed to respond at both local and global level (Kanavos, 
2006). Besides, drug resistance in cancer can tremendously occur in many 
mechanisms leading to ineffective curing (Housman et al., 2014). This 
research aims to partially purify anticancer compound produced from 
Micromonospora sp. MCN027, which was isolated from mangrove sediment 
in Thailand in order to propose a natural anticancer product as an alternative 
treatment for the patients. 
 

MATERIALS AND METHODS 
 

Materials 
Three different media were prepared for cultural characterization. 301 

agar (24 g/l starch, 1 g/l glucose, 3 g/l peptone 3 g/l meat extract, 5 g/l yeast 
extract, 4 g/l CaCO3 and 15 g/l agar), and the International Streptomyces 
Project (ISP) media, including yeast extract-malt extract (ISP 2; Difco), and 
inorganic salts-starch (ISP 4; Difco) were used. Media components, ready-to-
use media, experimental equipment were supported by Mahidol University- 
Osaka University Collaborative Research Center for Bioscience and 
Biotechnology (MU-OU: CRC). 

 
Identification of MCN027 and cultural characterization 

The isolated actinomycetes (MCN027) which produce crude extract 
containing active compound(s) against colorectal cancer and breast cancer 
cells line was identified by 16S rRNA sequencing. The sequence was 
compared with existent sequences using the EZbioCloud database 
(https://www.ezbiocloud.net/identify) prior to phylogenetic tree construction. 
A total of top hits, including test strain sequence and outgroup were together 
analyzed by MEGA6 software to align their homologous region by ClustalW 
alignment and create evolutionary tree using the neighbour-joining algorithm. 
Species showing more than 99.5% similarity analyzed by EZbioCloud and 
clustering with test strains in phylogenetic tree were tentatively identified as 
studied strains. 

Cultural characterization was observed after cultivation for 4-7 days 
on 301 media and the International Streptomyces Project (ISP) media, 
including yeast extract-malt extract (ISP 2; Difco), and inorganic salts-starch 
(ISP 4; Difco). Level of growth, color of colony, and color of aerial mycelia 
were recorded. 
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Cultivation and compound extraction  
MCN027 was pre-cultivated into 301 production broth as seed cultures 

in a shaking incubator (200 rpm) at 30 °C for 3 days. Then, 5 ml of each 
suspension were transferred to baffled flasks with 100 ml of 301 medium, and 
incubated for an additional 200 rpm while shaking. Following a 7-day aging 
period, 100 ml of absolute ethanol was added to the whole fermentation broth 
and agitated for an hour using a rotary shaker. The mixture was next 
centrifuged for 10 minutes at 8,000 rpm to remove cell debris. Before 
concentrating the filtrate using a vacuum rotary evaporator (40 °C) to 
eliminate all residues of ethanol, roughly half the volume of the mixture, the 
supernatant was filtered through filter paper. Then, using a separating funnel, 
100 ml of ethyl acetate was added and violently agitated. To acquire the crude 
extract in the ethyl acetate fraction, the top layer of solvent was again collected 
and concentrated in vacuo. 
 
Screening of anticancer activity 

To screen anticancer compounds produced from Micromonospora sp. 
through a 2D-anticancer assay, the testing was conducted at Excellent Center 
for Drug Discovery (ECDD). The MTT was used as the colorimetric detection 
of cell viability against extracted compounds. Human cancer cells were seeded 
on 96-wells plate at 1 x 104 cells per well with Dulbecco’s Modified Eagle 
Medium supplemented with FBS and antibiotic and cultivated for 1 day. After 
incubation, a high throughput liquid handling system was applied to add the 
tested compound into cell plates at final concentration of 50 ug/ml and then 
continued 24-hour incubation. The culture media was removed out and added 
serum-free media containing MTT, after 3 hours, the media was again 
removed out and added DMSO to measure MTT absorbance at 570 nm using 
Multi-Mode Microplate Reader (ENVISION) 

For selecting the potential compounds, the percentage of cancer cells 
inhibition was determined whether the compounds are active or not. %cancer 
cell viability can be calculated from OD that of adding compound and DMSO. 
Extracts showing inhibitory percentage which equal to or more than 80% were 
classified as extracts possessing potentially active compound(s). 
 
High performance liquid chromatography  

In order to observe the pattern of metabolite running pass the column 
along retention time, a total of 10 µl was automatically injected from each 
sample to the Agilent HP1100 system (Hewlett-Packard) with its photodiode 
UV-VIS array (190 – 600 nm) for C18 reverse phase columns (The Cadenza 
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CD-C18 reverse phase symmetry column, 250 x 4.6 mm, 3 µm pore size). 
During 20-minute linear gradient elution from 5% to 100% CH3CN and 5-
minute post-time, the temperature of the column was maintained at 40°C. The 
system flow rate was also established at a speed of 1 ml/min and a UV 
wavelength was defined at 254 nm. 
 
Bioassay guided fractionation 

After obtaining the putative anticancer compound, crude extract was 
applied on Sep-PakⓇ C18 Plus short cartridge (Waters, Milford, MA, USA) to 
fractionate total metabolites into periods of fractions. A volume of absolute 
acetonitrile and milliQ water were added for equilibration of the column, 
respectively. Afterward, a small portion of the extracts were dissolved in 
methanol to be subjected on short cartridge and eluted respectively with 30 ml 
of 20%, 40%, 60%, 80% and 100% CH3CN (v/v). F1, F2, F3, F4 and F5 were 
all the fractions subjected to the bioactivity test and LC-UV analysis. 
 

RESULTS  
 
Cultural characterization of Micromonospora sp. MCN027 

After cultivation on 301 and ISP2 media for 4-14 days, the color of the 
substrate mycelium of strain MCN027 ranged from bright orange to dark 
brown color. Aerial mycelium was absent. The strain could produce 
carotenoid mycelial pigments. There was brown pigment production in both 
media. The strain grew well on ISP2 and 301 media but growth was not 
observed in ISP4 medium (Figure 1). The colonies were irregular in form and 
approximately 0.5- 2 mm width. 

                    (A)                              (B)                               (C) 
 
Figure 1. Cultural characterization of Micromonospora sp. MCN027 on
  301 media after 4 days cultivation (A) and on ISP2 (B and C),
  including after 7 days cultivation (B), and close-up view in Day
  14 (C). 
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Identification of Micromonospora sp. MCN027 by 16S rRNA sequencing 
and phylogenetic tree construction 
  16S rRNA sequencing (1,405 bp) of strain MCN027 showed the 
highest similarity value with Micromonospora maritima (99.79%) and 
Micromonospora sediminicola (99.79%). The result indicated 5 top hits 
species as shown in Table 1  

The result was consistent with phylogenetic tree analysis (Fig 2); 
MCN027 clustered with M. sediminicola and M. maritima. Therefore, strain 
MCN027 was possibly one of these two species. The closely related strains 
(M. sediminicola and M. maritima) were also isolated from marine samples in 
Thailand (Songsumanus et al., 2013 and Supong et al., 2013). However, there 
are no reports on anticancer activity from those species. 
 
Table 1. Five top-hit 16S rRNA sequences of MCN027 analyzed by the
  EzBioCloud database. 

 
 
 

Hit taxon name Hit strain name Accession Similarity 

Micromonospora maritima D10-9-5(T) HQ704071 99.79 

Micromonospora sediminicola DSM 45794(T) FLRH01000004 99.79 

Micromonospora marina DSM 45555(T) jgi.1058878 99.43 

Micromonospora aurantiaca ATCC 27029(T) CP002162 99.36 

Micromonospora coxensis DSM 45161(T) LT607753 99.15 
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Figure 2. Close-up view of neighbor-Joining phylogenetic tree, derived 

from 16S rRNA nucleotide sequences, displaying the 
similarity value (%) between MCN027 isolate and closely 
related members identified by using EzBioCloud Database and 
consisting of closely related members and Catellatospora 
citrea as the outgroup. Bootstrap values of 50% or higher are 
indicated at the branch points- percentages based on 1000 
resamplings. The scale bar represents 0.005 nucleotide 
substitutions per site. 

 
2D anticancer activity of crude extract and partially purified fractions 
against breast cancer and colorectal cancer cell lines 
According to 2D-anticancer testing against MCF-7 cells (breast cancer cells) 
and HCT-116 cells (colon cancer cells) as shown in Table 2, crude extract 
represented 55.60% and 60.30% inhibitory activities against breast cancer and 
colorectal cancer, respectively. So, the fractionation was further carried out to 
narrow down the target. Figure 3 showed the schematic diagram of bioassay-
guided fractionation and the yield of different fractions from strain MCN027. 
All fractions were active against breast cancer (15.73-79.38%) and colon 
cancer (21.64- 63.05%), except for fraction 1 that had no activity against 
breast cancer. Fraction 3 had highest inhibitory activity against MCF-7 cells 
at 79.38% inhibition. Fraction 4 and fraction 5 showed approximately 63% 
inhibition against HCT-116 cells. 

Micromonospora eburnea DSM 44814 (FMHY01000002) 
 Micromonospora narathiwatensis DSM 45248 (LT594324) 

 Micromonospora echinofusca DSM 43913 (LT607733) 
 Micromonospora citrea DSM 43903 (FMHZ01000002) 

 Micromonospora chaiyaphumensis DSM 45246 (jgi.1058876) 
 Micromonospora auratinigra DSM 44815 (LT594323|) 

 Micromonospora fluminis A38 (LR130241) 
 Micromonospora tulbaghiae DSM 45142 (jgi.1058868) 

 Micromonospora rosaria DSM 803 (LRQV01000286) 
 Micromonospora terminaliae TMS7 (KX394339) 

 Micromonospora maritima D10-9-5 (HQ704071) 
 Micromonospora sediminicola DSM 45794 (FLRH01000004) 
Micromonospora sp. MCN027 

 Micromonospora chalcea DSM 43026 (X92594) 
 Micromonospora marina DSM 45555 (jgi.1058878) 

 Micromonospora aurantiaca ATCC 27029 (CP002162) 
 Micromonospora humi DSM 45647 (jgi.1058870) 

82 

48 

52 

57 

57 

63 

99 

0.005 
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 HPLC analysis indicated that peaks of the metabolites varied along 
fractions. The fraction eluted by 20% acetonitrile showed predominant peaks 
at retention time during 2.5- 12.5 minute. Other fractions displayed groups of 
peaks in respective periods of retention time, except for 100%ACN that there 
are peaks throughout 25-minutes elution. Since the potential fractions 
contained several peaks of compound, they will be again purified through 
column chromatography or HPLC instrument in order to obtain individual 
peaks and retest against cancer cells. 
 

7-day-old MCN027 culture broth (0.5 L) 
  

   Crude extract (106 mg) 
 
 
 

 F1                    F2                     F3                      F4                   F5 
             (15 mg)                 (35 mg)                  (18 mg)                    (16 mg)               (9 mg)  
 
 
Figure 3. The schematic diagram of procedures for purification of crude
  extract derived from MCN027 isolate. 
 
Table 2. Chromatogram of crude extract and fractions from MCN027,
  including %cell inhibition against MCF-7 cells (breast cancer
  cells line) and HCT-116 cells (colorectal cancer cells line). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

EtOH/EtOAc extraction 

ODS open column 
(Waters Sep-Pak Vac 6cc C18- 1g) 
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Table 2. Chromatogram of crude extract and fractions from MCN027, 
including %cell inhibition against MCF-7 cells (breast cancer 
cells line) and HCT-116 cells (colorectal cancer cells line). 
(continued) 

 

DISCUSSION 
 

Beside the strain Micromonospora sp. MCN027, there have been a 
vast number of bioactive compounds extracted from members of genus 
Micromonospora.  For instance, M. carbonacea produced tetrocarcins, which 
have potent in vivo antitumor activity against human breast cancer cells line 
(Tomita et al., 1980 and Tamaoki et al., 1982), and lupinacidin A-C extracted 
from M. lupini were found to effectively inhibit the invasion of colon cancer 
cells (Igarashi et al., 2007 and Igarashi,2011). These findings have assured the 
potential of antitumor production in the genus. On the contrary, tremendous 
anticancers have been extracted from marine natural products, and as a result, 
the possibility of re-discovered known compounds has been increasing. Since 
M. sediminicola and M. maritima shared phenomenon that they were screened 
from marine sediments collected from Thailand and there are no reports about 
anticancer activity of those two species; strain MCN027 possibly produces 
metabolite(s) that are already known as well but the strain can be proposed as 
possessing new activity.  

Although the percentage of inhibition in primary screening did not 
reach 80%, the purification steps can help improve cancer cells inhibition of 
purified compounds. In addition, the fraction with high activity between breast 
cancer cells and colorectal cancer cells are different fractions. This indicates 

Fraction Chromatogram 
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the specificity of inhibition against various types of anticancer cells line 
(Olano et al., 2009); fractions are worth further purification and cytotoxicity 
against normal cells. Studies including bioinformatic tools, i. e. molecular 
networking, biosynthetic gene cluster (BGC) studies will be carried out to 
expand the knowledge. 
 

CONCLUSION 
 

To sum up, the research showed the potential of Micromonospora sp. 
MCN027 in anticancer production. Further purification and identification, 
including chromatography techniques and NMR, will be needed for fraction3 
with anti-breast cancer activity, and fraction 4 and fraction 5 with anti-
colorectal cancer activity. Anticancer compound discovered in this study with 
high activity against tumor cells and low cytotoxicity may improve cancer 
treatment accessibility in Thailand. 
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ABSTRACT 
 

An outbreak of citrus greening or Huanglongbing disease is one of the 
most devastating diseases threatening citrus production worldwide caused by 
Candidatus Liberibacter asiaticus. Currently, many methods have been used 
to detect the C. Liberibacter asiaticus including Loop-mediated isothermal 
amplification (LAMP), which is rapid (40-minute total assay time), 
inexpensive (~2-3 USD/reaction), does not require complex instrument and 
utilizing safe chemical reagents. This research aims to develop loop-mediated 
isothermal amplification with hydroxynapthol blue (HNB) for potential local 
applications and its feasibility as point-of-care detection. The result could be 
read by naked eyes through the color change from violet (negative) to sky blue 
(positive) of HNB for a C. Liberibacter asiaticus samples. Hence, this 
technique could be used in local or laboratory with high sensitivity and 
specificity, able to detect as low as 8.9 copies of omp of C. Liberibacter 
asiaticus.  
  
Keywords: Citrus greening disease, Huanglongbing disease, 
Hydroxynaphthol blue, LAMP detection. 
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INTRODUCTION 
 

A major economy and occupation in northern Thailand, such as 
Chiang Mai, is orange tree (Citrus spp.) farming and exports. Chavatik et al. 
(2019) reported >60% citrus greening disease in orange orchards in Thailand 
in 2016. The delayed detection of disease caused the yield reduction about 
20%. Hence, usage of chemical antibiotics (e.g., ampicillin, tetracycline, and 
penicillin) were applied when the sign of this disease was found. (Blaustein et 
al. 2018; Chanvatik et al. 2019). Identification of this incident citrus tree 
disease and the development of a potential local-use assay for this disease at 
the early or non-symptomatic disease stage are critical. 

Huanglongbing (HLB) disease, formerly known as Citrus greening, is 
one of the most devastating diseases intimidating citrus tree worldwide and 
causing a huge damage to the citrus industry (Halbert et al. 2004). HLB 
associated with bacterial agents called Candidatus Liberibacter sp. 
Candidatus Liberibacter sp. are phloem-limited bacteria in the group 
Alphaproteobacteria, and it is incapable of growing on agar medium, which 
first demonstrated in 1984 (Garnier et al. 1984; Jagoueix et al. 1994). When 
examined under an electron microscope, it was found that the structure was a 
long-crooked rod 350-550 x 600-1500 nm, with a diameter 100-200 nm and 
thickness of 20-25 nm. The cytoplasm has a round shape with a diameter of 
700-800 nm. (Moll et al. 1973). The bacterium Candidatus Liberibacter 
asiaticus was specifically reported as the only HLB pathogen in Thailand 
(Deng et al. 2008; Puttamuk et al. 2014; Li et al. 2020). For C. Liberibacter 
asiaticus detection, an outer membrane protein gene (omp), is a common gene 
or protein target for detection of Candidatus Liberibacter intra-species 
(Bastianel et al. 2005). Previous studies developed anti-Omp antibody 
detection (Lu et al. 2013; Ding et al. 2020), while targeted nucleic acid-based 
amplification techniques like polymerase chain reaction (PCR) and loop-
mediated isothermal amplification (LAMP) are accepted worldwide as gold 
standard. They are more sensitive and specific to a very low copy number of 
bacteria than the antibody detection (Singh et al. 2021; Jarrom et al. 2022). 

Conventional PCR has been established for many disease pathogens 
for superior detection limit, <10 copy number, and specificity (Srimongkol et 
al. 2020; Singh et al. 2021; Jarrom et al. 2022). However, this method needs 
the commercial DNA extraction kit followed by PCR for target nucleic acid 
region amplification and visualization of the result by agarose gel 
electrophoresis (GE). In addition, PCR requires thermal cycler, which is 
expensive and inconvenient for local usage. This process requires a total 4-4.5 
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hour (0.5-1 hours for DNA extraction, 3-3.5 hour for PCR and 0.5 hour for 
GE). 

LAMP has been reported as an alternative for amplification and 
detection of specific nucleotide sequences (Notomi et al. 2000; Goto et al. 
2010; Srimongkol et al. 2020; Choopara et al. 2021). LAMP uses Bst DNA 
polymerase and a set of 4-6 target-specific primers for autocycling and strand 
displacement DNA synthesis at a constant temperature of 60℃-65℃ in 20-60 
minute. This method is rapid, and its sensitivity and specificity is comparable 
to the PCR (Goto et al. 2010; Srimongkol et al. 2020; Choopara et al. 2021). 
During the LAMP reaction, Mg2+ is formed into insoluble magnesium 
pyrophosphate, and the concentration of Mg2+ in the solution can be titrated 
by a metal ion indicator such as hydroxynaphthol blue (HNB). Thereby, 
LAMP-HNB was selected for detection of the LAMP product, and the 
addition of HNB at initial stage of the LAMP allows a one-step reaction and 
simultaneous visualization of the result by a color change.  

In this study, we aim to develop LAMP colorimetric hydroxynapththol 
blue (LAMP-HNB) assay that is specific and sensitive for the detection of C. 
Liberibacter asiaticus for potential local uses to detect the disease at an early 
stage. 
 

MATERIALS AND METHODS 
 
Materials 

Camellia reticulata from 4 different farms in Chiang Mai, Thailand 
were collected and their DNA were extracted by GF-1 Plant DNA Extraction 
Kit from Vivantis Technologies, Malaysia.  Staphylococcus aureus (ATCC 
25923), Escherichia coli (ATCC 25922), Staphylococcus epidermidis and 
Bacillus subtilis were kindly donated by Department of Microbiology, 
Chulalongkorn University, Bangkok, Thailand. The oligonucleotide primers 
used were list in the Table 1 synthesized by Macrogen Inc., South Korea. The 
LAMP-HNB reaction mixture (15µL) comprised 0.2 µmol/L primers CLas-
F3 and CLas-B3, 1.6 µmol/L primers CLas-FIP and CLas-BIP, 1.4 µmol/L 
primers CLas-LF and CLas-LB, 1.4 mmol/L dNTP (SibEnzyme Ltd., 
Novosibirsk, Russia), 0.5 mol/L betaine (Sigma-Aldrich, St. Louis, Missouri, 
USA), 6 mmol/L Mg2+, 6 U of Bst DNA Polymerase (large fragment; New 
England Biolabs, Beverly, Massachusetts, USA) along with 1X of 
themoPol™  Reaction Buffer (New England Biolabs), 120 µmol/L 
Hydroxynapthol blue (Sigma-Aldrich, Inc., St. Louis, USA). For PCR (25 µl) 
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comprised 12.5 µl EmeraldAmp® GT PCR Master Mix (TakaRa Bio, Shiga, 
Japan). 
 
Field sample collections and identification of endemic orange tree 
pathogen 

We surveyed and collected samples using sterile scissors to cut leaves, 
bud, branches, and fruits with reported disease C. reticulata from 4 different 
farms in Chiang Mai of Thailand and, with permission from the area and farm 
owners, during midday on 3-4 December 2019. Farm owners reported this 
unknow endemic was widespread problem in Citrus farms in Northern 
Thailand. All samples were collected and immediately transported on ice, for 
genetic materials extraction and identification of the disease pathogen. Total 
nucleic acid extraction was performed using GF-1 Plant DNA Extraction, 
measured quantity via A260nm spectrophotometry, and 16S rDNA PCR using 
universal primers 27F (5’- AGAGTTTGATYMTGGCTCAG-3’) and 1492R 
(5’- TACCTTGTTACGACTT-3’) (Frank et al. 2008; Sagaram et al. 2009). 
PCR (25 µl) comprised 12.5 µl EmeraldAmp® GT PCR Master Mix, 0.3 µM 
each primer, and 100 ng DNA (unless specified). The PCR conditions were 
95℃ for 4 minute followed by 32 cycles of 94℃ for 1 minute, 55℃ for 1 
minute, and 72℃ for 2 minute, with a final extension at 72℃ for 10 minute. 
Proper size (~1,466 base pair (bp)) was determined by 1.5% agarose gel 
electrophoresis, and the full-length 16S rDNA PCR product was sequenced at 
Macrogen Inc. (Seoul, Korea). The sequence was used for species 
determination by BLASTN against the non-redundant GenBank database (E 
value < 0.001). 
 
Detection of C. Liberibacter asiaticus by commercial DNA extraction kit 
and PCR-GE 
 GF-1 Plant DNA Extraction Kit was used to extract DNA from plant 
part samples following the manufacturer’s protocols. The PCR reaction for C. 
Liberibacter asaiticus omp (25 µL) comprised of 12.5 µl EmeraldAmp® GT 
PCR Master Mix, 0.3 µM primers CLas-F and CLas-R, and 100 ng DNA 
(unless specified). Thermocycling conditions were as follows: 94℃ for 4 
minute followed by 35 cycles of 94℃ for 1 minute, 57℃ for 1 minute, and 
72℃ for 2 minute, with a final extension at 72℃ for 10 minute. The PCR 
product at 1,040 bp was detected by 1.75% agarose gel electrophoresis. 
 
 
 



 
The 34th Annual Meeting of the Thai Society for Biotechnology and International 
Conference “Sustainable Bioeconomy : Challenge and Opportunities”  

  
 
 

 November 24–25, 2022, Ambassador Hotel Bangkok, Thailand 89 
 
 

Detection of C. Liberibacter asiaticus by LAMP-HNB 
Degenerate primers were designed based on the multiple sequence 

alignments of all C. Liberibacter asiaticus omp sequences downloaded from 
GenBank, using Primer Explorer V5 (http://primerexplorer.jp/lampv5e/ 
index.html) and manual design. Two inner-loop forward (CLas-LF) and 
backward (CLas-LB) primers were included to speed up the reaction 20 
minutes. The specificity of each primer was pre-screened by BLASTN against 
the GenBank database. The LAMP-HNB reaction mixture (15µL) comprised 
0.2 µmol/L primers CLas-F3 and CLas-B3, 1.6 µmol/L primers CLas-FIP and 
CLas-BIP, 1.4 µmol/L primers CLas-LF and CLas-LB, 1.4 mmol/L dNTP, 0.5 
mol/L betaine, 6 mmol/L Mg2+, 6 U of Bst DNA Polymerase along with 1X 
of themoPol™ Reaction Buffer, 120 µmol/L HNB, and the DNA template. 
The reaction was incubated at 60℃ for 20 minute. The result could be 
interpreted by naked eyes via violet (negative) or sky blue (positive) color 
change and was confirmed by 1.5% agarose gel electrophoresis. 

 
Sensitivity of LAMP-HNB assay 
 The 10-fold serial dilutions of DNA template mixtures ranging from 
8.9 × 108 to 8.9 copy together with 5 and 1 copy numbers of C. Liberibacter 
asiaticus omp were applied to determine the limit of detection of the omp 
LAMP-HNB assay. The results were detected by both color changes with 
naked eyes, and 2% agarose gel electrophoresis analysis. 
 
Specificity of LAMP-HNB assay 
 S. aureus, E. coli, S. epidermidis and B. subtilis which generally found 
in citrus trees and leaves were used to determine specificity of LAMP-HNB. 
Orange juice and sterile water as negative control (Rashid and Y. R. Chung, 
2017; Munir, et al. 2020). The LAMP-HNB products were visualized by color 
changes of HNB and confirmed by 2% agarose gel electrophoresis analysis. 
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Table 1 Primer sequences of LAMP-HNB and PCR for C. Liberibacter
  asiaticus 
 
Primer Sequence 5′-3′ 
CLas-F3 GAACAGA(A/T)GC(T/A)GCGACAG 
CLas-B3 (C/T)GGGTTTAGAGTAGT(G/A)A(C/T)ATC 

CLas-FIP TTAACTCCAATGTA(A/G)GGAGTGAACA-
ATGCCTCTATTGA(C/T)TACCAT 

CLas-BIP GGTCT(A/C)GAG(T/C)AAGTTTTGATGCCG –
CAAGAT(T/A)GCTT(C/T)AGCCAATT 

CLas-LF CATATT(T/C)A(AAT(C/T)CGTATAGCTCAGCC 
CLas-LB AT(C/T)CGTATAGCTCAGCC 
Cla-F TAGTTCGCTCTCGATCTGCG 
Cla-R TCCAAACCCTGCCGCTAAAC 

 
RESULTS 

 
Detection of C. Liberibacter asiaticus by PCR-GE 
 Identification of the endemic disease pathogen was successfully 
analyzed in leaves, buds, branches, and fruits. These DNA from were analyzed 
for the pathogen that causes the disease by universal bacteria full-length 16S 
rRNA gene PCR and sequencing (Fig. 1). DNA sequences obtained from 
DNA sequencing were all identified to be C. Liberibacter asiaticus by 
BLASTN against GenBank database with 78.74% percent identity and E value 
< 0.001. 
 
 

 

 
 
 
 
 
 
 
Figure 1. 16S rDNA PCR electrophoresis gel of extracted DNA. Lane 1: 

OneMARK 100 DNA ladder; lane 2-6: orange leaf, bud, 
branch, fruit, and sterile water respectively. 
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Sensitivity of LAMP-HNB assay 
 The color changes from violet to sky blue were observed in the 10-fold 
serial dilutions of DNA templates ranging from 8.9×108 to 8.9 copy (Fig. 2) 
when LAMP-HNB was performed at 60℃ for 20 minute. The result was 
confirmed by gel electrophoresis (Fig. 3). Samples with DNA less than 8.9 
copy, at 5 and 1 copy, were also tested. Similar signals to negative control 
were observed (data not shown). These results indicated the limit of detection 
of LAMP-HNB that could be detected by naked eyes, which was found to be 
as low as 8.9 copy (equivalent to 0.01 fg). 
 
 
 
 
 
 
 
 
Figure 2. Sensitivity of LAMP-HNB using 10-fold serial dilutions. 1-9:
  a range of CLas DNA copy from 8.9×108 copy to 8.9 copy and
  10: sterile water. 
 
 
 
 

 
 
 
 
 
 
 
Figure 3. Sensitivity of LAMP-HNB analyzed by gel electrophoresis. 

Lane 1: OneMARK 100 DNA ladder; lane 2-10: a range of 
CLas DNA copy from 8.9×108 copy to 8.9 copy; lane 11: sterile 
water. 

 
Specificity of LAMP-HNB assay 
S. aureus, E. coli, S. epidermidis, B. subtilis, orange juice and sterile water 
were used to test specificity. The significant color changes from violet to sky 
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blue was observed only in C. Liberibacter asiaticus samples (Fig. 4). Gel 
electrophoresis analysis confirmed that our designed primers specific to C. 
Liberibacter asiaticus with ladder-like bands due to several target-specific 
primers intercalating to create multiple loops of the LAMP product (Fig. 5) 
 

 
 
Figure 4. Specificity test of LAMP-HNB. 1: Candidatus Liberibacter 

asiaticus; 2-7: Sterile water, Staphylococcus aureus, 
Escherichia coli, Autoclaved fruit juice, Staphylococcus 
epidermidis and Bacillus subtilis respectively. 

 

 
 
Figure 5. Specificity of LAMP-HNB analyzed by gel electrophoresis. 

Lane 1: OneMARK 100 DNA ladder; lane 2: Candidatus 
Liberibacter asiaticus; lane 3-8: Sterile water, Staphylococcus 
aureus, Escherichia coli, Autoclaved fruit juice, 
Staphylococcus epidermidis and Bacillus subtilis respectively. 

 
DISCUSSION 

 
Since citrus greening or Huanglongbing disease is one of the most 

devastating diseases threatening citrus production in many areas including 
Chiang Mai, Thailand; thus, we developed LAMP-HNB assay for Candidatus 
Liberibacter asiaticus omp detection. An outer membrane protein gene (omp) 
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is a common gene for the detection as it has conserved sequence found in 
intra-species (Bastianel et al. 2005). Polymerase chain reaction (PCR) and 
loop-mediated isothermal amplification (LAMP) are accepted worldwide as 
gold standard laboratory diagnostics (Singh et al. 2021; Jarrom et al. 2022).  

Orce et al. (2015) have developed rplLas of C. Liberibacter asiaticus 
detection via SYBR Green quantitative PCR. This test was reported the 
detection limit as 10 copy with total assay time around 3 hour. However, 
SYBR Green is inconvenient for local usage, also could inhibit the reaction 
(Fischbach et al. 2015). Thus, endpoint detection using HNB was promising 
as nontoxic reagent that can clearly discriminate between negative and 
positive. Overall results demonstrated that our LAMP-HNB assay offered 
high specificity and sensitivity for C. Liberibacter asiaticus detection, and the 
assay was rapid (<1 hour) and simple required only water bath or heat box of 
60℃.  
 

CONCLUSION 
 

In summary, our developed LAMP-HNB assay for C. Liberibacter 
asiaticus detection is simple, rapid, inexpensive, specific, sensitive, and does 
not require any complicated instrumentation. The LAMP-HNB results can be 
read by visualization of the blue (positive) or violet (negative) color, and the 
detection limit by naked eyes is as low as 8.9 copies (0.01 fg) of the target 
omp. This developed assay is, thereby, a promising tool for screening plant 
samples for C. Liberibacter asiaticus infection since early infection period in 
low resource settings.  
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ABSTRACT 
 

The skin is colonized by a diverse milieu of microorganisms that 
affects skin health. Today, next-generation sequencing technologies are 
applied in the skin microbiome study and improved our understanding of the 
human skin microbiome. DNA extraction process from microbes living on 
skin sample is considered as the limiting step for the skin microbiome study, 
as DNA quality can affect the efficiency of the sequencing process and further 
to data analysis process.  Therefore, in this study, five commercial DNA 
extraction kits (DNeasy PowerSoil Pro; PS, QIAamp DNA Mini; DM, Quick-
DNA Miniprep Plus; MP, Wizard® Genomic DNA Purification; WG and 
ZymoBIOMICS DNA Microprep; ZB) were examined and compared for the 
extraction efficiency, in both quality and quantity of extracted DNA. The 
quantity of total genomic DNA (in terms of yield and purity) was measured 
by nanodrops while the quality was confirmed by PCR amplification using the 
16S rRNA primers. The quality and quantity of DNA extractions from all 5 
commercial kits were varied. The results showed that DNA extraction using 
the WG kit exhibited the best quality and quantity of DNA in comparison with 
the others. The DNA extraction from the ZB kit also provided a positive result 
on the PCR test, however, with lower DNA concentration. Based on the study 
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results, WG and ZB kits are recommended for high-quality DNA extraction 
for downstream applications on the skin microbiomes.  
  
Keywords: 16S rRNA, Genomic DNA, Microbial, Skin microbiome.  
 

INTRODUCTION 
 

Skin is the largest organ in human body, with an approximate surface 
area of 25 m2 (Sánchez-Pellicer et al., 2022). The skin is a supple membrane 
that consists of three layers of tissue: the epidermis, dermis, and hypodermis. 
Each layer plays a specific role, and all three layers are working together as 
protective barrier from the outside environment (e.g., pressure, shock, 
ultraviolet light, chemicals, and pathogens), helping in body temperature 
regulation, and allowing the sensations of touch, heat and cold. Moreover, the 
skin barrier consists not only of the wall of skin cells, but also a wide variety 
of microorganisms, such as bacteria, fungi, and viruses, which were 
collectively termed the skin microbiota.  

The skin microbiota has long been accepted to play an essential role in 
skin diseases. Application of the next-generation sequencing technologies in 
the skin microbiome study has improved our understanding of the human skin 
microbiome (Lee et al., 2019). There has been a growing interest in the skin 
microbiome in different fields such as dermatology and the cosmetic industry 
(Dréno et al., 2016; Xu and Li, 2019). However, several considerations need 
to be taken into account when studying the skin microbiome, from genomic 
DNA extraction of skin microbiome samples through the data analysis 
process.  Human skin microbiome samples are considered as low microbial 
biomass material with variation in different microbial content for DNA 
extraction (Somboonna et al., 2017). The quality of extracted DNA is one of 
the key factors which mainly contribute to the success of sequencing. 
Contamination in extracted DNA can occur according to DNA extraction kits 
or sample sources (Salter et al., 2014). Therefore, in this study, the quantity 
and quality of the extracted genomic DNA of skin microbiome from five 
commercial DNA extraction kits, and the success of the subsequent PCR 
amplification based on bacterial 16S rRNA gene were evaluated, for further 
application in skin microbiome study. 
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MATERIAL AND METHODS 
 
This research was approved by the ethics committee at King Mongkut's 
University of Technology Thonburi (KMUTT-IRB-COE-2022-022) for 
sample collection and study. All participants received an explanation for the 
research and signed a written informed consent form. 
 
Study participants 

Seven healthy participants (2 males and 5 females) were recruited from 
King Mongkut's University of Technology Thonburi in Bangkok, Thailand. 
All study participants have a normal skin condition, without any disorders, 
such as psoriasis, atopic dermatitis and any systemic disorders. The collecting 
method was safely approved and does not leave any wound or damage on the 
participant skin. 
 
Skin microbiome sample collection 

All participants were instructed not to wash their faces or use any 
makeup for approximately 8 hours prior to sample collection. Skin 
microbiome sample was collected from the face, by swabbing back and forth 
with a sterile cotton swab that had been soaked in sterile saline solution (0.9% 
NaCl) in 4 different areas (forehead, cheek, nose, and chin as the 
representative of the skin microbiome sample) at least 20 times/area. The 
samples were stored in a dry 50 ml tubes at −80 °C and processed for genomic 
DNA extraction within 7 days. 
 
Microbial genomic DNA extraction 

Microbial genomic DNA was extracted from swab samples using five 
different commercial kits: (1) DNeasy PowerSoil Pro (QIAGEN, Hilden, 
Germany; PS), (2) QIAamp DNA Mini (QIAGEN, Hilden, Germany; DM), 
(3) Quick-DNA Miniprep Plus (Zymo Research Corp., Irvine, CA, USA; MP), 
(4) Wizard® Genomic DNA Purification (Promega, USA; WG) and (5) 
ZymoBIOMICS DNA Microprep (Zymo Research Corp., Irvine, CA, USA; 
ZB) according to the manufacturer’s instructions with some modification for 
WG kit. These kits were chosen in this experiment according to their 
application in the published skin microbiome studies and/or recommended by 
the manufacturer for microbiome applications. 

In brief, DNA was extracted with minor modifications using WG kit 
by adding chloroform after the protein precipitation step. 600 µl of chloroform 
was added to the tube with supernatant containing DNA sample and gently 
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well mixed by inverted tube. The tube was centrifuged at 13,5000 g for 10 
min. The top layer of supernatant containing DNA was then transferred to a 
new tube. The remaining steps were performed according to the 
manufacturer’s instructions. The differences in all five DNA extraction 
protocol are summarized in Table 1. 
 
Table 1.  Comparison of the DNA extraction steps in 5 different kits. 
 

DNA 
Extraction 
kit 
 

Lysis 
buffer/ 
agent 

Cell lysis and  
homogenization 

Extraction and 
DNA 
precipitation 

Elution 
volume 
(ul) 

Approx. 
time for 
DNA 
extraction 

PS CD 1 
solution 

Bead beating MB column and 
washing buffer 

25 μl 
solution 
CD6 

40 min 

DM Buffer AL, 
Proteinase 
K 

Incubation at 
56 °C 

Mini column and 
washing buffer 

50 μl 
Buffer 
AE 

3 hr 

MP BioFluid & 
Cell Buffer, 
Proteinase 
K 

Incubation at 
55 °C 

IIC-XLR 
Columns and 
washing buffer 

30 μl 
DNA 
elution 
Buffer 

30 min 

WG Nuclei Lysis 
solution, 
RnaseA 

Incubation at 
80 °C 

Isopropanol and 
washing 70% 
ethanol 

15 μl 
Ultra- 
pure 
water 

3 hr 

ZB Lysis 
Solution 

Bead beating IC Column and 
washing buffer 

15 μl 
DNase/
RNase 
free 
water 

1 hr 

PS: DNeasy PowerSoil Pro, DM: QIAamp DNA Mini, MP: Quick-DNA Miniprep 
Plus, WG: Wizard® Genomic DNA Purification and ZB: ZymoBIOMICSTM DNA 
Microprep 
 
Examination of DNA quantity and purity 

DNA yield and DNA purity were determined by NanoDrop 
spectrophotometry (Thermo Scientific, Waltham, MA, USA). The 
corresponding elution buffer was used as the blank. The ratio of A260/280  
and A260/230 at 1.8-2.0 and >1.8, respectively were considered as high DNA 
purity with little or no contamination (Vesty et al., 2017). 
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Examination of DNA quality 
The specific primers designed for full length bacterial 16S rRNA,  8F: 

5’-AGAGTTTGATCCTTGGCTCAG -3’ and 1492R: 5’-
GCYTACCTTGTTACGACTT-3’ (Dojka et al., 1998) were applied for PCR 
amplification. PCR reaction mix contained 12.5 μl master mix (DreamTaq 
Green PCR Master Mix 2X), 0.25 μl forward primer (10 μM), 0.25 μl reverse 
primer (10 μM) and 20 ng template DNA in a final reaction volume of 25 μl. 
The PCR temperature cycling conditions were as follows: initial denaturation 
at 95 °C for 30 min; 25 cycles of denaturation at 95 °C for 30 s, annealing at 
55 °C for 30 s, and extension at 72 °C for 1 min; final extension at 72 °C for 
10 min and the samples were kept at 4 °C.  

The PCR products were analyzed using 0.8% (w/v) agarose gel 
electrophoresis. The gels contained 0.2 μg/ml ethidium bromide and run in 
1×TAE buffer (40 mM Tris HCl (pH 8), 20 mM acetic acid, 1 mM EDTA) at 
100V. The DNA bands were visualized by gel documentation system (UVItec 
Ltd., Cambridge, UK). 
 

RESULTS  
 
The skin microbiome sample collections 

The skin microbiome samples from seven participants, aged 26 to 45 
years were obtained in this study. Samples were divided for examination based 
on different DNA extraction kits. Of this, only one skin microbiome sample 
from one participant (S3) was applied to all 5 kits (Table 2). The remaining 
samples were tested according to the available volume. 
 
Microbial genomic DNA quantity and purity 

The results of DNA quality and quantity from all samples were varied, 
as shown in Table 2. For DNA quantity, the extracted DNA from WG kit gave 
the highest DNA quantity (in terms of yields and concentrations) in the range 
of 200-3000 ng, with concentration of 19.28-203 ng/μl. The extracted DNA 
using the other DNA extraction kits; ZB, PS, DM and MP kits, resulted in 
lower DNA yield and concentration in the range of 1-12 ng and 1.50-11.65 
ng/μl, respectively. The extracted DNA from all extraction kits were applied 
for A260/280 ratios. DNA extraction using the WG and ZB kits produced 
A260/280 ratios in a range of 1.75-2.01, which was in respectable DNA purity 
range for next generation sequencing. The DNA obtained from PS, DM, and 
MP kits, however, provided low DNA quality with ranges of A260/280 ratios 
of 2.21-2.85, 1.18-1.63 and 1.19-3.20, respectively. The lower A260/280 ratio 
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(<1.80) indicate the presence of phenol and protein or other contaminants in 
the sample, while the ratio of >2.00 indicate the presence of RNA 
contamination in the DNA solution. Moreover, the A260/230 ratios also 
performed. The A260/230 nm ratio is used as a secondary measurement of 
nucleic acid purity, where the expected ratio was >1.8. Most of the extracted 
DNA had A260/230 ratio <1.00 (Table 2), except extracted DNA using WG 
kit (1.57-1.98) and some samples extracted using the ZB kit (ZB2 and ZB5). 
The lower value indicated application of salt, guanidine, or other reagent in 
the extraction protocol (Aleksić et al., 2014). However, inaccurate ratios may 
also be observed at very low concentrations (<10 ng/μl) of nucleic acids. 
Different elution volumes were applied depending on the minimum 
achievable volume from each DNA extraction kit. 
 
Table 2.  Quality and quantity of extracted genomic microbial DNA from 

facial skin microbiome samples using different extraction kits. 
 

Sample 
code 

Participants 
code 

Kit name 
abbreviation 

DNA 
concentration 

(ng/μl) 

Total DNA 
yield (ng) 

A260/
A280 

A260/
A230 

PS1 S1 PS 3.85 96.25 2.85 0.21 
PS2 S2  1.55 38.75 2.21 0.10 
PS3 S3  ND ND ND ND 

DMI1 S3 DM 7.20 360.00 1.60 0.38 
DMI2 S3  1.40 70.00 1.40 0.18 
DMI3 S4  1.50 75.00 1.18 0.19 
DMI4 S4  11.65 582.50 1.63 0.66 
MP1 S4 MP 4.65 139.50 2.39 0.02 
MP2 S4  6.55 196.50 2.40 0.02 
MP3 S4  2.15 64.50 1.19 0.35 
MP4 S3  4.00 120.00 3.20 0.32 
WG1 S5 WG 203.00 3045.00 1.87 1.98 
WG2 S3  24.70 370.50 1.81 1.94 
WG3 S2  19.28 289.20 1.85 1.57 
WG4 S1  44.30 664.50 1.76 1.66 
ZB1 S4 ZB 11.30 169.50 1.81 0.86 
ZB2 S3  10.15 152.25 2.01 1.86 
ZB3 S6  3.20 48.00 1.78 0.24 
ZB4 S7  5.60 84.00 1.75 1.44 

ND: DNA not detected 
PS: DNeasy PowerSoil Pro, DM: QIAamp DNA Mini, MP: Quick-DNA Miniprep 
Plus, WG: Wizard® Genomic DNA Purification and ZB: ZymoBIOMICSTM DNA 
Microprep 
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Microbial genomic DNA quality 
For DNA quality, all extracted DNA from all kits were tested by PCR 

using a universal 16S primer set for bacteria. These results showed the 
successfully amplification in all DNA samples extracted with WG and ZB 
kits, as shown by a band on agarose gel electrophoresis with the approximately 
size of 1,500 bp (Figure A and B). In contrast, all DNA samples extracted with 
PS, DM and MP kits gave the negative results in 16S rRNA gene amplification 
(data not show).  
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Figure 1.  Agarose gel electrophoresis of the 16S rRNA PCR products of 
extracted genomic DNA from facial skin microbiome samples 
using Wizard® Genomic DNA Purification; WG (A) and 
ZymoBIOMICSTM DNA Microprep; ZB (B). Lane L = 1 
Kb marker ladder, Lane P = positive control (20 ng/ μl), Lane N 
= blank/negative control. 

 
DISCUSSION 

 
Human skin microbiome samples are considered as the low microbial 

biomass samples. Therefore, the selection of sampling method and DNA 
extraction method are the important steps for microbiome analysis, which 
contribute to the success in downstream process. In this study, the samples 
were collected using swab method, according to the consistent results and 
reliability for examining the skin microbiome study (Bjerre et al., 2019). The 
extraction protocol, another factor to be consider for the consistent results, is 
considered in this study. Five commercial DNA extraction kits which are 
widely used in microbiome applications such as skin, saliva, soil, and human 
hair (Ogai et al., 2018; Sperling et al., 2018; Suenaga and Nakamura, 2005; 
Vesty et al., 2017) were examined here. The results showed variation in both 
quality and quantity of extracted DNA among the 5 difference commercial 
kits in the study (Table 2). Based on published study of skin microbiomes, the 
extraction kits such as PowerSoil DNA isolation kit, QIAamp DNA 
Investigator kit, QIAamp DNA Microbiome kit and PureLink Genomic DNA 
kit showed a yield of DNA extraction in the range of 0.09-1.99 ng/μl (Bjerre 
et al., 2019). In this study, however, the WG kit exhibited the highest DNA 
quantity in term of both concentration at 19.28-203 ng/μl and yield of 200-
3000 ng of total DNA. 

The WG kit, preceded by incubation of skin microbiome samples at 
80 °C and RnaseA treatment. Chloroform addition for protein precipitation 
procedure also performed in the protocol. This method seems to be the most 
efficient method for protein precipitation for microbes DNA extraction in 
facial microbiome samples. In addition, elution volume for extracted DNA in 
WG kit can be limited to small volumes, which resulted in a higher DNA 
concentration for extracted samples. Interestingly, the DNA precipitation 
method of WG kit based on isopropanol precipitation while the other kits 
based on company’s column. The high concentration of extracted DNA using 
WG kit might suggest the suitable method for DNA extraction from skin 
microbiome samples. The success in bacterial 16S rRNA PCR amplification 
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also confirmed the quality of extracted DNA using WG kit. The ZB kit, 
applied mechanical lysis to microbes in skin microbiome samples by bead 
beating with an inhibitor removal step, which could lead to success in PCR 
amplification from extracted DNA. Moreover, the minimum leaching amount 
recommended by the manufacturer is ≥ 10 µl for ZB kit, which could result in 
low-volume leaching with less DNA loss from column. In term of time 
consumption, application of WG kit take about 3 hr while ZB kit take about 1 
hr for the whole process. Considering the price/ kit, WG kit cost 
approximately 242 baht per sample (additional chloroform and tube for 
extraction are not included), while the ZB kit is approximately 271 baht per 
sample. 

Elution volume from PS, DM, and PM kits (based on manufacturer’s 
recommendation) are 25-50 µl which could be one of the factors affecting to 
low DNA concentration obtained from these kits. Moreover, the unsuccessful 
of PCR amplification using 16S rRNA primer indicate unexpected 
contamination in the extracted samples. The low quantity and quality of 
extracted DNA from skin microbiome samples using PS, DM, and PM kits 
suggested that these kits are not suitable for application with skin microbiome 
samples, under laboratory conditions. 
 

CONCLUSION 
 

Each type of samples requires an appropriate DNA extraction protocol 
for its own application. The selection of extraction protocol should be consider 
based on sample type. The skin microbiome samples, which are considered as 
low biomass and contaminated with many substances, required a suitable 
DNA extraction kit for the downstream process. There are several commercial 
kits available in the market and applied for skin microbiome samples. 
However, based on the results in this study, among 5 tested kits, the WG with 
additional chloroform and ZB kits are recommended for extraction of 
microbial genomic DNA from skin microbiome sample. The extracted DNA 
from these 2 kits gave the high quality and quantity of extracted DNA without 
any interference in the downstream PCR process. The quality and quantity of 
extracted microbial DNA from WG and ZB kits are acceptable for further 
microbiome study. However, the time consumption and cost for each kit could 
be another considering factors. The results suggest the suitable kit for 
extraction of microbial DNA for skin microbiome sample under the laboratory 
condition, which could be applied for further study in skin microbiome. 
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ABSTRACT 
 

Osteoporosis is a medical condition with low bone density leading to 
increase the tendency of bone fracture. A Jagged1 (Jag1) ligand was proved 
to regulate in bone homeostasis by participating in Notch signaling pathway 
hence Jag1 protein could be a promising candidate in osteoporosis treatment. 
To ensure recombinant Jag1 proteins with the correct folding and post-
translational modification, the proteins were transiently expressed in a 
mammalian expression system, especially Chinese Hamster Ovary (CHO) 
cells. Polyethylenimine (PEI) was used as a transfection reagent because of its 
cost-effective. However, the production of Jag1 proteins in CHO cells under 
the standard condition provided relatively low yields. Therefore, this study 
aims to optimize the production of Jagged1 protein using ExpiCHO-STM 
system. The pFUSE plasmid encoding JAG1 gene was constructed. The 
transfection conditions including harvest days of cultured cells and DNA/PEI 
ratios were varied. Protein secreted in medium was harvested at day 3, 5 and 
7 while the DNA/PEI weight ratios were 1:3, 1:5 and 1:7. To compare the 
yield of Jag1 proteins, the amount of secreted Jag1 proteins in medium were 
detected by western blot using anti-human IgG (Fc specific) antibody. The 
results showed that the amount of Jag1 proteins harvested at day 5 and 
transfected with the 1:7 of DNA/PEI ratio exhibited the highest yield and 
significantly higher than that of proteins produced in the standard condtion. 
Therefore, Jag1 protein can be successfully expressed in ExpiCHO-STM cells 
with the high yield in the specific condition, harvest at day 5 and transfection 
with 1:7 of DNA/PEI ratio. 
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INTRODUCTION 
 

The development of cultivating mammalian cells made an advanced 
progress in protein production. Expressing recombinant proteins in 
mammalian cells can be considered as the efficient approach for high quality 
protein products such as monoclonal antibodies, urokinase, follicle 
stimulating hormone, etc (1). Chinese Hamster Ovary (CHO) cells are 
immortalized cells used as expression platform in protein pharmaceuticals. 
The total profit of products related to CHO cells is above 50 billion US 
$ yearly, and there are many efforts to enhance the yield and quality of CHO 
cultures. Many patients benefit from protein drugs produced in CHO cells 
such as ENBREL (a TNF inhibitor) and HERCEPTIN (an anti-HER-2 breast 
cancer antibody) with the manufacture at more than one metric ton per year 
(2).  

The Jagged1 (Jag1) is membrane-anchored ligand participating in 
Notch signaling pathway. Jag 1 activates the Notch signaling by binding four 
different notch receptors, Notch1, Notch2, Notch 3 and Notch 4, located on 
the mammalian cell membranes (3). Human mesenchymal cell in vitro and 
murine tibial bone healing in vivo both treated with Jag1 exhibited the 
expression of various gene related to Notch signaling. These evidences have 
shown that Jag1 plays a critical role in Notch signaling pathway upregulated 
in osteogenic differentiation of human bone marrow mesenchymal stem cells 
in vitro and murine tibial bone healing in vivo (4). Furthermore, Jag1 promotes 
the mineral accumulation in human alveolar and iliac bone-derived cells in 
vitro by triggering Notch signaling pathway (5). Human bone-derived cells 
treated with Jag1 in vitro showed the significant increase of mineral deposition 
and positive regulation of ALP mRNA expression (6). In addition, Jag1 was 
proved to regulate in periodontal homeostasis by participating in Notch 
signaling pathway. The target genes associated with extracellular matrix 
formation and interaction are found to express in human periodontal ligament 
cells treated with Jag1 protein in vitro (7). Therefore, Notch signaling is a 
potential therapy in bone healing and Jag1 is a great candidate in bone renewal 
(5).  

The mature Jag1 protein is processed by post-translational 
modification especially glycosylation which affects the binding affinity of 
Notch receptors and Jag1 ligand (8). Escherichia coli expression system is 
easy to scale-up but lack of eukaryotic post-translational modifications (9). 
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Yeast and baculovirus expression vector system are unable to produce the 
proteins with proper glycosylation (10, 11). Mammalian cells can express the 
functional proteins with comprehensive glycosylation (12). Hence, Jag1 
protein could be produced in mammalian expression system with complete 
glycosylation. 

There are two methods for introducing DNA into mammalian cells, 
which are stable and transient transfection (13). Foreign DNA integrates into 
host cell nucleus in stable transfection, not in transient transfection (14, 15). 
Stable transfection is time-cosuming so transient transfection is preferable 
approach for fast recombinant protein production (16). Even though the yield 
of transient transfection is lower than that of stable transfection, the solution 
for this drawback is a repeated transient transfection strategy (17).  The yield 
of transient transfection is affected by various factors such as the initial viable 
cells transfected, the processes of gene transcription, mRNA translation and 
post-translational modification of proteins in the host cells (18).  In addition, 
the choice of gene delivery reagents for transient transfection is a critical 
factor to maximize the productivity of recombinant protein production. 
Calcium phosphate is a low-cost transfection reagent for delivering plasmid 
DNA into mammalian cells. However, calcium phosphate precipitation 
method requires the presence of serum in transfection and the repetation of 
centrifugation for dispose of the growth medium (18). The use of 
polyethylenimine (PEI) in transient mammalian cell expression, especially 
ExpiCHO-S system, is low-cost and time-effective compared with other 
traditional methods of transfection. PEI, a stable cationic polymer vehicle 
(19), forms a positive charged complex with DNA that attaches to anionic cell 
surfaces. The cells then internalize the DNA/PEI complex by endocytosis and 
DNA is released into cytoplasm (20). The harvested days and DNA/PEI ratio 
were considered as critical factors in optimization of mammalian cell 
transfection (21). The recommended DNA/PEI ratio (w/w) is 1:3 and the 
protein is usually collected after 5 days of transfection (21, 22). The conditions 
for transient transfection are variable based on the characteristics of inserted 
genes and plasmids. Consequently, this study aims to optimize the yield of 
Jag1 protein using ExpiCHO-STM system. 
 

MATERIALS AND METHODS 
 
Materials 

JAG1 gene in Twist plasmid (Twist Bioscience, USA) and pFUSE-
hIgG1-Fc plasmid (InvivoGen, USA) were used in construction of JAG1-Fc 
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sequence in pFUSE plasmid. ExpiCHO-STM cell (lot 2089864, Thermo Fisher 
Scientific, Carlsbad, CA, USA) was the expression system to produce Jag1-
Fc protein. EcoRI-HF® and NheI-HF® (New England Biolabs, England) 
were used to cleave the Twist and pFUSE plasmid. T4 DNA Ligase (New 
England Biolabs, England) was used in joining the the JAG1 gene into pFUSE 
plasmid.  ExpiCHO™  Expression Medium (Thermo Fisher Scientific, 
Carlsbad, CA, USA), Hycell TransFx-C transfection Medium (Hyclone 
Laboratories, Logan, Utah, USA) and PEI-Max-Linear Polyethyleneimine 
(Polysciences, Inc., Warrington, PA, USA) were employed in transient 
transection. 
 
Construction of JAG1-Fc sequence in pFUSE plasmid  

JAG1-Fc sequence in Twist plasmid (Twist Bioscience, USA) was 
digested with EcoRI-HF® and NheI-HF® (New England Biolabs, England) 
for 1 hour. Similarly, pFUSE plasmid (InvivoGen, USA) was cleaved by 
EcoRI-HF® and NheI-HF® for 1 hour. These fragments were visualized on 
agarose gel and the DNAs then was purified using PureLink™ Quick Gel 
Extraction Kit (Thermo Fisher Scientific, USA). The JAG1-Fc fragment was 
inserted in pFUSE fragment using T4 DNA Ligase (New England Biolabs, 
England). The ligated product was transformed into competent Escherichia 
coli (E. coli) Mach I. After 16 hours, the transformants were grown in LB 
broth containing zeocin (50 µg/ml). The DNA was extracted from E. coli then 
performed sequencing. Finally, the result of sequencing was aligned with the 
wild-type JAG1-Fc sequence. 

 
Cell culture 

ExpiCHO-STM cells (Thermo Scientific, lot 2089864) were cultured in 
Hycell TransFx-C transfection Medium (Hyclone Laboratories, Logan, Utah, 
USA) in vented erlenmeyer non-baffled shake flasks (Corning, cat. 431143). 
The condition for cell maintenance was in a humidified 8% CO2 incubator at 
37°C and 120 rpm. Cells were seeded at 2.0-3.0x105 viable cells/ml and 
passaged every 3-4 days. The number of viable cells was determined by trypan 
blue exclusion method using trypan blue (0.4%) (Gibco, cat. 15250061). 

 
Transient expression 

On the day prior to transfection, the cells were seeded to final density 
of 5.0x105 viable cells/ml and allow the cells to grow overnight. Once the cells 
reached a density of approximately 1.0x106 viable cells/ml and more than 95% 
viability, the cells were transfected. Ten µg of PEI-max (Polysciences, Inc., 
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Warrington, PA, USA) was diluted with 200 µl of medium for each well. DNA 
plasmid was added to PEI-max mixture at the DNA/PEI-max weight ratio of 
1:3, 1:5 and 1:7. The mixture was then incubated at room temperature for 10 
min and then added dropwise into the wells having prepared cells. The plate 
was then incubated in a 37℃ incubator with 8% CO2 and 125 rpm shaking. 
The medium containing secreted recombinant proteins was harvested at 3, 5 
and 7 days. All the conditions of transient expression were performed in 
triplicate. 

 
Western blot 

Proteins were transferred from gels to a nitrocellulose membrane 
(Merck, Ireland) at 25 V for 30 min using Trans-Blot® SD system (Biorad, 
Singapore). Skim milk (Criterion CA, USA) 5% (w/v) in PBS buffer (Vivantis 
Technologies, Selangor Dural Ehsan, MY, USA) was added to block non-
specific binding of proteins for 2 hours. The skim milk was then discarded and 
the nitrocellulose membrane was incubated with goat anti-human IgG (Fc 
specific) antibody conjugated with HRP (Sigma, St. Louis, MO, USA) diluted 
10,000 times in skim milk 5% (w/v) for 2 hours. Next, the nitrocellulose 
membrane was washed 3 times with PBS containing 0.1% Tween® -20 (Lobal 
Chemie, Mumbai, India) for 15 min each time. The nitrocellulose membrane 
was incubated with 1.5 ml of Immoblion® Forte Western HRP (Merck, 
Darmstadt, Germany) for 3 min in dark condition. The bands of protein were 
visualized with chemiluminescence. The intensity of the bands on Western 
blot results was evaluated using ImageJ software (Laboratory for Optical and 
Computational Instrumentation, University of Wisconsin). The relative 
protein level of each band was normalized to the band of recommended 
condition, DNA/PEI-max ratio of 1:3 and day 5 of harvest. 

 
Statistical analysis  

Statistical analysis was performed with the SPSS Statistics 22 (IBM 
SPSS, Chicago, IL, USA). The relative protein level of each condition was 
compared using one-way ANOVA followed by Tukey multiple comparisons 
test. The statistically significant difference was considered at p<0.05. 
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RESULTS 
 
JAG1-Fc successfully subcloned into pFUSE plasmid  

To express Jag1-Fc in ExpiCHO-S cells, we inserted synthesized 
JAG1-Fc gene in pFUSE-hIgG1-Fc plasmid. JAG1-Fc was designed to locate 
between EcoRI and NheI restriction sites (Fig. 1A). IL2 signal sequences in 
the construct facilitate the secretion of recombinant proteins into the media 
while expressing in mammalian expression system. After insertion of JAG1-
Fc gene, the plasmids were amplified in E. coli and extracted. To confirm that 
the plasmid encoding JAG1-Fc gene, the plasmids were digested with EcoRI 
and NheI. According to Fig. 1B, pFUSE plasmids containing JAG1-Fc was 
fragmented into 2 bands at approximately 3,000 – 4,000 base pairs on agarose 
gel.  These two bands were corresponded to 4401 and 3480 base pairs of 
JAG1-Fc gene and linearized pFUSE plasmid, respectively. Likewise, the 
sequence of JAG1-Fc gene in the plasmid was verified by Sanger DNA 
sequencing. 
 

 
 

Figure 1. A. The construction of JAG1-Fc gene. The gene includes JAG1 
sequence, connected with Fc sequence by Linker, IL-2 signal 
sequence and positions of EcoRI and NheI restriction site. B. 
EcoRI/NheI-digested plasmid from a selected clone was analyzed 
using gel electrophoresis on 1.2% agarose gel. 1kb DNA Ladder 
RTU (GeneDireX, USA) was loaded as a marker. 

The DNA sequencing result of JAG1-Fc was converted into proteins 
sequence and then aligned with expected JAG1-Fc sequence. The alignment 
of amino acid sequence showed that protein sequencing result of selected 
clone was matched with expected JAG1-Fc sequence (Fig. 2). 
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Figure 2. Amino acid sequence alignment of JAG1-Fc gene and selected 
clone sequencing result. The red sequence represents the Jag1 
protein connected with the Fc region (pink) by the linker 
(green). 

 
Comparing transient expression of JAG1-Fc in various conditions   

The JAG1-Fc pFUSE plasmid was transfected into ExpiCHO-STM cells 
in 6-well plates in different conditions of DNA/PEI-max ratios, 1:3, 1:5 and 
1:7, and distinct harvest time, 3, 5, and 7 days. The protein expression levels 
of each condition were compared by Western blot analysis. The intensities of 
each band in Western blot analysis were converted into peak area by ImageJ. 
The data were normalized to the condition of 1:3 of DNA/PEI-max ratio and 
5 days of harvest time, which was considered as the standard condition for 
transient transfection by PEI-max. 
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Figure 3 A. Western blot analysis of Jag1-Fc protein produced by Expi-

CHO-S cell in 6-well plates in the conditions of 3 different 
DNA/PEI-max ratios, 1:3, 1:5, and 1:7, and separated harvested 
times, 3, 5, and 7 days. B. Intensities of each bands in Western 
blot analysis were normalized and compared with the standard 
condition (1:3 of DNA/PEI-max ratio and 5 days of harvest time) 
as relative protein level. Data were shown as mean ± SD with n=3. 
* was p < 0.05 compared with standard condition. 

 
 Jag1-Fc protein in dimeric form has a size of 274.5 kDa, which was 
exhibited in Western blot result of every condition except the condition of 1:7 
ratio harvested at 7 days (Fig 3A). The Western blot result showed that the 
conditions of 1:5 and 1:7 of DNA/PEI-max ratios in day 5 of transfection had 
the highest yields which were significantly higher than standard condition. 
The yields of protein harvested at day 7 were lower than day 3 and 7 probably 
due to protein degradation in the long period (Fig 3B). The protein yields of 
DNA/PEI-max ratio 1:3 and 1:7 harvested at day 7 were significantly lower 
than standard condition. The condition of 1:7 of DNA/PEI-max ratio and 
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harvest at day 7 showed the lowest yield and the band of this condition was 
not observed on the Western blot. Hence, the harvest time of Jag1-Fc protein 
could be day 5 to get maximum yield. Additionally, DNA/PEI-max ratios 
should be 1:7 to get high protein yield yet lower DNA-consuming. 
 

DISCUSSION 
 

Various protein expression systems are applied to produce 
recombinant proteins including bacterial, yeast, baculovirus-insect, plant and 
mammalian cell systems (1). The expression system could be chosen for 
producing proteins based on their characteristics such as post-translational 
modification which affects their biological activities. Bacterial expression 
system is easy to scale up, fast and low cost but lack of eukaryotic post-
translational modifications and difficult to express large proteins. Yeast and 
baculovirus systems produce proteins with inauthentic human glycosylation 
(23). Mammalian cell system is suitable for expressing the human proteins 
especially Jag1 ligand with glycosylation which ensure its biological activities. 
However, the culture conditions of mammalian cells need to optimize based 
on the recombinant proteins. This study employed Expi-CHO-S cell to 
produce Jag1 protein with PEI-max as a transfection reagent. Transfection 
using PEI-max is a cost effective method (18). The protein should be harvested 
in 5 days after transfection to get high productivity and avoid protein 
degradation. The suitable DNA/PEI-max ratio was 1:7 to gave the high yield 
with low DNA-consuming.  

The relative protein level of the 1:7 DNA/PEI-max ratio and harvest 
at day 7 was highest in tested conditions. It may need further optimization of 
transfection to increase yields. Other parameters, such as temperature and 
reaction time between DNA and transfection reagent, are also critical in 
transfecting mammalian cells (24), which should be considered in 
optimization. Other transfection methods for expressing the Jag1 protein may 
be investigated instead of using PEI as a transfection reagent. Viral-based 
transfection is higher efficiency compared to methods using cationic polymers 
but it has cytotoxicity issue (14, 25). Nanoparticles causing little cytotoxicity 
can be applied in transfection which improve the uptake of DNA into the host 
cells because of their small size (13, 26).  

Quantitative Western blot analysis for measuring the protein 
concentration are high variability due to technical factors such as gel matrix, 
transfer conditions, buffers, etc (27). The standard deviations of relative 
protein levels in each condition were high, so it is needed to find the reliable 
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approaches for evaluating the protein concentration. Various methods for 
determination of protein content provide results with high accuracy and 
precision such as Lowry protein assay, Bradford protein assay and 
bicinchoninic acid assay (28) which should be applied in other investigation.  

The post-translational modifications of Jag1-Fc protein expressed in 
ExpiCHO-STM should be characterized especially glycosylation which affects 
the binding affinity of Jag1 ligand with Notch receptor (29). Moreover, the 
key domains of Jag1 protein playing the major role in Notch signaling 
pathway should be elucidated. 

 
CONCLUSION 

 
The Jag1-Fc protein could be produced in ExpiCHO-STM cells by 

transient transfection. The transfection conditions for highest yield were 1:7 
of DNA/PEI-max ratio and harvest at day 5. However, the optimization of 
large-scale expression should be validated in order to get enough protein for 
further characterization. 
 

ACKNOWLEDGEMENTS 
 

This research (Grant No. RGNS63-006) was financially supported by 
Office of the Permanent Secretary for Higher Education, Science, Research 
and Innovation, Thailand. 
 

REFERENCES 
 
1. Fahad S, Khan FA, Pandupuspitasari NS, Ahmed MM, Liao YC, Waheed
 MT, et al. Recent developments in therapeutic protein expression
 technologies in plants. Biotechnol Lett. 2015;37(2):265-79. 
2. Wurm F. CHO Quasispecies—Implications for Manufacturing Processes.
 Processes. 2013;1(3):296-311. 
3. Luca VC, Kim BC, Ge C, Kakuda S, Wu D, Roein-Peikar M, et al. Notch
 Jagged complex structure implicates a catch bond in tuning ligand
 sensitivity. Science. 2017;355(6331):1320-4. 
4. Manokawinchoke J, Nattasit P, Thongngam T, Pavasant P, Tompkins KA,
 Egusa H, et al. RNA sequencing data of Notch ligand treated human
 dental pulp cells. Data in brief. 2018;17:407-13. 



 

 
The 34th Annual Meeting of the Thai Society for Biotechnology and International 

Conference “Sustainable Bioeconomy : Challenge and Opportunities” 

 
 

118 November 24–25, 2022, Ambassador Hotel Bangkok, Thailand 
 
 

5. Osathanon T, Manokawinchoke J, Sa-Ard-Iam N, Mahanonda R, Pavasant
 P, Suwanwela J. Jagged1 promotes mineralization in human bone
 derived cells. Archives of oral biology. 2019;99:134-40. 
6. Kung AWC, Xiao S-M, Cherny S, Li GHY, Gao Y, Tso G, et al. Association
 of JAG1 with Bone Mineral Density and Osteoporotic Fractures: A
 Genome-wide Association Study and Follow-up Replication Studies.
 The American Journal of Human Genetics. 2010;86(2):229-39. 
7. Suwanwela J, Hansamuit K, Manokawinchoke J, Sa‐Ard‐Iam N,
 Mahanonda R, Pavasant P, et al. Gene expression profiling of Jagged1
 treated human periodontal ligament cells. Oral diseases.
 2019;25(4):1203-13. 
8. Stanley P, Okajima T. Roles of glycosylation in Notch signaling. Current
 topics in developmental biology. 2010;92:131-64. 
9. Rosano GL, Ceccarelli EA. Recombinant protein expression in Escherichia
 coli: advances and challenges. Frontiers in microbiology. 2014;5:172. 
10. Baghban R, Farajnia S, Rajabibazl M, Ghasemi Y, Mafi A, Hoseinpoor R,
 et al. Yeast expression systems: overview and recent advances.
 Molecular biotechnology. 2019;61(5):365-84. 
11. Felberbaum RS. The baculovirus expression vector system: A commercial
 manufacturing platform for viral vaccines and gene therapy vectors.
 Biotechnology journal. 2015;10(5):702-14. 
12. Khan KH. Gene expression in mammalian cells and its applications.
 Advanced pharmaceutical bulletin. 2013;3(2):257. 
13. Chong ZX, Yeap SK, Ho WY. Transfection types, methods and strategies:
 A technical review. PeerJ. 2021;9:e11165. 
14. Kim TK, Eberwine JH. Mammalian cell transfection: the present and the
 future. Analytical and bioanalytical chemistry. 2010;397(8):3173-8. 
15. Lufino MM, Edser PA, Wade-Martins R. Advances in high-capacity
 extrachromosomal vector technology: episomal maintenance, vector
 delivery, and transgene expression. Molecular Therapy.
 2008;16(9):1525-38. 
16. Zhao Y, Bishop B, Clay JE, Lu W, Jones M, Daenke S, et al. Automation
 of large scale transient protein expression in mammalian cells. Journal
 of structural biology. 2011;175(2):209-15. 
17. Elshereef AA, Jochums A, Lavrentieva A, Stuckenberg L, Scheper T,
 Solle D. High cell density transient transfection of CHO cells for TGF
 β1 expression. Engineering in life sciences. 2019;19(11):730-40. 
 
 



 
The 34th Annual Meeting of the Thai Society for Biotechnology and International 
Conference “Sustainable Bioeconomy : Challenge and Opportunities”  

  
 
 

 November 24–25, 2022, Ambassador Hotel Bangkok, Thailand 119 
 
 

18. Abbott WM, Middleton B, Kartberg F, Claesson J, Roth R, Fisher D.
 Optimisation of a simple method to transiently transfect a CHO cell
 line in high-throughput and at large scale. Protein Expression and
 Purification. 2015;116:113-9. 
19. Boussif O, Lezoualc'h F, Zanta MA, Mergny MD, Scherman D, Demeneix
 B, et al. A versatile vector for gene and oligonucleotide transfer into
 cells in culture and in vivo: polyethylenimine. Proceedings of the
 National Academy of Sciences. 1995;92(16):7297-301. 
20. Sonawane N, Szoka FC, Verkman A. Chloride accumulation and swelling
 in endosomes enhances DNA transfer by polyamine-DNA polyplexes.
 Journal of Biological Chemistry. 2003;278(45):44826-31. 
21. Longo PA, Kavran JM, Kim MS, Leahy DJ. Transient mammalian cell
 transfection with polyethylenimine (PEI). Methods Enzymol.
 2013;529:227-40. 
22. Raymond C, Tom R, Perret S, Moussouami P, L'Abbe D, St-Laurent G, et
 al. A simplified polyethylenimine-mediated transfection process for
 large-scale and high-throughput applications. Methods.
 2011;55(1):44-51. 
23. de Oliveira TA, da Silva W, da Rocha Torres N, de Moraes JVB, Senra
 RL, de Oliveira Mendes TA, et al. Application of the LEXSY
 Leishmania tarentolae system as a recombinant protein expression
 platform: A review. Process Biochemistry. 2019;87:164-73. 
24. Jordan M, Schallhorn A, Wurm FM. Transfecting mammalian cells:
 optimization of critical parameters affecting calcium-phosphate
 precipitate formation. Nucleic acids research. 1996;24(4):596-601. 
25. Mali S. Delivery systems for gene therapy. Indian journal of human
 genetics. 2013;19(1):3. 
26. Sandhu KK, McIntosh CM, Simard JM, Smith SW, Rotello VM. Gold
 nanoparticle-mediated transfection of mammalian cells. Bioconjugate
 chemistry. 2002;13(1):3-6. 
27. Pillai-Kastoori L, Schutz-Geschwender AR, Harford JA. A systematic
 approach to quantitative Western blot analysis. Analytical
 biochemistry. 2020;593:113608. 
28. Mæhre HK, Dalheim L, Edvinsen GK, Elvevoll EO, Jensen I-J. Protein
 determination—method matters. Foods. 2018;7(1):5. 
29. Manokawinchoke J, Sumrejkanchanakij P, Boonprakong L, Pavasant P,
 Egusa H, Osathanon T. NOTCH2 participates in Jagged1-induced
 osteogenic differentiation in human periodontal ligament cells. Sci
 Rep. 2020;10(1):13329. 



 

 
The 34th Annual Meeting of the Thai Society for Biotechnology and International 

Conference “Sustainable Bioeconomy : Challenge and Opportunities” 

 
 

120 November 24–25, 2022, Ambassador Hotel Bangkok, Thailand 
 
 

MBP09 
 

Physiological Function Analysis of Redox Stress Responsive 
Regulator ResR in Pseudomonas aeruginosa 

 
Thipsuda Phornkhakhanumphorn1, Ninlapan Kimprasoot1 Jintana Duang-

nkern2 and Adisak Romsang1,3* 
 

1Department of Biotechnology, Faculty of Science, Mahidol University, Bangkok, Thailand 
2Laboratory of Biotechnology, Chulabhorn Research Institute, Bangkok, Thailand 
3Center for Emerging Bacterial Infections, Faculty of Science, Mahidol University, Bangkok, 
Thailand 
 
*Corresponding author. E-mail: adisak.rom@mahidol.ac.th 
 

ABSTRACT 
 

Intracellular redox homeostasis is a crucial mechanism that allow 
pathogenic bacteria to survive under the stressful conditions. In this study, we 
proposed the physiological function of Pseudomonas aeruginosa resR, a gene 
encoding a transcriptional regulator of detoxification mechanism during redox 
stress, against various oxidants using the plate sensitivity assay. The ∆resR 
mutant exhibited an altered susceptibility level to electrophilic and oxidizing 
agents compared to that in the P. aeruginosa wild type. Next, we confirmed 
whether the observed change in physiological response against tested stresses 
was resulted from the particular gene deletion by performing the 
complementation assay via a TN7-chromosomal insertion of a resR 
expression cassette. Moreover, an antibiotic susceptibility profile was 
analyzed in the resR-deleted mutant and expressed an increased susceptibility 
level against tetracyclines, cefepime and ciprofloxacin. The overall data could 
point out an important role of P. aeruginosa resR in bacterial defense 
mechanisms against multiple stress responses. It could be a part of the reason 
that P. aeruginosa is a leading cause of a variety of acute infections and a 
range of multidrug resistance mechanisms.  
 
Keywords: Antibiotic, Pseudomonas aeruginosa, reactive electrophile 
species, ResR, transcriptional regulator 
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INTRODUCTION 
 

Reactive electrophilic species (RES) is one of the highly toxic 
compounds that can damage intracellular macromolecules (Farmer & 
Davoine, 2007). Increased intracellular RES content also affects cellular redox 
homeostasis through several mechanisms, including the generation of reactive 
oxygen species (ROS) (Shangari & O'Brien, 2004). N-ethylmaleimide (NEM) 
is a well-known as electrophilic compound produced via a chemical reaction 
that modifies cysteine residues, used to inactivate enzymes which causes 
cytotoxicity (Umezawa et al., 2008). 
 

 
 
Figure 4. Schematic illustration of RES regulation of the nemRA-gloA 

operon in E. coli (Lee et al., 2013)  

In bacteria, intracellular redox homeostasis is a key mechanism to 
sustain an oxidation balance in the cellular components. In Escherichia coli, 
NemA named as NEM reductase that has ability to reduce toxic nitrous 
chemicals in addition to NEM (Miura et al., 1997). Its gene is located 
downstream of nemR and is transcribed as the nemRA -gloA operon (Umezawa 
et al., 2008) that essential for bacterial survival when reactive electrophiles are 
present (Subhadra et al., 2019). However, electrophilic stress in other 
pathogenic bacteria was less known. Pseudomonas aeruginosa is an 
opportunistic infection that is the leading cause of disease and mortality in 
cystic fibrosis patients. Increasing rate of multidrug resistance (MDR) 
combined with ability to survive in hospital environment, place the P. 
aeruginosa be as the one of the major public health threats. 

In this study, the complementation and the overexpression strains were 
constructed to confirm whether the observed change in physiological response 
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against tested stresses resulted from the particular gene. In addition, the disc 
diffusion assay was performed to investigate the antibiotic susceptibility 
profiles of these P. aeruginosa mutant strains. 
 

MATERIALS AND METHODS 
 
Materials 

All materials for this study were provided in Center for Emerging 
Bacterial Infections (EBI) Laboratory, Faculty of Science, Mahidol University. 
All P. aeruginosa and E. coli strains were grown in Luria-Bertani (LB) broth 
(Lennox, USA) supplemented with appropriate concentration of suitable 
antibiotics for selection. All P. aeruginosa were raised, maintained and all 
experiments were conducted following procedures, MUSC2021-013 
approved by the Committee of Biosafety, Faculty of Science, Mahidol 
University (MUSC). 

Table 1 Primers used in this study 
 

Primers Sequence (5’→3’) Purposes 

BT6011  GTTGGATGGACAGGACCTG resR-deletion fragment 
forward primer  

BT6012  CGATCAGGTAGCCGTGGG resR-deletion fragment 
reverse primer 

EBI1364 TCCATGACTAGCAACCGAC resR-full length forward 
primer 

BT4556 GGGAATGGGAGGTTCGGG resR-full length reverse 
primer  

BT4449 CCTTCTATCACTACTTCGACAGC resR forward primer for 
RT-PCR  

BT4450 CATCTCGAAGCTCAGGCTGC resR reverse primer for 
RT-PCR 

M13F  GTAAAACGACGGCCAGT  Universal forward 
primer 

M13R  AAACAGCTATGACCATG  Universal reverse primer 

BT5250 ATGTGTGGAATTGTGAGCG pUC18-mini-Tn7-LAC 
forward primer 
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Construction of complementation and overexpression strain 
Briefly, the resR gene was analyzed by several bacterial genome 

databases including NCBI (The National Center for Biotechnology 
Information), KEGG (Kyoto Encyclopedia of Genes and Genomes), and 
Pseudomonas genome database. To construct the complementation strain, a 
fragment covering the entire resR was amplified from PAO1 genomic DNA 
before cloned into pUC18-mini-Tn7-Lac digested with Ecl136II. Next, 
pUC18-mini-Tn7-resR and helper plasmid, pTNS2, were then transferred into 
P. aeruginosa ΔresR using electroporation technique (Choi, Kumar, & 
Schweizer, 2006) ΔresR::Tn7-resR was obtained via Gm-resistant phenotype 
and confirmed by PCR amplification. 

For the overexpression strain, pUC18-mini-Tn7-resR was transferred 
into P. aeruginosa PAO1 by using electroporation technique as previously 
described. PAO1::Tn7-resR was obtained via Gm-resistant phenotypes and 
confirmed by PCR amplification 
 
Plate sensitivity assay 

To compare the bacterial resistance level against oxidants exposure 
(Romsang et al., 2013), overnight cultures in fresh LB medium containing 
selective antibiotics were sub-cultured and incubated with continuous shaking 
until OD600 reaches 0.5. Then, cultures were 10-fold serial diluted and 8 µl of 
each dilution was spotted on LB agar plate containing testing reagents. The 
difference in growth between strains was observed after overnight incubation 
(Romsang, 2022). 
 
Diffusion assay 

The overnight cultures in Mueller Hinton (MH) broth were sub-
cultured and incubated for 3 hours. The cultures were adjusted OD600 to 0.5 in 
semisoft MH medium, top agar on Petri dish containing MH agar, let solidify. 
The antibiotic discs were placed. The inhibition zone was observed and 
recorded after overnight incubation (Romsang, 2022). 
 
Statistical analysis 

Group data are presented as means ± standard deviation (SD). One-
way analysis of variances (ANOVA) was used to determine differences 
between means. The p value of < 0.05 was considered significant. 
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RESULTS  
 
Construction of pUC18-mini-Tn7T-Gm-resR 

In previous studies, the ΔresR mutant was constructed and the 
physiological role was observed. To confirm the change in the phenotype of 
the ΔresR mutant, a functional resR raised from the full-length resR-coding 
DNA insertion was done by the single chromosomal insertion at a specific 
Tn7T site. The full-length resR gene was amplified from PAO1 genomic DNA 
using primer EBI1364 and BT4556. The 618 bp fragment was cloned into 
pUC18-mini-Tn7T-Gm digested with Ecl136II. Next, the recombinant 
plasmid was transformed into the ΔresR mutant with pTNS2 helper plasmid 
DNA by the electroporation technique (Figure 2A). The transformants were 
selected from the Gm-resistant phenotype, genotypic confirmed by PCR 
amplification using the primers BT5250 and BT4550 (Figure 2B). 
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Figure 5. Schematic diagram of P. aeruginosa resR strains construction 
(A) and confirmation of mutation by PCR amplification (B). 
All strains was confirmed by PCR amplification with primers, 
BT5250 and BT4550 displayed a 403 bp band; lane 1 
represented PAO1::Tn7; lane 2 represented ∆resR::Tn7; lanes 
3 showed 403 bp fragment of ∆resR::Tn7-resR strain; and 
lanes 4 showed 403 bp fragment of PAO1::Tn7-resR strain. M 
represented bands from commercial 100 bp plus DNA marker. 

 
ResRA plays a role in electrophillic stress responses in P. aeruginosa 

In previous studies have reported that resR has an important 
physiological role in protecting P. aeruginosa against electrophillic stress 
(Phornkhakhanumphorn, 2020). In this study, plate sensitivity assay was 
performed to confirm the change in the phenotype of the ΔresR mutant by 
compare the bacterial growth on plate referred to the resistance level of PAO1 
wild type and several mutant strains against electrophillic stress. The results 
showed in Figure 3 that the ΔresR mutant (ΔresR::Tn7) had an approximately 
10-fold decrease in the sensitivity level under the electrophilic stress condition via 
N-ethylmaleimide (NEM) treatment compared to that in the parental strain 
(PAO1::Tn7). Moreover, the complemented mutant was less sensitive to NEM 
than the resR deleted mutant but showed in a similar level with that in the 
PAO1 parental strain. All mutant strains had a similar growth colony size and 
number on the L-agar plate. Therefore, these results suggest that an expression 
of resR at the Tn7T site could fully restore the electrophilic stress-sensitive 
phenotype of the ΔresR mutant and we can conclude that the gene resR could 
plays a role in the electrophilic stress response in P. aeruginosa. 
 

 
 

Figure 6. Susceptibility level of P. aeruginosa strains against 
electrophillic stress. Data shown were a representative of three 
similar results. 
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Plate sensitivity assay on oxidizing agents 
To study the role of P. aeruginosa resR against oxidizing agents, the 

susceptibility level of P. aeruginosa strains was determined using a plate 
sensitivity assay as described in the materials and methods. The results showed 
in Figure 4 that the resR-deleted mutant (ΔresR) expressed less sensitive to 
sodium hypochlorite (NaOCl) and hydrogen peroxide (H2O2) than the parental 
strain (PAO1::Tn7). This can be suggested that the resR could play a role in 
response to oxidizing agents in P. aeruginosa.  

The complemented mutant was showed a similar sensitive level to 
NaOCl and H2O2 when compared to that in the PAO1 parental strain. 
Therefore, these results suggest that an expression of resR at the Tn7T site 
could restored the oxidizing agents -sensitive phenotype of the ΔresR mutant 
and we can conclude that the gene resR could plays a role in the oxidizing 
agents stress response in P. aeruginosa. 
 

 
 

Figure 7. Susceptibility level of P. aeruginosa strains against peroxides. 
Data shown were a representative of three similar results. 

 
Plate sensitivity assay against biocides 

To study the role of P. aeruginosa resR against biocides, the 
susceptibility level of P. aeruginosa strains was determined using a plate 
sensitivity assay as described in the materials and methods. The results showed 
in Figure 5 that the resR-deleted mutant (ΔresR::Tn7) had a similar 
susceptibility level to Paraquat (PQ) compare with the parental strain 
(PAO1::Tn7).  

Moreover, the complemented mutant was similar sensitive level when 
compared to that in the PAO1 parental strain. 
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Figure 8. Susceptibility level of P. aeruginosa strains against biocides. 
Data shown were a representative of three similar results. 

 
Antimicrobial activity 

The antibiotic susceptibility profiles of P. aeruginosa resR strains was 
screened via disc diffusion technique by compare the inhibition zone of the 
bacterial growth on plate referred to the resistance level of PAO1 wild type 
and several mutant strains against various antibiotics. The results showed in 
Figure 6 that the diameter of the inhibition zone in the ΔresR mutant showed 
a decreased in susceptibility level against tetracyclines (TE), cefepime (FEP) 
and ciprofloxacin (CIP) compared to that in the PAO1 wildtype strain. 
 

 
 
Figure 9. Antibiotic susceptibility profile of P. aeruginosa resR strains. 

Data presentedwere MEANS and SD from three independent 
experiments and asterisks (*) indicated a significant difference 
compared to the PAO1’s level. 
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DISCUSSION 
 

P. aeruginosa resR could express the transcriptional regulator 
involving in the RES-mediated stress response by altering an expression of its 
gene targets to adapt for bacterial survivals under multiple stressful conditions 
including oxidative stress and abtibiotic exposure. The amino acid sequence 
analysis of ResR showed a high identity compared to that in the Escherichia 
coli NemR (Lee et al., 2013) with the score of 28.57% using CLUSTAL 
OMEGA analysis program (Sievers et al., 2011). However, the conserved 
amino acids for NemR catalytic motif was not found in the P. aeruginosa 
ResR since only one cysteine residue was presented but another key cysteine 
residue was absent. This could not express into the dimeric formation via 
disulfide bond as presented in the E. coli NemR mechanism (Lee et al., 2013). 
P. aeruginosa resR was reported to increase resistance to play a role in 
protecting P. aeruginosa against electrophillic stress (Phornkhakhanumphorn, 
2020). To confirm the change in the phenotype of the ΔresR mutant, the 
complementation assay and overexpresstion assay was performed (Figure 2). 
As expected, complemented mutant was showed a similar sensitive level to N-
ethylmaleimide when compared to the parental strain (Figure 3). In addition, 
P. aeruginosa ResR also play a role under an exposure of oxidizing agents 
including hydrogen peroxide and sodium hypochlorite (bleaching agent) 
(Figure 4). These could emphasize a critical role of ResR to modulate the 
molecular protein level inside the cells to maintaining the bacterial survival 
during the oxidative stress. Because these oxidizing agents could target the 
proteins that expressed from the genes in ResR regulon leading to the lethality 
of this bacterium. Therefore, other oxidizing agent-detoxifying enzymes such 
as RcsA and oxidative damaged protein repairing enzymes such as FprB were 
highly expressed during RES-mediated stress (Nontaleerak et al., 2020; 
Romsang et al., 2015). 

Since the detoxification of RES requires several redox cofactors (such 
as NAD(P)H and GSH), it may affect redox regulation associated with 
electron transport chain, which is a site for ROS production. The expression 
of glyoxalase exhibits protection from glyoxal as well as oxidative stress. 
Moreover, H2O2 contains an oxidizing property as similar as in the NaOCl, in 
which the resR mutant was more sensitive. Therefore, the ResR could play a 
role in the detoxification pathway against these oxidizing agents. Moreover, 
the ResR could play a role to protect the cells during an exposure of organic 
hydroperoxides. ResR may regulate the gene encoding a reductase enzyme 
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that can decrease the oxidized enzymes mediated by the organic 
hydroperoxide’s toxicity.  

Moreover, we found the change in the antibiotic susceptibility profile 
against several groups of antibiotics including ciprofloxacin, tetracycline and 
cefepime (Figure 6). First, ciprofloxacin was classified as in the quinolone 
group, which inhibits topoisomerase (DNA gyrase) enzymes, inhibits 
relaxation of supercoiled DNA and promotes breakage of double stranded 
DNA. Reactive species are reported that generated as a downstream 
physiological consequence of an antibiotic interacting with its traditional 
target (Dwyer et al., 2014). We suggested that ResR could be a repressor of 
the resRA operon leading to an increased ability to detoxify the RES and 
increase the survival rate in this bacterium. Next, tetracycline works by 
interacting with the 30S ribosomal subunit to inhibit bacterial protein 
synthesis. There are claims that a redox enzyme can cause an oxidation to 
tetracycline (Wright, 2005). Last, cefepime was classified as the fourth-
generation cephalosporin that exerts bactericidal activity by interfering with 
bacterial cell wall synthesis. We suggest that interfering with bacterial cell 
wall will lead the electron transport chain that located via cell wall to generate 
the electrophilic stress and overproduction of redox enzyme may help the host 
cell to recovery themselves. This supports that the redox stress responsive 
mechanism could be a part of antimicrobial resistance in pathogenic bacteria, 
particularly in Gram-negative bacteria including P. aeruginosa.  
 

CONCLUSION 
 

In this study, we confirm the physiological role of resR gene through 
the P. aeruginosa mutants. The ΔresR mutant showed a decreased 
susceptibility level against electrophile and oxidizing agents but increased 
resistance against multiple groups of antibiotics compared to that in the 
wildtype strain. This suggests a possible role of resR in a protection under the 
electrophilic stress and an assumed function of ResR as a transcriptional 
repressor to control a gene expression in response to the electrophilic stress 
and extending to other stresses including oxidative and antibiotic-mediated 
stresses. 
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ABSTRACT 
 

Biosurfactants are amphiphilic substances, secreted by 
microorganisms. They reduce the surface tension of oil-aqueous mixtures and 
are employed in cosmetic, pharmaceutical, food, and agriculture industries. 
Importantly, they offer some advantageous as biodegradable, non-toxic, and 
more eco-friendly compounds when compared to petroleum-based 
surfactants. In this study, the production of xylolipid biosurfactants using 
cheap substrates by a high potential yeast cell factory Meyerozyma 
guilliermondii was demonstrated. The xylose-fermenting yeast M. 
guilliermondii MX strain has been employed for the production of xylolipids 
(XLs) which are sophorolipid biosurfactants with a xylose-head group in their 
structure. In shake-flasks, xylolipids production was examined, using xylose 
and palm oil as co-carbon substrates to achieve a maximum yield of nearly 80 
g/L with an emulsification activity of 55% after 8 days of cultivation. 
Furthermore, M. guilliermondii MX strain produced mixed forms of 
xylolipids that were detected by TLC analysis. Hopefully, the industrial 
production of xylolipid biosurfactants could be pursued using a novel 
microbial producer M. guilliermondii and abundant agricultural byproducts.  
  
Keywords: Biosurfactant, Green Surfactant, Meyerozyma guilliermondii, 
Xylolipid, Yeast 
 

INTRODUCTION 
 

Amphiphilic substances with both hydrophilic and hydrophobic 
moieties, known as biosurfactants and bioemulsifiers, are also used to 
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characterize surface active biomolecules. These extracellular compounds are 
produced by many microbial species from a variety of environments, 
including the marine biosphere (Markande et al., 2013; Satpute et al., 2010). 
On these biosurfactants, more than 250 patents have been issued globally 
(Shete et al., 2006). Patents have been granted for bacteria that produce 
biosurfactants, particularly Pseudomonas spp., Acinetobacter spp., Bacillus 
spp., and Candida spp., as well as for many kinds of biosurfactants, 
manufacturing method, and industrial applications. (Sachdev & Cameotra, 
2013). These compounds tend to lower a system's interfacial and/or surface 
tension, which enables the solubilization of hydrophobic substrates (Ashby et 
al., 2008; Markande et al., 2013). Due to their wide range of functional 
properties, such as emulsification, phase partitioning, wetting, foaming, and 
surface activity, many of these materials are preferable to commonly used 
petrochemical-based products (Ashby et al., 2008). 

Sophorolipids (SLs), a glycolipid biosurfactants are produced in large 
quantities by many non-pathogenic yeast species (Daverey et al., 2021). SLs 
are amphiphilic molecules that interact with a hydrophilic sophorose head 
made up of two glucose molecules linked together at the 1,2 position and a 
hydrophobic fatty acid with a chain length of 16 to 18. (De Clercq et al., 2021). 
The composition of SL is a combination of compounds with lactonization, 
unsaturation, and acetylation as well as positions of hydroxylation (Van 
Bogaert et al., 2007). In addition to traditional applications, SLs, like other 
biosurfactants, demonstrate a number of beneficial features. These include the 
fields of food and industries connected to SLs (such as wetting, foaming, 
solubilizing, emulsifiers, and anti-adhesive substances), ingredients for 
sustainable cosmetics (as the hydrophilic-lipophilic balance (HLB), critical 
micelle concentration (CMC), and ionic performance), as well as biological 
therapeutics in biology and medicine their possible act as signaling molecule, 
cytotoxic, antimicrobial, and immunoregulatory agents (Ahmadi-Ashtiani et 
al., 2020; Muthusamy et al., 2008). 

Most yeasts that are related to Candida bombicola are involved in the 
production of SLs. New SL-producing strains have recently been identified as 
Wickerhamiella domercqiae, Pichia anomala, and a few species of the genus 
Candida, including C. batistae, C. riodocensis, C. stellata, and Candida sp. 
Y-27208. Basidiomycete known as Rhodotorula bogoriensis has also been 
observed to produce SL. (Chen et al., 2006; Kurtzman et al., 2010; 
Thaniyavarn et al., 2008a; Van Bogaert et al., 2011). Recent research found 
that the Starmerella riodocensis GT-SL1R sp. nov. strain produced 
sophorolipids at highest productivity at 0.8 g/L/h in mixed forms of lactonic 
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and acidic sophorolipids using glucose-plam oil as co-substrates. Furthermore, 
it was found that sophorolipids significantly decreased the growth of hyphal 
and biofilms, which resulted in potent antifungal action against the 
opportunistic yeast pathogen Candida albicans (Alfian et al., 2022). 

The production of biosurfactants of yeast M. guilliermondii MX was 
examined. Since the strain belongs to the Pichia (Meyerozyma) genus, it was 
hypothesized that it might be able to produce SL in a manner consistent with 
the reports that are now accessible (Thaniyavarn et al., 2008b). Additionally, 
xylose and palm oil, both are sustainable and inexpensive raw materials were 
used as co-substrates to develop procedures for production of biosurfactants. 

 
MATERIAL AND METHODS 

 
Preparation of yeast inoculum and medium 

The YPD medium, supplemented with 10 g/L yeast extract, 20 g/L 
peptone, and 20 g/L glucose, was used to culture and maintain the           M. 
guilliermondii MX strain. For the production of biosurfactants, Yeast strain 
was inoculated in 50 mL of fermentation broth supplemented with 8% (w/v) 
xylose, 8% (w/v) palm oil, 1.5% ammonium sulphate (w/v), 1.5% yeast 
extract (w/v), 1.5% urea (w/v), and 3% NaCl (w/v) at a pH of 6.0 at 150 rpm, 
30°C for 12 days. 

 
Biosurfactant monitoring  

Every 2 days, samples from the fermentation media were taken, and 
centrifuged at 6,000 rpm for 15 minutes at room temperature. Then, the cell 
pellets were collected and dried at 65°C in a hot air oven for 24 hours, to 
estimate biomass of cell dry weight (g/L) during biosurfactant production. The 
culture supernatant was used to assay the amount of biosurfactant produced 
using the emulsification (E24) index. The 3, 5-dinitrosalicylic acid (DNS) 
assay was used to calculate the amount of consumed xylose (Deshavath et al., 
2020).  

Palm oil was used to calculate the emulsification index of culture 
supernatant. A test tube containing equal parts (2 mL) of palm oil and cell-
free supernatant was vortexed for two minutes and left to stand for 24 hours 
at room temperature. The emulsified layer's height was measured in 
centimeters at the point where the cell-free supernatant and palm oil mixed 
together. The ratio of the height of the emulsified layer to the total height of 
the liquid column was used to calculate the E24 index. E24 = (Height of 
emulsion layer/ total height of the liquid column) x100% 
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Biosurfactant extraction and Purification  
The biosurfactant-containing supernatant was extracted twice using a 

double-volume ethyl acetate solution. The crude biosurfactant was recovered 
by collecting the upper solvent phase and vaporated ethyl acetate using a 
rotary vacuum evaporator (Buchi, Germany) and biosurfactant yield was 
measured by gravimetric method (Hu & Ju, 2001). According to a prior 
publication (Shah et al., 2017), silica gel column chromatography (200-300 
mesh size) was used to purify the crude XLs biosurfactant. The column was 
first run by the eluent before being loaded with the crude (chloroform). In 
order to load the column, 1 ml of the crude XLs was first dissolved in 5 ml of 
chloroform. Then, XLs were eluted with gradient system (eluted 0-20% 
methanol in chloroform). The monitoring of various XLs in the crude mixture 
was obtained by using thin layer chromatography (TLC) on silica plate 60 
F254 (Merck). Chloroform, methanol, and water were the blend of mobile 
phase solvents that were used 65, 15, 2 mL, respectively. For detecting sugar 
moieties, silica gel was heated for 5 minutes while p-anisaldehyde solution (1 
mL p-anisaldehyde, 1 mL 97% sulfuric acid, and 10 ml 100% ethanol) was 
sprayed onto silica plate. 
 

RESULTS 
 

Optimization of media using palm oil as co-substrate for XLs production   
Growth of M. guilliermondii MX strain using xylose and palm oil as 

co-substrate carbon source was studied. Amount of cell dry weight 
(CDW)(g/L) was analyzed (Fig. 1). It is observed that the cell growth entered 
the stationary phase at day 8, 10.9 g/L of CDW and showed highest of CDW 
at day 12 (11.9 g/L) in the media added oil condition. Moreover, the result 
showed that higest of CDW at day 12, only 6.9 g/L of CDW in the media 
without palm oil condition. Co-substrate fermentation with palm oil is better 
for increased cell growth. 
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Figure 1. Cell Dry Weight (g/L) evaluated using culture broth of M. 
guilliermondii MX grown at 30 °C, and 150 rpm for 12 days. 
(Cultivation media contains 8% xylose, with (showed as added oil 
bar) or without (showed as W/O bar) 8% palm oil, 1.5% 
ammonium sulphate, 1.5% yeast extract, 1.5% urea, 3% NaCl) 

 
The xylose consumption by M. guilliermondii MX strain was 

examined during fermentation (Fig. 2). In the first 2 days, the xylose 
concentration decreased from 80 to 5 g/L, in the media without palm oil and 
17 g/L in the media with added palm oil. In the next 12 days, the xylose was 
end up both with and without palm oil. Thus, the highest xylose consumed in 
the first 2 days in without palm oil condition. Also, xylose was comsumed 
faster in the media without palm oil until the end of fermentation. 
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Figure 2. Xylose consumption (g/L) evaluated using culture broth of M. 
guilliermondii MX grown at 30 °C, 150 rpm, OD600= 1.0 (8% 
xylose, with or without 8% palm oil, 1.5% ammonium sulphate, 
1.5% yeast extract, 1.5% urea, 3% NaCl) for 12 days. 

 
Emulsification index and biosurfactant production 

The emulsion index of biosurfactant produced by                        M. 
guilliermondii MX strain at day 2, 4, 6, 8, 10 and 12 during fermentation, was 
47.7, 49.7, 52.3, 52.9, 54.2; and 54.2%, respectively in the media with palm 
oil, and only 45-46.7% in the media without palm oil (Fig. 3). 

The highest xylolipid biosurfactant yield of 77.4 g/L produced by                 
M. guilliermondii MX strain was obtained at day 8 of fermentation (Fig. 4), 
corresponding to the stationary phase of yeast growth (Fig. 1). 
Thin layer chromatography (TLC) analysis   

The surfactant was running through TLC plates with p-anisaldehyde 
solution and iodine vapor for sugar and lipid detection, respectively, for the 
biosurfactant's identification (Archana et al., 2019)(Fig. 5). Crude xylolipid 
(A) and purified xylolipid (B) displayed two spots of crude biosurfactant with 
retention factors (Rfs) of 0.70 and 0.73, respectively. 
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Figure 3. Emulsifcation index (E24) measured using the biosurfactant 
containing culture broth of M. guilliermondii MX grown at 30 °C, 
150 rpm, OD600= 1.0 (8% xylose, with or without 8% palm oil, 
1.5% ammonium sulphate, 1.5% yeast extract, 1.5% urea, 3% 
NaCl) for 12 days. 
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Figure 4.  Crude Xylolipids (g/L) evaluated using M. guilliermondii MX
 grown in xylose and palm oil co-substrate) at 30 °C, 150 rpm,
 OD600 = 1.0 for 12 days. 

 

 
 

Figure 5.  TLC chromatogram demonstrated the separation of xylolipid
 biosurfactant components from crude and purified xylolipid
 generated by M. guilliermondii MX. 

 
DISCUSSION 

 
The added palm oil affected yeast growth and biosurfactant 

production. Yeast Meyerozyma guilliermondii MX strain produced xylolipid 
biosurfactant from xylose and palm oil. Maximum yield of 77.4 g/L was 
produced at the highest rate using palm oil-rich media. The biosurfactants 
created were effective in emulsifying. Previously, 7.4 g/L of xylolipid 
biosurfactant was produced by yeast Pichia caribbica in the medium 
supplemented with 100 g/L xylose, 4% (v/v) Oleic acid and sodium nitrate, 
incubated at 30°C, pH 6.0, (Joshi-Navare et al., 2014). Furthermore, the 
presence of xylose as the head group was predicted to result in a lowest CMC 
value and enhanced dramatically inhibitory effect against Staphylococcus 
aureus compared other SLs (Joshi-Navare et al., 2014). 
 

CONCLUSION 
 

As a result of using the yeast M. guilliermondii MX strain as a effective 
biosurfactant producer, our findings suggest the development of a cost-
effective process using inexpensive materials for the cultivation medium, 
optimized fermentation conditions, as well as effective purification steps and 
biosurfactant characterization. This study may potentially have a significant 
impact on the development of bioresources in Thailand's terrestrial 
environment. 
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ABSTRACT 
 

This study aimed to examine the potential of Pseudomonas aeruginosa 
BSE1 and Bacillus megaterium KLS2 to produce polyhydroxyalkanoates 
(PHAs) by using palm oil as a carbon source. Palm oil concentration of 0.50 % 
w/v was used in this study. The batch experiments were set up in an incubator 
shaker at 30ºC, 180 rpm for 120 h. The PHAs accumulation in bacteria cells 
were observed under a microscope. The results found that the maximum cell 
dry weight of P. aeruginosa BSE1 and B. megaterium KLS2 were 4.17 gL-1 
at 96 h and 1.67 gL-1 at 48 h, respectively. P. aeruginosa BSE1 and B. 
megaterium KLS2 showed strong red fluorescence dye of Nile red at 96 and 
48 h of incubation time, respectively. These results indicated that P. 
aeruginosa BSE1 has more potential to produce PHAs than B. megaterium 
KLS2. 
  
Keywords: Bacillus megaterium, Bioplastic, Palm oil, Polyhydroxy 
alkanoates (PHAs), Pseudomonas aeruginosa. 
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INTRODUCTION 
 
Thailand has the third highest palm oil production in the world but 

accounts for 3.8% of the world's palm oil production. In 2021, approximately 
75% of crude palm oil production was refined palm oil (52%), used as raw 
material in the biodiesel industry (48%) (Sowcharoensuk, 2022). Presently, 
most of the uses of palm oil are in the food industry, such as for frying, etc. 
Presently, the use of palm oil is mainly limited to the food industries, so if it 
was used for another, such as a raw material in bioplastics production, it is 
considered an alternative interesting. In addition to getting new products that 
are environmentally friendly, it also adds value to palm oil. Petroleum plastics 
are a major environmental problem. Synthetic plastics are non-degradable and 
accumulate in the environment causing ecological effects (Muhammadi et al., 
2015). Therefore, the researchers try to find materials that can replace 
petroleum plastics to solve these problems. Bioplastics have properties similar 
to synthetic plastics and can be degraded naturally through biological 
processes. According to data from European Bioplastics in 2021, global 
bioplastics production is projected to increase from 2.42 million tons in 2021 
to approximately 7.59 million tons in 2026. The growing demand for 
bioplastics and the more complex nature of plastics have been developed to 
suit a wider range of applications, especially the Polyhydroxyalkanoates 
(PHAs) bioplastic. PHAs are an interesting alternative that can use bacteria to 
synthesize from renewable resources.  

PHAs have many outstanding physical properties (heat resistant, 
highly flexible, etc.) similar to synthetic plastics such as Polyethylene (PP) 
(Visakh, 2014). PHAs synthesis is found in a variety of bacterial species such 
as Pseudomonas aeruginosa EO1, which can produce PHAs up to 58.81% 
from groundnut oil (Mahato et al., 2021), Bacillus megaterium B2 can 
accumulate approximately 48% of PHA from raw glycerol (Moreno et al., 
2015). Previous studies showed that two species of bacteria could produce 
more than 45% PHA by using different carbon sources. PHAs accumulated in 
cytoplasm as granules as a carbon source and energy reserve under excess 
carbon and nutrients are limit condition. (Ratnaningrum et al., 2019) 

Therefore, this research is interested to study the potential of P. 
aeruginosa BSE1 and B. megaterium KLS2 to produce PHA by using palm 
oil as a carbon source. 
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MATERIAL AND METHODS 
 
Microorganisms and Culture media 

Pseudomonas aeruginosa BSE1 (OP474060) and Bacillus 
megaterium KLS2 (MF537621) were cultivated in nutrient broth, NB 
(Himedia, India), and incubated at 30ºC, 180 rpm. The optical density (OD) 
was recorded every 2 h at 600 nm to measure the bacteria growth.  

The inoculum at the late logarithmic phase was harvested by 
centrifugation at 9,000 rpm for 20 minutes. The cell pellet was washed in 
mineral salt medium (MSM), contained the following components (per liter): 
1.00 g (NH4)2SO4, 0.20 g MgSO4·7H2O, 6.70 g Na2HPO4·7H2O, 1.50 g 
KH2PO4, 10.00 g CaCl2·2H2O, 0.06 g ferrous ammonium citrate 0.06 g and 1 
ml trace element solution.  

Trace element solution consists of 0.10 g ZnSO4·7H2O, 0.30 g H3BO3, 
0.20 g CoCl2·6H2O, 0.03 g Na2MoO4·2H2O, 0.02 g NiCl2·6H2O, 0.01 g 
CuSO4·5H2O, and 0.03 g MnCl2·4H2O in distilled water 1 L.   

The colony forming unit (CFU) was determined by the drop plate 
method (Vikromvarasiri et al., 2017). The initial cell concentration of 1011 
CFU/mL was used for the PHAs production. 
 
PHAs Production (Batch Cultivation) 

The culture media consist of mineral salt medium (MSM) mixed with palm 
oil used as a carbon source, and gum arabic (GA) used as an emulsifier. GA 
was mixed with palm oil at the ratio of 0.3:1.0 with the working volume of 
300 mL and homogenized at 16,000 rpm for 1 min, and sterilized by autoclave 
at 121 °C for 15 min (Budde et al, 2011).  

The palm oil concentration used in this experiment was 0.50 %w/v. The 
batch experiments were set up in an incubator shaker at 30ºC, 180 rpm for 120 
h. The sample was collected every 24 h to analyze pH value, cell dry weight 
(CDW) and the cell suspension under fluorescence microscopy. 
 
Analytical Technique 
pH 

The pH value was measured with a pH meter (METTLER TOLEDO, 
LE409) 
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Cell Dry weight (CDW) 
The sample was centrifuged at 9 ,000  rpm at 4 °C for 20  min. The cell 

pellet was washed with DI water 2 times, the pellet was dried in a water bath 
(80ºC), and brought it to the oven for 2 h. The constant weight was recorded.\ 
 
Fluorescence microscopy 

Qualitative determination for PHA accumulation of the bacterial isolates 
was checked by Nile red staining. The cell suspension was stained with Nile 
red 0.05 mM (dissolved in Dimethyl sulfoxide, DMSO), washed with DI 
water, and PHAs granule accumulation in the living cells was observed under 
a fluorescence microscope (Fluorescence Microtype 020 518.500 
DM/LSII/99). The positive cells would give strong red color fluorescence. 
 

RESULTS  
 

Potential of P. aeruginosa BSE1 and B. megaterium KLS2 to produce 
PHAs  

P. aeruginosa BSE1 and B. megaterium KLS2 were cultured in MSM 
medium with palm oil concentration at 0.50 %w/v with an initial pH of 6.97-
6.98. The pH values quickly decreased at 24 hours of incubation and dropped 
continuously within 48 hours. Interestingly, pH value of P. aeruginosa BSE1 
slightly increased at 72-96 h, while the pH value of B. megaterium KLS2 
tended to increase to 6.83 at 120 h of incubation period. 
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Figure 1.  The trend of pH values during PHAs production from P.

 aeruginosa BSE1 and B. megaterium KLS2. Each data point
 represents the average value of triplicate experiment (n = 3)
 and error bars represent the standard deviation (invisible). 

 
At 24 h of incubation, CDW of P. aeruginosa BSE1 and B. 

megaterium KLS2 were increased. The highest CDW of P. aeruginosa BSE1 
was 4.17 gL-1 at 96  h and decreased at 120  h of incubation. In contrast, B. 
megaterium KLS2showed no statistically significant difference in the CDW 
values between 24-120 h of incubation, except at 72 h found that CDW was 
slightly decreased (Fig 2). 
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Figure 2.  CDW during the PHAs production from P. aeruginosa BSE1

 and B. megaterium KLS2. Each histograms represents average
 value of triplicate experiment (n = 3) and error bars represent
 standard deviation. 

 
PHA accumulation was determined by Nile red staining method under 

a fluorescence microscope. The microbial cell of P. aeruginosa BSE1 showed 
bright red fluorescent at 24 , 48 , 72 , and 96  h of incubation. B. megaterium 
KLS2 showed red fluorescent at 24, 48, and 96 h of incubation (Fig 3). 
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PHAs Accumulation under Fluorescence Microscopy  

 
Figure 3.  Fluorescence microscopy of P. aeruginosa BSE1 and B.

 megaterium KLS2 with the 0.05 mM Nile red showed PHA
 accumulation at incubation time 24, 48, 72, and 96 h
 (magnification 1000x). 

 
DISCUSSION 

 
During PHAs production of P. aeruginosa BSE1 and B. megaterium 

KLS2 using palm oil concentration 0.50 %w/v as carbon source. The pH value 
of the media was rapidly decreased at 24 h as shown in Figure 1. Lipase from 
P. aeruginosa (Arotupin et al., 2022) and B. megaterium (Festus et al., 2017) 
was used as the catalyst to break triglycerides in palm oil into fatty acids and 
glycerol (Tanikkul et al., 2020). The microbial cells absorbed fatty acids for 
growth. This corresponds to a rapid increase in CDW at 12 h of incubation as 
shown in Figure 2. After 48 h of incubation, the pH value of P. aeruginosa 
BSE1 was decreased and the highest CDW increased at 96 h of incubation and 
the lowest at 120 h.  

In contrast, B. megaterium KLS2 had the lowest pH and CDW at 72 h, 
where pH values confirmed unsuitable growth conditions for PHA production, 
as shown in Fig. 2. The optimal pH for lipase production and PHA 
accumulation of B. megaterium was pH 7.5. If the pH value is below 7.5 the 
enzyme can be inactivated and the ionization of nutrient molecules is reduced. 
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In addition, drastic variations in pH could harm microbial cells by disrupting 
the plasma membrane and altering their metabolism. (Festus et al., 2017). 

Investigation of the production and accumulation of PHAs by 
fluorescence microscopy is a preliminary method for selecting bacteria strains 
between P. aeruginosa BSE1 and B. megaterium KLS2 that have the high 
potential to produce and accumulate of PHAs in cells with Nile red dye. Nile 
red is a lipophilic dye and offers an easy rapid screening option. Nile red 
diffuses into the cytoplasm and subsequently into the PHA inclusions 
(Baptista, 2013). Moreover, Nile red can also assess the likelihood of PHAs 
accumulation, and quantitative accumulation can also be determined (Zuriani 
et al., 2013). 

Especially, for PHAs production, a bright red fluorescent is evident, 
but it is not possible to determine the amount of PHAs produced and 
accumulated (Elain et al., 2015). When comparing, the fluorescent images of 
P. aeruginosa BSE1 with B. megaterium KLS2. P. aeruginosa BSE had 
strong fluorescent at 96h (Figure 3), that corresponding with the maximum 
CDW at 96 h. While B. megaterium KLS2 was observed to have strong red 
fluorescent at 48 h and reddish fluorescence fade consistent with CDW value 
at 72 h. 

 
CONCLUSION 

 
In summary, the PHAs production potential of P. aeruginosa BSE1 

and B. megaterium KLS2 with palm oil 0.50 %w/v as a carbon source showed 
that P. aeruginosa BSE1 has more potential than B. megaterium KLS2, with 
a maximum CDW of 4.17 gL-1 and PHAs granule was observed strong red 
color fluorescence at 96 h. For future work, PHAs accumulation in 
intracellular cells was examined by Transmission Electron Microscope 
(TEM), and the degree of crystallization of PHAs was determined by Fourier-
transform infrared (FTIR) spectroscopy. 
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ABSTRACT 
 

The bioluminescent bacteria Vibrio campbellii RMT1 was isolated 
from the seawater of the Gulf of Thailand. It was investigated to study the 
possibility of glowing in the plant for alternative energy of light. In the 
experiment, magnesium sulfate (MgSO4) and calcium chloride (CaCl2) were 
added to the nutrient broth containing 1%NaCl and yeast extract to enhance 
the light emission of luminous bacteria. Results showed that MgSO4 and CaCl2 
additions could enhance light intensity that were 1.27x108 Relative Light Unit 
(RLU) and 1.21x108 RLU, respectively, compared to NB + 1% NaCl + 0.15% 
yeast extract (1.12x108 RLU) and NB + 1% NaCl (5.40x107 RLU). It was 
possible that Mg and Ca ions can act as activators of luciferase to enhance 
light production in the lux operon. Interestingly, adding yeast extract and 
CaCl2 into the medium could extend the light emission time longer than adding 
MgSO4. Therefore, the application of CaCl2 to activate the light emission of 
luminous bacteria on Episcia lilacina leaves was observed. In the glowing 
plant, the leaves were covered with 0.5% agar medium including 1% NaCl + 
0.3% CaCl2+ 0.15% yeast extract before applying luminous bacteria on the 
leaves. Afterward, new nutrients were sprayed on the leaves every 6 h to 
extend the light emission time. The results showed the bioluminescent bacteria 
on the leaf could emit light for 24 h. Therefore, the addition of CaCl2 in 
nutrient solution could enhance and extend the light emission of Vibrio 
campbellii RMT1 on the leaf. 
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INTRODUCTION 
 

Electricity is essential for our modern life and is mainly used for 
lighting, heating, cooling, refrigeration, etc. Energy shortage is one of the 
biggest problems worldwide, and electricity use is increasing yearly. So, 
researchers always want to try other ways to replace electricity sustainably. 
The glowing plant is one of the ways to save electricity in an alternative way 
by using bioluminescence organisms. 

Bioluminescence is the emission of light by the chemical reaction that 
spans the range of the visible spectrum produced by bioluminescent organisms 
(Haddock et al., 2010 and Widder, 2010). Many bioluminescence faunas 
include fish, jellyfish, fungi, bacteria, and invertebrate insects, including 
fireflies and glow worms. For a bioluminescence reaction to occur, the species 
must have luciferase, an enzyme, and luciferin, the substrate of the reaction to 
produce light. The luciferase enzyme allows luciferin to react with oxygen and 
the excitation energy takes form in light (Kotlobay et al., 2019). Luciferase 
and luciferin from bioluminescent organisms are used in our modern life for 
environmental monitoring (Girotti et al., 2008), food testing, food safety 
(Shama and Malik, 2013), and various kinds of biomedical research. There are 
also different types of luciferases and luciferin for different varieties of 
bioluminescent organisms to emit a different light color. For the light-emitting 
process, luminous bacteria include a gene sequence of lux operon which is lux 
CDABE(G). The heterodimeric luciferase is encoded by the genes luxA and 
luxB; the fatty acid reductase complex is encoded by the genes luxC, luxD, 
and luxE; and the gene luxG encodes the flavin reductase. Additional genes 
are located within the lux operon (luxF; ribEBHA; luxI) or in a separate 
operon (luxR) next to the lux operon, where the reading frame is opposite, in 
addition to the core genes luxCDABE(G) (Badar et al., 2001 and Nijvipakul 
et al., 2008). Bacterial luminescence involves the oxidation of FMNH2 along 
with a long-chain aldehyde and a two-subunit luciferase with the addition of 
oxygen (Sharifian et al., 2017). 

There are many research papers on making glowing plants by using 
bioluminescent organisms. In 2010, Krichevsky et al. demonstrated an 
autoluminescent plant by adding the bacterial lux operon from 
Photobacterium leiognathi into the chloroplast genome of Nicotiana tabacum 
plants (Krichevsky et al., 2010). Another research was self-sustained 
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luminescence using a fungal bioluminescent pathway (Mitiouchkina et al., 
2020). Moreover, Kharkhar et al. (2020) also described plant species' 
transformation and expression of the fungal bioluminescent system. Intense 
luminescence light can be seen without toxicity (Kharkhar et al., 2020). Seon 
et al., (2017) used a unique nano technique called pressurized bath infusion of 
nanoparticles (PBIN) to introduce the entire firefly bioluminescent system 
into the plant.  

As mentioned, many types of research are only using genetic 
engineering and high technology, such as nanobionic for glowing plant 
systems which are high cost and still emit light in a short time. Therefore, in 
this study, the isolated bioluminescence bacteria have been investigated for 
plant glowing by adding additional inorganic salts and nutrients to increase 
the light intensity and extend the light-emitting on plants.  Therefore, a n 

alternative way of lightening from plant-microbe interaction will be applied 
and modified as a novelty option instead of genetic engineering or nanobionic 
technology. This study will be an excellent strategy for plant glowing in the 
future. 
 

MATERIAL AND METHODS 
 
Materials 

Bioluminescent bacteria Vibrio campbellii RMT1 was isolated from 
seawater at Phanthai Norasing, Mueang Samut Sakhon District, Samut 
Sakhon, Bangkok, Gulf of Thailand (13.4875° N, 100.3627° E). Bacteria were 
cultured in Nutrient Broth (NB) with 1% sodium chloride (NaCl), then spread 
on nutrient agar with 1% NaCl. When spreading the sea sample on the nutrient 
agar with 1% of NaCl plate, different colonies that emit light were selected 
and identified by using the 16S rRNA gene sequencing method following the 
method described by Palamae et al. (2021). Episcia lilacina (Blue nile) plant 
was used to apply glowing plant. 

Preparation of medium  
Isolated luminous bacteria were cultured in 25 mL of NB + 1% NaCl 

at room temperature (29±2°C) and shaken at 150 rpm for about 18 h-22 h. 
After that, bacterial suspension was cultured in the new medium under various 
conditions, including 1) NB supplemented with 1% NaCl, 2) NB 
supplemented with 1% NaCl + 0.15% yeast extract, 3) NB supplemented with 
1% NaCl + 0.3% MgSO4 + 0.15% yeast extract 4) NB supplemented with 1% 
NaCl + 0.3% CaCl2 + 0.15% yeast extract, and 5) NB supplemented with 1% 
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NaCl + 0.3% MgSO4 + 0.3% CaCl2 + 0.15% yeast extract. In brief, 1 mL of 
bacterial suspension was added into 25 mL medium and then shaken at 150 
rpm and 30°C. The sample of bacterial suspension was measured by the 
optical density (OD600nm) and relative light intensity (RLU) by EnSight 
Multimode Plate Reader (PerkinElmer, Thailand) for 24 h. 

 
Preparation of glowing plant 

The healthy plants were prepared to observe the bioluminescence light 
of V. campbellii RMT1. Preparation of the glowing plant was performed as 
described in the flow chart of glowing plant preparation (Figure 1). 
 

 
 
Figure 1. Flow chat of glowing plant preparation. 
 
Measuring Relative chemiluminescence intensity by using 
Chemiluminescent Imaging System and taking photographs by using 
smartphone 

A chemiluminescence imaging system (UVItec, Cambridge) was used 
to determine the light intensity during the experiment period time. The plant 
leaf samples were cut off from the living plant every 6 h after applying V. 
campbellii RMT1. Afterward, photos of leaf samples were taken, and light 
intensity were analyzed using Chemiluminescent Imaging System. For taking 
photographs with smart phone, the glowing plant leaves that cut off every 6h 
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were taken by a camera of Oppo Find X3 Pro at 4096× 3072 Pixels at ¼ s 
exposure time. 

 
RESULTS 

 
The induction of light intensity by supplement nutrients MgSO4, CaCl2, 
and yeast extract into the medium 

The results showed that luminous bacteria had a low growth profile 
when cultured in NB + 1% NaCl; its high growth rate was 0.65 (OD600nm) at 
10 h. In contrast, the cultivation of bacteria in NB + 1% NaCl supplemented 
with 0.15% yeast extract, 0.3% MgSO4 + 0.15% yeast extract, and 0.3% 
MgSO4 + 0.3% CaCl2 + 0.15% yeast extract showed cell density 
approximately 1.38 followed by adding 0.3% CaCl2 + 0.15% yeast extract that 
was about 1.14 (Fig. 2A). It implied that MgSO4, CaCl2, and yeast extract were 
essential for bacterial growth. Results of the relation between the RLU and 
time during added supplement nutrients into the medium. It showed that 
adding supplement nutrients such as MgSO4, CaCl2, and yeast extract could 
maintain high light intensity in the range of 5 h-8 h before slightly decreasing 
at 18 h (Figure 2B). It was interesting that adding 0.3% CaCl2 + 0.15% yeast 
extract into NB + 1% NaCl could induce light emission and prolong the period 
time until 22 h with 1.49x107 RLU while bacteria cultured in only NB + 1% 
NaCl could emit light 9.9x106 RLU. Therefore, the suitable nutrient for the 
growth and light emission of luminous bacteria was NB + 1% NaCl 
supplemented with 0.3% CaCl2 + 0.15% yeast extract. 

 
Application of V. campbellii RMT1 in living plant  

The results of light emission of luminous bacteria on the leaf covered 
with 0.5% agar medium added into NB + 1%NaCl + 0.3% CaCl2 + 0.15% 
yeast extract was shown in Table 1 and Fig. 3. In the experiment, spraying a 
new nutrient solution of only 0.3% CaCl2 + 0.15% yeast extract without NaCl 
at every 6 h could reduce the salt stress in plant leaves. The photograph 
showed that luminous bacteria could emit light until 24 h. However, the 
relation between relative chemiluminescence intensity and time of glowing 
plants slightly decreased the light intensity to 1.03, 3.81, and 1.07 after cycle 
2, cycle 3, and cycle 4, respectively when compared with light intensity at the 
initial time (8.98). Nevertheless, the glowing plant showed a high light 
emission after cycle 1 and had a light intensity of approximately 12.73. Figure 
4. also showed before and after photographs of plants glowing by taking using 
a smartphone. 
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Figure 2. The growth profiles (A) and the light intensity (B) of V. 

campbellii RMT1 when cultured in NB + 1% NaCl 
supplemented with inorganic nutrient compounds 0.15% yeast 
extract, 0.3% MgSO4 + 0.15% yeast extract, 0.3% CaCl2 + 
0.15% yeast extract, and 0.3% MgSO4 0.3% CaCl2 + 0.15% 
yeast extract compared to only NB+1%NaCl for 24 h. 
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Table 1 Photograph of light emission of V. campbellii RMT1 on E. 
cuperata (Blue nile) leaves spread with 0.5% agar in the 
nutrient before bacteria were applied and new nutrient broth 
without NaCl (NB + 0.3% CaCl2 + 0.15% yeast extract) was 
sprayed on the leaf every 6 h. 

 

 
 
 

 
 

Figure 3. The relation between relative chemiluminescence intensity and 
time of V. campbellii RMT1 emitted the light on E. cuperata 
(Blue nile) leaves after new nutrient broth without NaCl (NB + 
0.3% CaCl2 + 0.15% yeast extract) was sprayed on the leaf in 
every 6 h. Leaves were spread with agar nutrients (0.5% agar 
powder into NB supplemented with 0.3% CaCl2 + 0.15% yeast 
extract) before bacteria were applied. 
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Figure 4. The living plant before (A) and after applying V. campbellii 

RMT1 on the leaves at 6 h (B) by a camera of Oppo Find X3 
Pro at 4096× 3072 Pixels at ¼ s exposure time. 

 
DISCUSSION 

 
As a result, magnesium ions may potentially contribute to the 

luciferase enzyme's activation. Mg ions are also crucial for the emergence of 
transition states during ATP production, which is catalyzed by ATP synthases, 
as demonstrated by Ko et al., (1999). Additionally, Tabei et al., (2010) 
hypothesized that because the open sea contains 0.1% sulfur concentration, 
bacteria's ability to produce bioluminescence is dependent on sulfur in their 
living environment. However, it was interesting that adding 0.3% CaCl2 + 
0.15% yeast extract into the medium could induce light emission and prolong 
the period time until 22 h with 1.49x107 RLU which is longer than adding 
0.3% MgSO4 + 0.15% yeast extract. Possibly, the Ca ions are essential for 
activating the luciferase enzyme that is involved in the metabolite of light 
emission. In addition, yeast extract could provide essential nutrients, such as 
vitamins, trace elements, growth factors, amino acids, and peptides, to 
microorganisms and cells in a balanced composition, which may enhance 
product synthesis. Additionally, yeast extract offers sources of carbon, 
nitrogen, and additional growth elements (Strotmann, et al., 2020 and 
Scheerer, et al., 2006). Therefore, the suitable nutrient condition for the 
growth and light emission of luminous bacteria was NB supplemented with 
0.3% CaCl2 + 0.15% yeast extract. 
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CONCLUSION 
 

The addition of MgSO4 and CaCl2 into the medium can act as activators 
of luciferase which play a role in inducing the light emission of V. campbellii.  
Interestingly, CaCl2 combined with yeast extract can prolong the period time 
of light emission longer than MgSO4 combined with yeast extract, it could emit 
light until 24 h after spraying with a new nutrient. Therefore, this study 
explored the possibility of creating glowing plants by using bioluminescent 
bacteria as a less-technological alternative to lighting. 
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ABSTRACT 
 

 This research investigated the potential and electricity generation from 
a dual chamber microbial fuel cell (MFC) to treat sulfide synthetic wastewater 
by using a mixed culture. The sulfide synthetic wastewater containing 
Na2S.9H2O (60 mg S/L) was fed into the anode chamber as a substrate and 
electron donor. The batch experiment was divided into two phases. It was 
initially performed under open circuit voltage (OCV) for the microbes to 
acclimate and attach to the electrode surface of the anode chamber for 24 days 
and then operated under close circuit voltage (CCV) to form a biofilm layer 
on the electrode surface of the anode chamber for 22 days. The results found 
that the maximum sulfide removal efficiencies of OCV and CCV were 
60.67 % and 96.67 %, respectively. The maximum voltage output under the 
OCV was 966.16 mV. The maximum current and power density under the 
CCV were 0.25 ± 0.04 mA and 100.55 mW/m3, respectively. Therefore, the 
dual chamber MFC system can be used for sulfide removal coupled with 
electricity generation for industries. 
 
Keywords: Electricity generation, Microbial fuel cell, Power density, Sulfide 
removal, Sulfide synthetic wastewater. 
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INTRODUCTION 
 

 Sulfide contamination in wastewater is often caused by the use of 
sulfate compounds in the manufacturing processes, which can be found in a 
variety of industries such as the tanning industry, vermicelli factory, mining 
industry, paper industry, rubber industry, and livestock farm. Hydrogen 
sulfide (H2S) concentrations in wastewater treatment plants range from 1000 
to 5000 ppm (Rodriguez et al., 2014). H2S is not only contaminated in 
wastewater but also in the form of toxic gas contaminated in biogas. Which 
causes extensive damage and is a huge obstacle to the utilization of biogas. 
The concentration of H2S in biogas varies from 100 to 10,000 ppmv (Vu et 
al., 2021) depending on the compound utilized in the production and the 
sulfur-reducing bacteria activity to degrade compounds under anaerobic 
conditions.  
 In diverse industrial ecosystems, the treatment of organic wastewater 
containing high sulfate and H2S under anaerobic conditions usually results in 
lower methane yields than the treatment of typical organic wastewater 
containing no sulfate. The presence of sulfate and H2S can inhibit 
methanogenic bacteria that produce methane in anaerobic treatment systems 
(Sangcharoen et al., 201 5 ). In addition, biogas with a high H2S content 
generally is of low quality and cannot be used as fuel. Therefore, sulfide is the 
main problem of using biogas and wastewater treatment system as it caused 
severe corrosion in boilers, pipelines, instruments, meters, and combustion 
engines (Haosagul et al., 2021 and Torres et al., 2020). 
 Treatment technologies are generally used for H2S removal from 
biogas, such as biotrickling filters, physical-chemical scrubbing (e.g., 
absorption and adsorption) and membrane separation (Dykstra and 
Pavlostathis, 2021 and Maglia et al., 2021). These technologies can great 
achievement and reliable H2S removal but are not cost-effective and can 
generate significant volume of acidic wastewater. Post-treatment also has high 
energy and chemical consumption and requires regular replacement and 
disposal of adsorbent materials. 
 Microbial fuel cells (MFCs) were an interesting alternative for the 
treatment of organic wastewater containing high sulfate and hydrogen sulfide 
along with generating electricity.  Previous research has been reported to 
confirm the efficacy of MFC for wastewater treatment. Podkummerd et al. 
(2021) found that the efficiency of COD treated in a swine farm wastewater 
was 91.38%. Chauhan et al. (2022) used MFC to treat tannery effluent, which 
was effective in treating COD and TDS at 88% and 94%, respectively. 
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Therefore, this research is interested to study the potential of dual chamber 
microbial fuel cell for sulfide removal and electricity generation by using 
mixed culture. 
 

MATERIAL AND METHODS 
 
MFC construction  
 The dual chamber MFC reactor was constructed of acrylic material 
which consists of an anode chamber and a cathode chamber. Each chamber 
had a working volume of 64 ml. Dual chambers were separated by a proton 
exchange membrane (PEM) (Nafion 117 membrane, USA). A carbon felt 
electrode (C100 AvCarb soft carbon felt, USA) was inserted in each chamber. 
Both electrodes were designed in the same size (4×4 cm) and they were placed 
parallel to the PEM of each chamber. A titanium wire was connected between 
electrodes with an external resistance of 1000 Ω. The dual chamber 
components are shown in Figure 1. 

Prior to the experiment, the membrane was pretreated by boiling in 5% 
H2O2 at 80 °C for 1 h and rising with deionized water. Then, boiled in 0.5 M 
H2SO2 at 80 °C for 1 h and rinsed with deionized water at 80 °C for 1 h (Zhang 
et al., 2018). 

 

 
 
Figure 1.   The dual chamber MFC: (A) schematic diagram and (B) 

microbial biofilm on carbon felt electrode. 
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Inoculation and operation 
 The mixed culture was collected from upflow anaerobic sludge blanket 
of Tep Khinsho Foods Co, Ltd. (Samut Sakhon, Thailand). The mixed culture 
10 % v/v was fed into the anode chamber and cultured with the sulfide 
synthetic wastewater containing 0.13g/L KCl, 0.31g/L NH4Cl, 50 mM 
phosphate buffer solution (PBS) (KH2PO4 2.65 g/L, and Na2HPO4 10.91 g/L) 
and Na2S.9H2O (60 mg S/L) as an electron donor. The cathode chamber was 
filled with 50 mM PBS and 200 µM potassium permanganate as oxidizing 
agents.  
 The sulfide removal MFC reactor was operated under open circuit 
voltage (OCV) for microorganisms attached to the electrode surface of the 
anode chamber. The sulfide synthetic wastewater and mixed culture are fed to 
the anode chamber every 48 h (one cycle) when the voltage dropped close to 
the start of each cycle. Once stable voltage output and sulfide removal had 
been achieved more than three cycle. The hydraulic retention time (HRT, 24 
days) in the first phased ended. After that, the MFC was operated under close 
circuit voltage (CCV) with 1000 Ω to acclimate the biofilm layer on the anode 
surface and current generation until the stability of voltage output for HRT 22 
days. In the CCV phase was fed only the sulfide synthetic wastewater by 
without adding microbes. 

All experiments were operated under fed-batch mode, anaerobic 
conditions and carried out at 25 ± 2 °C. Control condition was operated under 
the same conditions as both OCV and CCV, but without adding 
microorganism. The biofilm on the anode surface was measured with cyclic 
voltammetry techniques. At the end of each phase, the liquid sample was 
collected to analyze pH value and sulfide concentration. 
 
Analysis and calculations 
 The sulfide concentration was determined according to the standard 
method for the examination of water and wastewater (APHA, 2012). The 
sulfate content was analyzed by a turbidimetric method and measured at the 
optical density (OD420). pH value was measured by pH meter (Mettler Toledo, 
LE409).  

The characteristic of redox reaction occurring on the electrode surface 
of the anode chamber at the started and at the end of each phase. The cyclic 
voltammetry (CV) technique was performed using electrochemical analyzer 
(Potentiostat, Auto lab PESTAT 204, Switzerland) by measuring current 
output at a defined potential range at a scan rate of 100 mV/s, the potential 
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ranges from -500 mV to 500 mV. Anode, cathode, and Ag/AgCl as working, 
counter, and reference electrodes, respectively.  

The voltage (V) was automatically recorded every 10 min by a 
multimeter (2700 multimeter, Keithley Instrument, Inc, Ohio, USA) which 
was connected to a computer. The current (I) was calculated at a resistance 
(R) from the voltage by I = V / R and power density (P.D) was calculated by 
P.D = (V × I) / Area of anode were calculated according to Ohm's Law (Zhang 
et al., 2019). 
 

RESULTS 
 
Sulfide removal and sulfate production in MFC 
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Figure 2.   The trend of sulfide and sulfate concentration from dual chamber 

MFC effluent. (A) Open circuit voltage phase and (B) close 
circuit voltage phase. Each data point represents the average 
value of the quintuple experiment (n = 5) and error bars represent 
the standard deviation. 

 
Open circuit voltage (OCV) phase, sulfide concentration in dual 

chamber MFC was 60 mg S/L. The sulfide concentration tended to decline 
gradually form day 2 to day 18. The concentration of sulfide quite stable on 
day 20. It was in the range of 23.60 – 24.00 mg S/L, the potential of sulfide 
removal was 60.00-60.67% (Fig. 2A). The close circuit voltage (OCV) phase, 
the sulfide concentration tended to decline gradually form day 2 to day 14. 
The concentration of sulfide quite stable on day 16. It was in the range of 2.00 
– 2.80 mg S/L, the potential of sulfide removal was 96.00 - 96.67% (Fig. 2B). 
When considering the sulfate content, it was found that there is a tendency to 
increase both OCV and CCV phase. Sulfate concentration of OCV and CCV 
phase was quite stable on day 20 (1.87-1.90 mg/L) and day 18 (3.60-3.62 
mg/L), respectively. When comparing the two-phase sulfide treatment 
potential with the control, it was found that the maximum potential of sulfide 
removal was 48.33%. Theoretically, oxidation of sulfide to sulfur (or sulfate), 
sulfide was removed through spontaneous chemical processes (Zhong et al., 
2017) according to equations 1-2. The effluent pH value at the end of each 
condition was varying between 6.60 - 6.80. 
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S2- - 2e- ---> S0      Eq.1 
S2- - 8e- + 4H2O ---> SO4

2- + 8H+   Eq.2 
 
Electricity generation 
 

 
Figure 3.   The maximum voltage output of each under close circuit voltage 

condition. Each data point represents the average value of the 
quintuple experiment (n = 5) and error bars represent the standard 
deviation. 

 
 The voltage output was record by a multimeter was connected to dual 
chamber MFC, which was measured at every 10 min. The maximum voltage 
was 966.159  ± 2.66 mV, of open circuit voltage, which was quite stable on 
day 20. Hydraulic Retention Time of 24 day. 
 The voltage across the electrode of the MFC when operated with an 
external resistance (1000 Ω). As a results. Voltage was increase slowly and 
after day 16 voltage was quite stable. Shown in Fig 3. The average values of 
the current and power density were approximately 0.25 ± 0.04 mA and 100.56 
mW/m3, respectively. Hydraulic Retention Time of 22 day.  
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Microbial driven redox reaction 
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Figure 4.   Cyclic voltammograms of electrode surface biofilm: (A) a new
  electrode surface, (B) the open circuit voltage and (C) the close
  circuit voltage conditions, at a scan rate of 100 mV/s. 
 

The characterized of redox reaction on the electrode surface of anode 
chamber at the start, open and close circuit voltage conditions was studied 
using cyclic voltammetry techniques (Fig.4). The voltammograms were 
plotted at the scan rate of 100 mV/s using the three electrodes system once the 
stable voltage output was observed for all experiment the setups. The 
microcosms fed with sulfide 60 mg S/L under open circuit voltage conditions 
showed an oxidative peak at -350.49 mA and a reduction peak at 4.37 mA 
(Fig. 4B). Afterwards, the condition was close circuit voltage. An oxidative 
peak appeared at -349.79 mA and a reduction peak appeared at 5.59 mA (Fig. 
4C). Comparing these results with the startup. Fig. 4A. shows that no redox 
reactions were observed on the new electrode surface without biofilm. Thus, 
the presence of redox reaction for the MFC systems confirmed the active 
microbial communities performing electron transfer, as showed in Fig. 4. 
 

DISCUSSION 
 
 Sulfide removal and electricity generation of dual chamber microbial 
fuel cell. In close circuit voltage phase, MFC system has capable of 
eliminating sulfide higher than open circuit voltage phase. Due to spontaneous 
electrochemical and microorganism reactions adapting to a sulfide 
concentration at the OCV phase (Bao et al., 2017). Once microorganism on 
electrode surface of anode chamber was acclimate and increased of the biofilm 
layer at the CCV phase and consequently, MFC system has sulfide removal 
efficiency was increased from 60 to 96.67 %. Nutrient available in the MFC 
system can be consumed by the microorganisms for producing electrons 
(Wang et al., 2018). The results of redox reaction for the MFC systems 
confirmed the active microbial communities performing the electron transfer 
to electrode to electrode increased and current generated as well (Khan et al., 
2018) , under close circuit voltage. As a results, the produced current, power 
density and sulfide removal efficiency were significant.  
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CONCLUSION  
 
 Simultaneous sulfide removal and electricity generation were achieved 
in two chamber MFC system, providing a promising approach to recovering 
electricity form wastewater containing sulfide. 60 mg S/L of sulfide achieved 
highest sulfide removal 96.67 % and maximum current output 0.25 ± 0.04 mA 
and power density output 100.56 mW/m3 power density output, in close circuit 
voltage condition operation. Overall, the results imply that the two chamber 
MFC is a sustainable environment friendly system to produce energy during 
treatment of wastewater. For future work, the sulfide treatment efficiency is 
tested by varying the sulfide concentration in the synthetic wastewater. and 
will reduce the value of the external resistor to generate more electricity.  
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ABSTRACT 
 

  Normally, processed water becomes wastewater with high chemical 
oxygen demand (COD). The water treatment process must treat wastewater 
before being discharged into the natural water sources to prevent problems 
from chemical contamination. Even if the wastewater is treated, the water still 
has a high COD value, especially in oil-contaminated wastewater. And this 
high COD water is also often smuggled into water sources by many industrial 
plants, causing negative effects on the environment. Therefore, effective 
microorganisms are considered to solve these problems. This research aims to 
find microorganisms that can reduce the COD value of oil-contaminated 
wastewater from the industry. The bacteria for wastewater treatment were 
screened from the oil-contaminated wastewater from the oil treatment industry 
in Thailand. Then, 1% of pure isolates were inoculated into the wastewater 
sample from the industry and incubated at 37 o C, 150 rpm for 24 - 48 h. The 
COD values of water in this work are analyzed using the closed-reflux 
titrimetric method. From the experimental results, the isolates including 2S1S, 
4S3U, 8S2U, 3S1U, and 2S3S were able to reduce COD as follows, 65.12%, 
51.28%, 49.44%, 45.95%, and 42.46% respectively. We conclude that all of 
the isolates in this work effectively reduce the COD value, especially 2S1S, 
and may be appropriate for future use in the oil treatment industry. 
  
Keywords: COD; Oil-contaminated wastewater; Pure isolates  
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INTRODUCTION 
 

Fresh water is very vital for all living things on the earth, but the 
amount of it has just only 2 . 5%  of the total water(School, W.S., 2019). In 
addition, some of it must be used in various industries, resulting in a reduction 
in the amount of clean water that can be used for general consumption. Almost 
all of the water used in the industry becomes wastewater. It is estimated in 
2025, people around 1.8 billion will be in absolute water scarcity. Therefore, 
Wastewater treatment is vital because wastewater is reusable. 

Currently, wastewater is discharged from various sources into natural 
water sources, causing contamination from organic and inorganic substances. 
Therefore, wastewater stealthily releases natural water sources, causing harm 
to the environment. Thailand has a volume of industrial wastewater as high as 
17.8 cubic meters per day, or 57% of the total wastewater generated(Juisiri, 
D.C., 2021). especially industrial effluents related to petrochemicals. When 
these petrochemicals are contaminated in the environment, petrochemicals 
combine with organic material, making degradation more difficult and 
environmentally toxic. In 2020, the Thai manufacturing industry consumed 
4,754 million liters of oil products, causing a large amount of wastewater 
generated from industrial plants to contaminate the oil. As a result, treating 
wastewater incorporates physical, chemical, and biological treatments. 
Usually, chemical and physical treatments are insufficient for wastewater 
treatment, so highly effective microorganisms must be utilized to minimize 
COD. Many industrial companies use chicken feces as a source of 
microorganisms for biological treatment. In addition to the advantage of 
bacteria, many pathogens in chicken feces can affect human and animal health. 

Therefore, bioremediation is the most popular method because of its 
very efficient biodegradation. Microbial degradation is an important 
mechanism and the best natural way to reduce pollution caused by petroleum 
hydrocarbons. This research aims to find microorganisms that can reduce the 
COD value of oil-contaminated wastewater from the industry. From the 
experimental results, the isolates including 2S1S, 4S3U, 8S2U, 3S1U, and 
2S3S were able to reduce COD as follows, 65.12%, 51.28%, 49.44%, 45.95%, 
and 42.46% respectively. 
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MATERIAL AND METHODS 
 
Materials 
  Water samples were collected from wastewater treatment ponds from 
3 treatment ponds on both the surface of the water and at depth in the water, 
then placed in a sealed container. Water samples were collected from the 
wastewater treatment industry in Chonburi Province, Thailand. Wastewater 
treatment Industrial provides an extensive range of hazardous waste disposal 
services, including sludge oil, contaminated oil, decant oil, washing oil, oily 
water, used machine oil, waste engine oil, etc. The samples were immediately 
transferred to the laboratory and stored at 4 °C. 
 
Isolation of microorganisms, the sample from wastewater treatment 
industrial. 

The wastewater sample of 1 ml was transferred to a test tube 
containing 0.85% normal saline of 9 ml. Appropriately diluted sludge with 
0.85% normal saline samples was plated onto Nutrient Agar plates which were 
then incubated at 37 °C for 24 h. (S. D. Lima, 2020). After this, a different 
colony form was selected on the petri dish to be purified by cross streak plate 
on the nutrient agar (NB agar). The plates were incubated at 37 °C for 24 h. 

 
Classification of microorganisms by morphological 
  After incubation, microorganisms were selected for the morphological 
by streak plate technique on NB agar and incubated at 37 °C for 24 hours until 
a single colony was obtained. After gram staining was performed to see the 
characteristics like Gram reaction, shape, and arrangement of cells under a 
microscope. (Garcha, S., Verma, N. and Brar, S.K., 2016) 

 
Selection of microorganisms in reducing COD. 

A single colony was transferred to the erlenmeyer flask (250 ml) 
containing a nutrient broth solution (NB) of 100 ml. The chicken muck was 
put into the erlenmeyer flask (250 ml) containing NB of 100 ml. All flasks 
were incubated at 37 oC at 150 rpm. The optical density at 600 nm (OD600) 
was in the range of 0.2-0.3. A spectrophotometer measured the optical density. 
For a COD reduction, inoculation of 1% of the pure bacterial isolate was 
cultured in the erlenmeyer flask (250 ml) with a wastewater sample of 100 ml, 
shaken at 37 °C, 150 rpm for 24 hours, then the water sample was used for 
COD analysis. The COD values of water in this work are analyzed using the 
closed-reflux titrimetric method. 
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Method of COD analysis by Closed-reflux Titrimetric Method 
  The wastewater sample of 2.5 ml that was incubated for 24 hours was 
transferred to the test tubes. Then a decomposition solution of 1.5 ml of the 
normal potassium dichromate solution was added. Gradually, 3.5 ml of 
sulphuric acid was poured into the test tube to enter the bottom of the glass 
tube so that the acid layer was beneath the sample and the digestion reagent. 
Closed the cork of the vial and overturned it multiple times to be mixed, put 
the test tubes in a hot-air oven, heated to a temperature of 150 °C, refluxed for 
2 hours, and then cooled to room temperature. For decomposition in the oven, 
a temperature of 150 ± 2 °C was applied for 2 hours. When the time had 
expired, 1 or 2 drops of the ferroin indicator period were applied, stirred 
quickly, and titration with 0.1M ferrous ammonium sulphate. The endpoint 
changes from greenish-blue to reddish-brown. In the same process a blank 
containing the reagents and a volume of distilled water equal to that of the 
wastewater sample. (AWWA, WEF, APHA, 1998)  
 

COD = (A-B) (8000M)/C 
 

A = volume of ferrous ammonium sulfate solution used for blank      
            titration (milliliters). 
B = volume   of   ferrous   ammonium   sulfate   solution   used   for    
            sample titration (milliliters). 

  M    = concentration of ferrous ammonium sulfate standard  solution           
     (Molar). 

C    = used sample volume (milliliters). 
 
Identification of bacterial isolates 

Extraction of DNA from bacterial isolates (2S1S, 3S1U, 8S2U, 2S3S, 
and 4S3U) with the G-spinTM Total DNA Extraction Mini. The rDNA 
sequencing was performed using two primers: the forward primer (5’-
AGAGTTTGATCMTGGCTCAG-3’) and the reverse primer          (5’-
GGCTACCTTGTTACGACTT-3’ ). They analyzed the nucleotide sequence 
by comparing the same of the 16s rDNA of each bacterial isolate with the 16S 
rDNA sequence was compared using NCBI blast similarity search tool. 
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RESULTS 
 

Isolation of microbial 
The wastewater sample was collected from wastewater treatment 

ponds, and appropriately diluted sludge, the samples spread plate on NA. And 
then purified by cross streak plate on the NB agar, incubated at 37 °C for 24 
h. As a result, we isolated 14 strains of bacteria distinctly labeled 2S1S 3S1U, 
4S2S, 5S2S, 2S2U, 6S2U, 7S2U, 8S2U, 4S3S, 1S3S, 2S3S, 1S3U, 2S3U, and 
4S3U.   

 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 

 
Figure 1. shows the colony characters of pure bacteria isolated strains 

2S1S(A), 3S1U(B), 8S2U(C), 2S3S(D), and 4S3U(E) 
 
Bacterial morphology by gram stain 

After gram staining was performed to see the characteristics under a 
microscope, the strains of 4S2S, 7S2U, and 2S3U are Gram-positive bacteria 
cocci shape, and 5S2S, 2S2U, 6S2U, 8S2U, and 4S3U were Gram-positive 
rod shape. The 2S1S and 3S1U were Gram-negative bacteria cocci shape, 
whereas 4S3S, 1S3S, 2S3S, and 1S3U have rod shape. 
 
 
 

A B C 

D E 
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Reduction of COD in wastewater treatment ponds from industrial plant 
  Inoculation of 1% of the pure bacterial isolate was cultured in the 
erlenmeyer flask with a wastewater sample of 100 ml, shaken at 37 °C, 150 
rpm for 24 hours, then the water sample was used for COD analysis. The COD 
values of water in this work are analyzed using the closed-reflux titrimetric 
method. The best bacteria isolate 5 isolates can reduce COD in wastewater 
sample. The isolated strains 2S1S, 3S1U, 8S2U, 2S3S and 4S3U can reduce 
COD in wastewater. The resulting COD values are 2,721, 4,216, 3,944, 4,488, 
and 3,800 mg / L, respectively. The initial COD concentration of industrial 
wastewater is 7,800 mg / L (Table 1). Wastewater treatment Industrial has a 
biological treatment process by adding chicken muck to the treatment pond. 
Therefore, we wanted to compare the efficacy of COD reduction between 
chicken muck and isolated strain. The chicken muck can reduce COD in 
wastewater with lower efficiency than isolated strains. 
 

Table 1. COD concentration (mg/L) of wastewater treatment pond   
               treated by a pure bacterial isolate 
 
Code COD 

(mg/L) 
% COD 
reduced 

 
 

2S1S 
4S3U 
8S2U 
3S1U 
2S3S 
Chicken much 
Control 
 

 

2,721 
3,800 
3,944 
4,216 
4,488 
5,721 
7,800 

 

65.12 
51.28 
49.44 
45.95 
42.46 
26.65 

0 
 

 
Identification of bacteria species isolated from water treatment ponds 

The results of the identification of five isolates of bacteria capable of 
treating wastewater in industrial water treatment ponds by DNA sequencing 
assay were found that the bacterial isolates 2S1S = Acinetobacter indicus, 
3S1U = Paracoccus pantotrophus, 8S2U = Bacillus toyonensis, 2S3S = 
Pseudomonas stutzeri, and 4S3U = Bacillus cereus. The analysis was based 
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on the percent of the identity of the nucleotide sequence in the fraction of the 
16s rDNA gene between the isolates from the water treatment pond and the 
reported in the NCBI database through blast analysis, which was found to have 
more than 99% similarity. 

 

DISCUSSION 
 

  In studying the best bacteria isolate 5 isolates can reduce COD in oil-
contaminated wastewater from the oil treatment industry, especially bacteria-
isolated strains 2S1S or Acinetobacter indicus which could help reduce COD 
in oil-contaminated wastewater by 65.12%, and the Acinetobacter indicus are 
not found in all risk groups, it was not pathogenic in humans and animals.  
They are suitable for industrial wastewater treatment, as they can effectively 
treat wastewater. which the most rapid and complete degradation of most 
organic pollutants occurs under aerobic conditions. The initial intracellular 
attack of organic pollutants is an oxidative process and the activation, as well 
as the incorporation of oxygen, is the enzymatic key reaction catalyzed by 
oxygenases and peroxidases. The downstream degradation pathway converts 
organic pollutants step by step into intermediate metabolites, for example, the 
tricarboxylic acid cycle. The biosynthesis of cell biomass occurs from 
intermediate precursors such as acetyl-CoA succinate, pyruvate, and sugars 
essential for biosynthesis and growth. synthesized by gluconeogenesis.(Das, 
N. and Chandran, P., 2011) In addition, this research is consistent with the 
work done on the Acinetobacter indicus. This shows that it can produce 
biosurfactant (Peele, A., Vekateswarulu, T.C., Srirama, K., Kota, R., Mikkili, 
I. and Vidya Prabhakar, K., 2018) for degrading hydrocarbons and can be 
applied in oil-contaminated wastewater treatment. Therefore, in the future, it 
is possible to use these bacteria to reduce the COD value to meet industrial 
effluent standards.  
 

CONCLUSION 
 

  In summary, in the analysis of COD using bacteria isolates to test oil-
contaminated wastewater from the oil treatment industry, it was found that 
2S1S, 3S1U, 2S3S, and 4S3U isolates had the best efficiency in reducing the 
COD value. The resulting COD values are 2,721, 4,216, 3,944, 4,488, and 
3,800 mg / L, respectively. The initial COD concentration of industrial 
wastewater is 7,800 mg / L. In comparison with the chicken muck that the oil 
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treatment industry put in the wastewater treatment pond, it was found that the 
bacteria-isolated strains 2S1S or Acinetobacter indicus were 38.47% more 
effective. 
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ABSTRACT 
 

The main purposes of this research are to study biochemical potential 
(BMP) from elephant dung (ED) with inoculum derived from chicken manure 
anaerobic digester tank (CH-AD). The BMP tests with substrate/inoculum 
ratio (SIR) at 1:2 1:1 and 2:1 gVSadded in the batch reactors were prepared 
using 1,000 mL glass bottles at 35±2 °C, and all experimental conditions were 
triplicated. The results showed that at the SIR of 1:2, 1:1, and 2:1 gVSadded, 
the accumulated biogas yields were 42.48±17.80, 160.60±8.60, and 
434.10±38.30 NmL/gVSadded, respectively. In addition, the cumulative 
methane yields were 42.40± 18.10, 24.19±8.60, and 123.10±38.40 
NmL/gVSadded, respectively. The modified Gompertz equation fitted well with 
the experimental data with an R2 more than 0.98. Moreover, the ratio at the 
SIR of 2:1, showed the highest predicted methane production potential of 
123.72±2.06 NmL/gVSadded. The methane yield of ratios at 2:1 and 1.1 were 
significantly different. The methane potential at SIR ratio of 1:2 was relatively 
low due to the high fiber of the biomass. Therefore, the anaerobic digester of 
ED with CH-AD as the inoculum at the SIR at 2:1 was the optimized condition 
of this research. 
  
Keywords: Anaerobic digestion, Biochemical methane potential, Chicken 
dung, Elephant dung, Modified Gompertz. 
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INTRODUCTION 
 

At present, fuel consumption in Thailand is in the increasing trend. In 
2022, The Department of Energy Business reported that fuel demand 
increased 13.90% to 153×106 d in the first two months. The easing of 
lockdown measures led to an increase in traveling and enhancing economic 
activities (Krajangwit, 2022). However, most fossil fuels account for a fifth of 
the world’s total carbon emissions. Thailand’s energy sector has been trying 
to solve this problem by promoting and developing renewable energy 
(Muangjai et al., 2022). 

Biogas is renewable energy which can be produced by agricultural 
waste, food waste, animal dung, and sewage. Also, this biotechnology could 
mitigate the stress on depleted natural resources and growing energy 
insecurity (Muangjai et al., 2022 and Wu et al., 2016). Therefore, an ED can 
be used for producing biogas. From the Thailand Elephant Status Report 2022, 
more than 2,700 elephants were used in the tourism industry prior in Thailand. 
However, each elephant can produce up to 30 kg/d leading to 60 tons of dung 
in this country (Sawatdeenarunat et al., 2021). 

In addition elephant dung ED is major source of many environmental 
pollutions. The purpose of this research is to evaluate the methane potential 
from ED. The biochemical methane potential (BMP) tests was operated at 
three different substrate/inoculum ratios (SIR). 
 

MATERIAL AND METHOD 
 
Elephant dung and inoculum for methane production   

The ED used in this study was collected from the elephant camp in 
Chiang Mai province, Thailand. ED feedstocks were kept at 4±2 °C in the 
refrigerator. When an experiment started, The chicken manure anaerobic 
digester (CH-AD) was used as the inoculum and was collected from the 
commercial-scale anaerobic digester tank that located in Chiang Mai, 
Thailand. The characteristics of the elephant dung and sludge inoculum used 
in this study are given in Fig 1. 
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    (a) Elephant dung                         (b) Chicken sludge 
 

Figure 1. Characteristics of (a) elephant dung and (b) Chicken sludge 
inoculum. 

 
Experimental setup 

The BMP tests were conducted in 1000 mL serum bottles used as the 
reactors for the batch studies. The ED and CH-AD were mixed at the ratios of 
1:1, 1:2, and 2:1 (gVS to gVS). Distilled water was added to adjust the bottle 
content’s volumes to 400 mL. (VDI 4630, 2016) The experiments were done 
under the mesophilic condition of 35±2 °C and each sample was triplicated. 
The BMP tests were conducted for 60 days. At the end of the experiment, the 
reactor contents were analyzed for Total Solid (TS), Volatile Solids (VS), 
Volatile Fatty Acid (VFA), Alkalinity (ALK) and Potential of Hydrogen ion 
(pH). The biogas compositions were analyzed periodically using a portable 
gas analyzer (GFM416; Gas Data Limited, United Kingdom). 
 

RESULTS 
 
The characteristics of Chicken sludge and elephant dung 

The characteristics of CH-AD and ED are shown in Table 1. The 
results indicated that the VS/TS ratio for ED and CH-AD sludges were 
0.81±1.75 and 0.43±0.00, respectively. The VS/TS ratio for ED indicated the 
potential feedstock for anaerobic digestion. In addition, The C/N ratio of CH-
AD is 0.2, which could represent the balance between substrate and inoculum 
for anaerobic digestion. 
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Table 1. The characteristics of Chicken sludge and elephant dung 
 
 

Characteristics Unit Elephant dung Chicken 
sludge 

pH - NA 8.13 
TS % 96.26 4.01 
VS % 74.40 1.74 
VS/TS ratio - 0.81 0.43 
C/N ratio - 54/1 0.2/1 
VFA/ALK ratio - NA 0.25 

NA, Not Applicable 
 
Biogas production and methane components 

The daily biogas productions of all SIR were shown in Fig. 2. From 
the graph, biogas yield of all ratios were produced in the first day and the 
maximum yield was occurred on the third day with the biogas production of 
31.48 NmL/gVSadded for 1:2 ratio, and on the twentieth day with the biogas 
production of 9.45 NmL/gVSadded for 1:1 ratio. In addition, the peaks of the 
graph on the twenty-seventh day with the biogas production of 18.32 
NmL/gVSadded for 2:1 ratio was observed. 
 

 
 
Figure 2. Daily Biogas Yield 
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Figure 3. Cumulative Biogas Yield 
 

The curve of cumulative biogas yield of all ratios were the same trend 
as daily biogas yields as presented in Fig. 3. The results indicated that the 
cumulative biogas yield of ED:CH-AD were 160.60±8.60 NmL/gVSadded, 
434.10±38.30 NmL/gVSadded and 42.48±17.80 NmL/gVSadded for the ratios of 
1:1, 1:2, and 2:1, respectively. The final methane contents of 1:1, 1:2, and 2:1 
ratios were 26.80%, 34.20% and 16.80% respectively. 

 

 
 

Figure 4. Daily Methane Yield 
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Figure 4 show the daily methane yield of all ratios. The highest daily 
methane yields of were 1.59, 8.65, and 4.52 NmL/gVSadded for the SIR of 1:1, 
1:2, and 2:1, respectively. The cumulative methane yield was a crucial 
parameter and reliable method to determine the methane potential of a 
substrate. The cumulative methane yields of all ratios were 24.19±8.60, 
123.10±38.40, and 42.40±18.10 NmL/gVSadded for 1:1, 1:2, and 2:1, 
respectively. The kinetic parameters for AD of at the different SIR are 
presented in Table 2. 

 
Table 2 Kinetic parameters for AD of elephant dung at different 

substrate/inoculum ratios. 
 

SIR M 
(NmL/gVSadded) 

Rm 
(NmL/gVSadded) 

 (d) R2 

1:1 25.21 1.02 5.63 0.98 

1:2 123.40 2.53 17.89 0.99 

2:1 42.47 3.27 1.41 0.98 

 
DISCUSSION 

 
 The characteristics of ED and CH-AD were shown in Table 1, The 
recommended VS/TS ratio should be in the range of 0.69-0.95 (Malini et al., 
2015, Koch et al., 2017 and Abbassi-Guendouz et al., 2012). The VS/TS ratio 
for ED of 0.95 found in this study was a potential feedstock for serving 
anaerobic digestion. The finding is similar to the study of Sawatdeenarunat et 
al., 2021 and Abdulsalam et al., 2015 who reported that typically VS and TS 
ratio should be in the range of 0.68-0.75. In addition, The ratio of C/N could 
represent the balance between carbon source and nutrient for AD. The C/N 
ratio in ED of 54 is higher than the recommended value. Generally, the best 
C/N ratio is between either 20 Khanal et al. (2008) and Kafle et al. (2016) 
reported that high C/N ratios could lead to prolonged digestion duration. 
Whereas, CH-AD with a low C/N ratio tends to produce excessive ammonia, 
which may cause inhibition in AD.  

The daily produced biogas of all SIR ratio results revealed that the 
maximum biogas yield of all conditions were significantly different. 
Typically, ED contains lignocellulose, including cellulose, hemicellulose, and 
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lignin among others (Sawatdeenarunat et al., 2015, Dhamodharan et al., 2016 
and Saleem et al., 2016). It should be noted that biogas yields of Napier Grass 
containing lignocellulosic take a long time for complete digestion. The 
cumulative biogas yield related with daily biogas yields trend as presented in 
Fig. 3 The yields increased rapidly on the first and the second day of hydraulic 
retention time and then the cumulative biogas yield of 2:1 ratio increased 
slower than those of 1:1 and 1:2 ratios. Besides, the cumulative biogas yield 
of 2:1 of 42.48±17.80 NmL/gVSadded was significantly lower than those of 1:1 
of 160.60±8.60 NmL/gVSadded and 1:2 of 434.10±38.30 NmL/gVSadded. The 
results that occurred due to the internal structure of ED, which was hard for 
biologically digested (Sawatdeenarunat et al., 2015).  
 The methane components of the produced biogas were shown in Fig. 
4. The final methane contents of 1:1, 1:2, and 2:1 ratios were 26.80%, 34.20%, 
and 16.80% respectively. The daily and cumulative methane yields are shown 
in Fig. 4. The suitable S:I ratios for solid AD range from 0.50 to 2.30 (Zhu et 
al., 2014 and Pham et al., 2013). From the results of this study, the optimal S:I 
ratio of lignocellulosic biomass was 1:2, which is within the range obtained 
from solid AD studies. This study adopted the modified Gompertz model to 
examine the kinetic parameters. From Table 2, it is clear that the S:I ratio of 
1:2 presented the highest methane production potential of 123.40 
NmL/gVSadded followed by 1:1 and 2:1. The ratio of 2:1 also showed the 
lowest methane production potential of 42.47 NmL/gVSadded. The lag phase is 
one of the essential indicators for selecting inoculum for the AD process. 
Typically, the lag phase of AD of the lignocellulosic substrate could be during 
the early stage of the AD process (Zhu et al., 2014 and Gil et al., 2006). In 
addition, The modified Gompertz model was accuracy with the experimental 
data of all ratios with a high R2 between 0.98 and 0.99. The modified 
Gompertz was used to fit the cumulative methane yield data from trials (Lay 
et al., 1996 and Dechrugsa et al., 2013). 

ED waste management by anaerobic digestion was developed in this 
study. The optimum methane yield from the BMP test of 123.10±38.40 
NmL/gVSadded was obtained from SIR ratios is 1:2 ratio. However, the main 
effecting factor to methane production during 1:2 of ED was most likely 
degradation. But The C/N ratio for substrates with high nitrogen fractions 
inhibit the degradation, which may lead to reduced biogas quality and 
quantity. 
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CONCLUSION 
 

ED waste management by anaerobic digestion was developed in this 
study. The optimum methane yield from the BMP test of 123.10±38.40 
NmL/gVSadded was obtained from SIR ratios of 1:2 ratio. However, the main 
contributor to methane production during 2:1, 1:2 of ED was most likely 
degradation of extractives, as indicated by the relatively higher degradation of 
extractives compared to corn over and wheat straw. But The C/N ratio for 
substrates with high nitrogen fractions inhibits the degradation, which may 
lead to reduced biogas quality and quantity. 
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ABSTRACT 
 

The Black Soldier Fly Larvae (BSFL) processing could produce large 
amounts of wastewater in the washing process. This wastewater contains high 
amounts of organic matter and is a type of nutrient source for anaerobic 
digestion. This research aims to study biogas production potential of 
wastewater from the BSFL washing process fed by soybean meal. This was 
digested with the sludge inoculum of a pig farm’s biogas system. The three 
feedstock and inoculum ratios (based on VS) were 3:1, 1:1, 1:3, and blank of 
inoculum. The result shown, the optimum ratio was 3:1. The COD removal 
was 50.80%. The cumulative biogas volume was 1,122.57 mL with 47.10% 
of the maximum methane content for 15 days. The result of 1:1 and 1:3 ratios 
was related to the amount of substrate. The soybean meal wastewater from the 
BSFL washing process has a biogas production potential because it has a 
nutrient for methanogen bacteria but needs to be studied on a larger scale. 
  
Keywords: Biogas production, Black soldier fly larvae, Fermented pig 
manure, Washing process, Wastewater. 
 

INTRODUCTION 
 

The Black Soldier Fly Larvae (BSFL) is the embryonic stage of the 
Black Soldier Fly (BSF) (Hermitia illucens) that can be processed into a 
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protein source for animal feed or food. This BSFL processing is expanding at 
an exponential rate because it can easily breed a large number of species in a 
short period of time (Castro-Lopez et al., 2020). Diets for BSFL ‘s breeding 
are separated by water content in 2 types. The diets have water content below 
80% such as vegetable waste, food waste, and fruit waste. And, the diets have 
more than 80% water content such as soybean meal (Dortmans et al., 2017). 
The BSFL production cost is lower than other than animal feed proteins. Dried 
BSFL production cost was around 14.16 THB/kg. Other proteins in animal 
feed cost 16-35 THB/kg. Average cost of imported soybean meal with protein 
46-48% are 16.70 THB/kg. This data was reported by The Bureau of Animal 
Nutrition Development, fish meal 25-35 THB/kg (DIT, 2018).  

The processing of adult BSFL larvae from the different diets has 
different processes. Adult larvae harvesting need to separate a mix of diet and 
larvae. The diets with less water content separated by sifting, but the diets with 
more water content separated by soaking or washing (Dortmans et al., 2017). 
The washing process in the local farm makes a large amount of wastewater 
around 10-50 L/kg larvae. Therefore, this industry needs wastewater 
treatment. Typically, the anaerobic digestion or biogas production is used for 
wastewater treatments (Wang et al., 2021). The biogas is produced by 
microorganisms that it transforms organic matter to biogas and digested 
byproduct.   The biogas production processes are consisted of hydrolysis, 
acidogenesis or acetogenesis and methanogenesis that will be efficient for 
treating industrial wastewater and will get higher biogas production. Because, 
wastewater from the soybean processing has a high chemical oxygen demand 
in generally 7.5-20 g/L and pH value is 5.4-6.6 (Wang and Serventi, 2019).  

In related studies, many researchers studied biogas production from 
wastewater or waste from insect breeding Piotr et al. (2020) studied the CH4 
production potential of insects breeding post production waste from H. 
illucens, Tenebrio molitor, and Gryllus spp. The experiment was to control the 
temperature under 37 °C and pH was 7.0. The substrate and the digestate from 
the biogas plant inoculum ratio was 1:2. The physiochemical of waste from 
H. illucens has 85.21% VS, 84% TS and 16.19% crude proteins. The 
biomethane potential of waste from H. illucens was 177 mL/g TS. Latifi et al. 
(2019) were interested in the co-digestion of poultry slaughterhouse wastes 
and sewage sludge in the different inoculum-substrate ratios (ISR); 1, 2 and 4, 
different total solids (TS); 5% and 7%, and different hydraulic retention time 
(HRT). The result showed that the biogas volume and CH4 content were 
directly proportional to the inoculum ratio. The biogas volume produces more 
than 5.8-34 times of effective volume, and CH4 content was around 22-79%. 
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Wagiman et al. (2020) studied biogas production from tofu waste in the tofu 
industry by a 2 L laboratory scale. The co-feeding can produce biogas up to 
97.95 mL/day. Araujo et al. (2017) were interested in biogas production and 
potential to generate energy from residue of soybean processing and sludge 
from UASB reactors in the food industry. The digestion ratio of 2:1 was based 
on volatile solid (VS). The biogas production of soybean residue substrate was 
stationary for around 25 days, and biogas produced 421.40 NmL/gVS. 

So, this research is interested in the study biogas production of 
wastewater from the washing process of BSFL fed with soybean meal (SW) 
and digestion in different ratios with sludge inoculum from biogas system in 
pig farm (PM). 
 

MATERIAL AND METHODS 
 
Feedstock and inoculum 

A feedstock was collected from the BSF farm in Thailand. The 
feedstock was wastewater from the larvae washing process namely SW shown 
in Figure 1A. The water used for washing was around 10 L/kg of BSFL. The 
BSFL was fed by soybean meal. The feedstock was collected and stored at a 
temperature below 4 °C. An inoculum was sludge from a biogas system in a 
pig farm. Figure 1B showed the inoculum was digested in anaerobic digestion 
7 days ago before digestion with the feedstock (Yoon et al., 2014). 
 

  
 

Figure 1. A. Wastewater from washing process and, B. Sludge from a pig 
farm’s biogas system 
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Experimental set-up  
The experiment studied the feedstock's biomethane potential in batch 

condition following VDI 4630 standard (VDI 4630, 2006). The working 
volume was 400 mL. The experiment studies were prepared by mixing 
feedstock, inoculum and nutrients in 3 ratios with triplicate. And then, 
adjusted the pH value to be 6.8-7.0 before closing the bottles and flushing 
nitrogen gas (Yoon et al., 2014). The bottles were stored in the water bath 
shown in figure 2. The temperature control system used aquarium heaters 500 
W with water pumps to control the mesophilic temperature between 35±2 °C. 
There were installed three digital thermometers. The 3 points were one on 
each side, top, and middle of the water bath and were used to measure the 
temperature. The feedstock and the inoculum were digested in different ratios 
based on VS. The ratios between SW and PM inoculum were 3:1, 1:1, and 1:3. 
Blanks of feedstock and inoculum were prepared 100% of BSFL washing 
process wastewater and sludge from the biogas system in a pig farm. 

 
Analytical methods 

The analytical parameters of COD, TS, VS, Volatile Fatty Acid 
(VFA), Alkalinity (ALK), Potential of Hydrogen ion (pH) were determined 
according to Standard Methods (APHA, 2005). The parameters were analyzed 
inlet of the feedstock with inoculum and outlet from batch bottles (Min-Jee 
and Sang-Hun, 2020). The biogas volume was collected every day until the 
cumulative biogas production was stable. Biogas contents such as CH4, CO2, 
and H2S were detected by biogas analyzer GFM 406 series (Gas Data, United 
Kingdom). 
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Figure 2. Temperature control system setting 
 

RESULTS 
 
Characteristic of feedstock and inoculum 

The characteristic of the feedstock and the inoculum shown in Table 
1. The SW was mixing of washing water and digested soybean meal from 
BSFL activity. It was brown color and it had sedimentary. The COD and VS 
of SW were 18,461.54 mg/L and 176,640.93 mgVS/L respectively. The pH 
value was 5.71 and the ratio of VFA and ALK was around 1.98-2.88. The 
physical characteristic of PM was black mud. The physiochemical 
characteristics of PM contained good properties, namely the pH at 7.23, COD 
at 17,692.31 mg/L, VS at 116,449.51 mg VS/L, and VFA/ALK at 0.42. 
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Table 1. Characteristics of wastewater, the feedstocks, and the 
inoculum 

 

Parameters PM SW 
S/I ratio 

3:1 1:1 1:3 
COD (mg/L) 89,142.86 68,571.43 25,789.47 29,793.10 27,894.74 
TS (mg/L) 119,706.84 155,405.41 72,781.66 23,923.44 6,982.16 
VS (mg/L) 116,449.51 176,640.93 71,784.65 12,303.49 6,756.08 
VFA/ALK 0.42 1.98 1.75 0.33 1.40 

COD removal  
(%)     50.80 40.12 34.07 

TS removal 
(%)     75.83 63.99 57.59 

VS removal 
(%)     70.19 52.13 50.21 

VFA/ALK     0.54 0.69 0.71 
pH 7.87 6.40 6.99*/6.95** 7.02*/7.14** 6.97*/7.10** 

PM: sludge from biogas system in pig farm.  
SW: wastewater from washing process of BSFL fed with soybean meal. 
*: influent 
**: effluent 
 
Daily biogas production 

The hydraulic retention time (HRT) of this study was around 30 days. 
The daily biogas production was shown in figure 3. The SW and fermented 
pig manure were mixed together in 1:3, 1:1, and 3:1 ratios. The 1:1 ratio 
produced more biogas than other ratios on the first and second days. The 1:1 
ratio produced around 84 mL. While the 3:1 and 1:3 ratios produced about 
32.50 mL and 19.33 mL, respectively. The highest biogas production of 1:1 
and 1:3 ratios were on the 2nd day. But, the 3:1 ratio was on the 3rd day. The 
biogas volume of 3:1, 1:1, and 1:3 ratios were 163.00, 83.00, and 19.33 mL, 
respectively. The biogas volume contained CO2 was more than 5-10 times of 
CH4. Then, the biogas volume of all were gradually decrease. But, The biogas 
volume of 3:1 ratio was increase once again on the 6th day.  It produced the 
maximum biogas volume 148.50 mL before decreasing on the 9th day. 
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Figure 3. The daily biogas production 
 
Cumulative biogas production and biogas contents 

Results of this study showed in figure 4. The cumulative biogas 
productions of various ratios were related to the inoculum ratio. The average 
maximum biogas production of the inoculum blank was 127.83 mL. The ratios 
of 1:3, 1:1, and 3:1 produced 101.33 mL, 353.17 mL and 1,122.57 mL, 
respectively. The biogas components consisted of CH4, CO2, and H2S. The 
maximum of CH4, CO2, and H2S were shown in figure 5. In 7 days, the 3:1 
ratio obtained 39.20% CH4, 21.50% CO2 and 910 ppm H2S. In 15 days, the 
CH4 content increased to 47.10% CH4, 21.50% CO2 and 620 ppm H2S. The 
maximum CH4 content of the 1:1 was 20.50% CH4 with 10.20% CO2 and 320 
ppm H2S for 15 days. The maximum CH4, CO2, and H2S content were 7.90% 
CH4, 5.40% CO2, and 240 ppm H2S, respectively, in 1:3 ratio.  

 

 
Figure 4. The cumulative biogas production 
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Figure 5. Maximum CH4, CO2, and H2S contents 
 
The efficiency of biogas production 

All of the parameters were related to the biogas production. The 3:1 
ratio was the most efficient biogas production. The result of the parameter 
analysis was shown in table 1. The COD removal of blank, 3:1, 1:1 and 1:3 
ratios were 31.26%, 50.80%, 40.12%, and 34.07%. The VFA/ALK outlet 
ratios were 0.71, 0.54, 0.69 and 0.71. The parameter was related to balance 
pH value effluent of 6.97-7.14. The TS removal of 3:1, 1:1, and 1:3 ratios were 
75.83%, 63.99%, and 57.59%, respectively. And, the VS removal of 3:1, 1:1, 
and 1:3 ratios were 70.19%, 52.13%, and 50.21%. 
 

DISCUSSION 
 

The SW was the high potential substrate of biogas production because 
it had much of organic matter to be a nutrient for methanogenesis. The COD 
and VS were 68,571.43 mg/L and 176,640.93 mg/L, respectively, which 
indicated that this wastewater was suitable for biogas production. In addition, 
BSFL activity produced and discharged digestive enzymes to transform the 
soybean meal feed into soluble and liquefied form that seem to be chemical, 
mechanical or thermal pretreatment of anaerobic process (Shwe et al., 2018). 
In the initial, the pH value of wastewater was too acidic and the ratio of VFA 
to ALK was over the standard for the biogas system (Pilarska et al., 2019). 
Then, wastewater was fermented with the efficient inoculum, enhanced the 
possibility of producing biogas. The result show, proper ratio between SW and 
PM was 3:1 and this result was the major reason to support, SW was the high 
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substrate potential to produce methane in biogas production. Because, this 
ratio used in at least inoculum amount. In addition, the characteristics of the 
SW wastewater in BSFL washing process were related to the BSFL diet. In 
this study, The BSFL fed by soybean meal. Most soybean meal contains 44-
49% protein and 30% fat (DIT, 2018). From equation 1 and 2, One molecule 
of fatty acids and amino acids can be converted to CH4 up to 7.5 times and 6.5 
times, respectively (Pilarska et al., 2019). There is a high ratio of SMW with 
high protein composition. Proteins are made up of many amino acids; there 
are four major elements in each amino acid molecule (hydrogen, oxygen, 
carbon and nitrogen). Fats was degraded to long chain fatty acid (LCFA) 
(Menzel et al., 2020), and protein was degraded to many types of amino acid 
by breaking the peptide bond, ionic bond, hydrogen bond, and sulfide bond.  
 
Lipid: C12H24O6 + 3H2O → 4.5CO2 + 7.5CH4   

equation 1 
 
Protein: C13H25O7N3S + 6H2O → 6.5CO2 + 6.5CH4 + 3NH3 + H2S 

equation 2 
 

The first stage of the biogas production is hydrolysis process of all 
ratios. The organic matters in the substrate digested by the inoculum to small 
molecules. Then, the biogas production was increased exponentially in the 
acidogenesis or acetogenesis process because amino acid and LCFA were 
transformed into acetic acid and CO2 as by-products. The acetic acid was 
transformed by methanogen bacteria for CH4 production (Kushkevych et al., 
2017). The 1st to the 7th day, all of ratios contained CO2 more than CH4 with 
other gases. The 3:1 ratio of SW and inoculum was different from another 
ratio (Zhou et al., 2011). The CH4 content of 3:1 ratio increased from 22% (the 
11th day) to 47.10% (the 15th day) in 3 days. The biogas volume and CH4 
content in 1:1 and 1:3 ratio produced less than the 3:1 ratio. So, the high biogas 
production as a result of substrate potential. It was the appropriate condition It 
was verified that too much inoculum was unsuitable for biogas production. 
When the ratio of inoculum and the substrate was used in the proper ratio, it 
led to efficiency of biogas production (Zhou et al., 2011). However, the large-
scale biogas system for BSFL washing process was required to concern H2S 
concentrations. High H2S concentrations in the system may be more than 620 
ppm and can lead to death while inhaling for a short time. If this biogas is used 
in the engines such as boilers or gasifiers, this gas could damage the engines 
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(Tian et al., 2020). The sulfate reducing bacteria (SRB) could be the solution 
of decreasing H2S during the biogas production (Gopi Kiran et al., 2017). 
 

CONCLUSION 
 

The soybean meal wastewater from BSFL washing process has a 
biogas production potential COD around 18,461.57 mg/L. It is suitable for an 
anaerobic process to produce CH4, and the appropriate ratio. When mixed with 
the sludge of the biogas system in the pig farm, it is 3:1. The potential biogas 
of this ratio shown as the COD removal was 50.80%. Significantly, biogas 
production can produce the maximum biogas volume of 1,122.57 mL and 
increase the CH4 to 47.10% in only 15 days out of HRT 30 days. Therefore, 
in the future, researchers who want to develop the experiment should study it 
on a pilot scale with semi-continuous or continuous feeding to simulate real 
situations of biogas production on factory scale. 

 
ACKNOWLEDGEMENTS 

 
This research is supported by scholarship for manufacture and develop 

graduate potential in renewable energy in ASEAN at graduate level of School 
of Renewable Energy and scholarship from Maejo University alumni at Maejo 
University. Thank you to advisor and co-advisers for their comments to 
improve the paper. And thank you to everyone in the Bio-Fuel Lab, as well as 
friends and family for all support. 
 

REFERENCES 
 
American Public Health Association (APHA). 2005. Standard Methods for the 

Examination of Water and Wastewater. Washington DC: American 
Public Health Association. 

Araujo, V. K., de Almeida, S., de Oliveira, S. B., Calixto, W. P., Furriel, G. 
P., and Barbosa, D. P. 2017. Anaerobic digestion using residue of 
soybean processing: Biogas production and it is potential to generate 
energy 2017 18th International Scientific Conference on Electric 
Power Engineering (EPE). 1-4. 

 
 
 



 
The 34th Annual Meeting of the Thai Society for Biotechnology and International 
Conference “Sustainable Bioeconomy : Challenge and Opportunities”  

  
 
 

 November 24–25, 2022, Ambassador Hotel Bangkok, Thailand 203 
 
 

Castro-Lopez, C., Santiago-Lopez, L., Vallejo-Cordoba, B., Gonzalez-
Cordova, A. F., Liceaga, A. M., Garcia, H. S., and Hernandez-
Mendoza, A. 2020. An insight to fermented edible insects: A global 
perspective and prospective. Food Research International. 137: 
109750. 

Department of Internal Trade (DIT). 2018. Oil crops and animal feed materials. 
https://agri.dit.go.th/index.php/home 

Dortmans, B., Diener, S., Verstappen, B., and Zurbrügg, C. 2017. Black 
Soldier Fly Biowaste Processing. Black soldier fly biowaste 
processing. A step-by step guide. Swiss Agency for Development and 
Cooperation (SDC) and the Swiss State Secretariat for Economic 
Affairs (SECO). Eawag – Swiss Federal Institute of Aquatic Science 
and Technology Department. 

Gopi Kiran, M., Pakshirajan, K., and Das, G. 2017. An overview of 
sulfidogenic biological reactors for the simultaneous treatment of 
sulfate and heavy metal rich wastewater. Chemical Engineering 
Science 158. 606-620. 

Goswami, R., Chattopadhyay, P., Shome, A., Banerjee, S.N., Chakraborty, 
A.K., Mathew, A.K., and Chaudhury, S. 2016. An overview of 
physico-chemical mechanisms of biogas production by microbial 
communities: A step towards sustainable waste management. 
Biotechnology 6. 

Kushkevych, I., Vítězová, M., Vítěz, T., and Bartoš, M. 2017. Production of 
biogas: Relationship between methanogenic and sulfate-reducing 
microorganisms. Open Life Sciences. 12: 82–91. 

Latifi, P., Karrabi, M., Danesh, S. 2019. Anaerobic co-digestion of poultry 
slaughterhouse wastes with sewage sludge in batch-mode bioreactors 
(effect of inoculum-substrate ratio and total solids). Renewable and 
Sustainable Energy Reviews 107. 288–296. 

Menzel, T., Neubauer, P., and Junne, S. 2020. Role of microbial hydrolysis in 
anaerobic digestion. Energies 13.  

Min-Jee, K., Sang-Hun, K. 2020. Conditions of lag-phase reduction during 
anaerobic digestion of protein for high-efficiency biogas production, 
Biomass and Bioenergy 143. 105813. 

 
 
 



 

 
The 34th Annual Meeting of the Thai Society for Biotechnology and International 

Conference “Sustainable Bioeconomy : Challenge and Opportunities” 

 
 

204 November 24–25, 2022, Ambassador Hotel Bangkok, Thailand 
 
 

Pilarska, A.A., Pilarski, K., Wolna-Maruwka, A., Boniecki, P., and 
Zaborowicz, M. 2019. Use of confectionery waste in biogas production 
by the anaerobic digestion process. Molecules 24. 

Piotr, B., Kinga, P., Małgorzata, P., Agnieszka, K., Wojciech, B., and Andrzej, 
B. 2020. Biogas generation from insects breeding post production 
wastes, Journal of Cleaner Production. 244: 118777. 

Shwe, S.W., Jacqueline, H.E., Sarah, A.B., Susan, S.P., Pedro, Cruz-D., and 
Thomas, A.T., 2018. Anaerobic digestion of black solider fly larvae 
(BSFL) biomass as part of an integrated biorefinery, Renewable 
Energy. 127: 705-712. 

Somsila, P., Teeboonma U., and Khabuanchalad S. 2021. A Two-Stage 
Anaerobic Digester of Pig Manure and Food Waste for Biogas 
Production with Heat Exchanger. ENGINEERING JOURNAL. 
25(10): 123-132. 

Tian, G., Xi, J., Yeung, M., and Ren, G. 2020. Characteristics and mechanisms 
of H2S production in anaerobic digestion of food waste. Science of the 
Total Environment 724. 

VDI 4630. 2006. Fermentation of organic materials-characterisation of the 
substrate, sampling, collection of material data, fermentation tests, 
VDI Guideline 4630. Verein Deutscher Ingenieure, Düsseldorf.  

Wagiman, W., Ardaniswari, I.R., and Nugravianto, W.P. 2020. Biogas 
Production from Tofu Waste to Improve the Environmental 
Performance of Tofu Industry. Agroindustrial Journal. 7(1): 459-462. 

Wang, S., Liu, Q., Li, J., and Wang, Z. 2021. Methane in wastewater treatment 
plants: status, characteristics, and bioconversion feasibility by methane 
oxidizing bacteria for high value-added chemicals production and 
wastewater treatment. Water Research 198. 

Wang, Y., and Serventi, L. 2019. Sustainability of dairy and soy processing: 
A review on wastewater recycling. Journal of Cleaner Production 237. 

Yoon, Y.M., Kim, S.H., Shin, K.S., and Kim, C.H. 2014. Effects of substrate 
to inoculum ratio on the biochemical methane potential of piggery 
slaughterhouse wastes. Asian-Australasian Journal of Animal Sciences. 
27: 600-607. 

Zhou, Y., Zhang, Z., Nakamoto, T., Li, Y., Yang, Y., Utsumi, M., and Sugiura, 
N. (2011). Influence of substrate-to-inoculum ratio on the batch 
anaerobic digestion of bean curd refuse-okara under mesophilic 
conditions. Biomass and Bioenergy 35. 3251-3256. 

 
 



 
The 34th Annual Meeting of the Thai Society for Biotechnology and International 
Conference “Sustainable Bioeconomy : Challenge and Opportunities”  

  
 
 

 November 24–25, 2022, Ambassador Hotel Bangkok, Thailand 205 
 
 

IBP01 
 

D-Lactic Acid Fermentation Platform from Oil Palm Trunk 
Sap Fermented by Sporolactobacillus terrae SBT-1 

 
Naphatsawan Sukaiem1, Suchada Chanprateep Napathorn 1, Sitanan 

Thitiprasert2 and Nuttha Thongchul 2* 
 

1Department of Microbiology, Faculty of Science, Chulalongkorn University, Phayathai, 
Pathumwan, Bangkok 10330, Thailand 
2Center of Excellence in Bioconversion and Bioseparation for Platform Chemical Production, 
Institute of Biotechnology and Genetic Engineering, Chulalongkorn University, Phayathai, 
Pathumwan, Bangkok 10330 Thailand 
 
*Corresponding author. E-mail: Nuttha.T@chula.ac.th 
 

ABSTRACT 
 

Approximately every 25 years after oil palm trees are planted, oil palm 
trees need to be felled and replanted due to their decreasing productivity. 
Many of the felled palm trunks need to be recycled. The palm trunk was 
dewatered, and the palm sap from this process was going to be agricultural 
waste. In this study, we found that oil palm trunk sap (OPT sap) contains total 
sugar of sucrose, glucose, and fructose, which is an interesting substrate to 
apply for lactic acid fermentation by a high lactic acid production strain, 
Sporolactobacillus terrae SBT-1. This study supplements the different sugar 
in OPT sap solution including raw sugar, sucrose, glucose, and molasses at a 
concentration of 120 g/L. S. terrae SBT-1 produces lactic acid in a range of 
88.37g/L-103.75 g/L, a yield (g of lactic acid/ g of sugar substrate) range of 
0.82 g/g - 0.89 g/g, and a product range of 2.45 g/L·h - 4.15 g/L·h. The result 
indicates that the platform by using S. terrae SBT-1 has a high potential to 
ferment OPT sap sugar solution supplemented with different sugars. 
  
Keywords: D-Lactic acid, Fermentation, Oil palm trunk, OPT sap, 
Sporolactobacillus sp.  
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INTRODUCTION 
 

Lactic acid (2-hydroxy propionic acid) is an organic acid that has a 
great worldwide demand. Lactic acid contains two enantiomers, L- and D-
form. Lactic acid has been applied in the pharmaceuticals, food, textile, 
chemical, and leather industries (Lasprilla et al., 2012). Approximately 90 
percent of the total lactic acid produced worldwide is made by microbial 
fermentation. This is because of the low production cost and its ecological 
friendliness. In polylactic acid (PLA) manufacturing, the optical purity of 
lactic acid can lead to the physical properties of the polymer backbone. L-
lactic acid is well known in commercial studies, but there are few studies on 
D-lactic acid production. However, the main problem in the production of D-
lactic acid is still limited (Zhang et al., 2018). Recently, Sporolactobacillus 
terrae SBT-1 isolated from the previous study can also produce high lactic 
acid from a high sugar concentration batch fermentation, in glucose 
cultivation batch at 360 g/L and sucrose cultivation batch at 440 g/L 
(Thitiprasert et al., 2021). Oil palm trunks sap (OPT sap) is an interesting 
substrate to reduce production costs. Approximately every 25 years oil palm 
trees will be felled and then replant due to the decrease in productivity. OPT 
sap is agricultural waste from the recycling of palm trunks. Palm sap nutrition 
consists of 80% water and 10-15% sugar including glucose, fructose, and 
sucrose. For this reason, the extracted oil palm trunks sap represents a high 
potential as a microbial culture medium. Thus, to enhance D-lactic acid 
production, this study used the efficient lactic acid fermentation strain, 
Sporolactobacillus terrae SBT-1, to produce D-lactic acid by using oil palm 
sap sugar composition supplemented with the different sugars as a cost-
effective fermentation medium. This include, including, studying the optimal 
condition of fermentation medium for D-lactic acid production. 
 

MATERIAL AND METHODS 
 
Oil palm trunk sap characterization 

The oil palm trunk sap was sent to characterize the composition 
including vitamin, mineral, and amino acids at ALS Laboratory Group 
(Thailand). The sugar content in the sap was determined by high-performance 
liquid chromatography (HPLC). Before being stored, the sap was autoclaved 
at 121°C for 15 min and stored at 4°C in the cold room. 
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Culture preparation 
Sporolactobacillus terrae SBT-1 was applied in this study. S. terrae 

SBT-1 stock was grown onto a Glucose Yeast Extract Peptone (GYP) agar 
slant (10 g/L of glucose, 5 g/L of yeast extract, 5 g/L of peptone, 0.25 g/L of 
KH2PO4, 0.25 g/L of K2HPO4, 20 g/L of agar, 5g/L of CaCO3 and 10 mL of 
salt solution (40 g/L of MgSO4.5H2O, 2 g/L of MnSO4.5H2O, 2 g/L of 
FeSO4.7H2O and 2 g/L of NaCl), pH 6.8. Then, the preculture was incubated 
at 37°C for 24 h under anaerobic conditions in the W-zip pouch with 
AnaerobicPack-Anaero (Mitsubishi Gas Chemical) inside.  

The preculture was inoculated at 1% (v/v) into 50 mL Glucose Yeast 
(GY) broth (10 g/L of glucose, 15 g/L of yeast extract, 4 g/L of NH4Cl, 0.25 
g/L of KH2PO4, 0.25 g/L of K2HPO4, 5 g/L of CaCO3, and 10 mL of salt 
solution, pH 6.8) in a 250 mL flask plugged by T-type silicone. Then it was 
incubated at 37°C and shaken at 200 rpm for 6 h, under anaerobic conditions. 
 
D-lactic acid fermentation by S. terrae SBT-1 

The preculture broth was inoculated at 50% (v/v) into the fermentation 
medium. The fermentation medium contains oil palm sap mixed sugar 
solution supplement with the different sugar which includes raw sugar, 
sucrose, glucose, and molasses at a concentration of 120 g/L. The 80 g/L of 
CaCO3 was added to each flask for pH control. The fermentation was 
performed at 37°C,150 rpm for 48 hours under the anaerobic condition. Then 
the sample was collected to assay cell density at OD600 by spectrophotometer 
and the product concentration was determined by HPLC. 
 
HPLC analysis preparation 

Lactic acid, total sugar, and the optical purity of D-lactate were 
determined by HPLC. The collected sample was acidified by using 1M HCl 
and diluted with double-distilled water (DDI) before being analyzed. The 
sample was automatically injected into the column, and the system (LC-20AT, 
Shimadzu Co. Ltd., Japan) was equipped with an Aminex HPX-87H column 
at 45°C (Aminex HPX-87H ion exclusion organic acid column; 300 mm × 7.8 
mm) and a refractive index detector (RID-20A) by using 0.005 M H2SO4 as a 
mobile phase. Moreover, the sample was determined for optical purity by 
being injected into the chiral column (Sumipack, Sumichiral OA5000) the 
system was maintained at 40°C by using 1 mM CuSO4 as a mobile phase. 
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RESULTS  
 

The composition in OPT sap analyzed by ALS Laboratory Group 
(Thailand) was shown in Table 1. The total amino acid was 0.665 g/L, the total 
vitamin was 0.001 g/L, the total mineral was 0.891 g/L, and the total sugar 
was 55.370 g/L. The result indicated that OPT sap had a high potential to be a 
substrate for lactic acid fermentation owing to the high content. Moreover, 
Kosugi et al. (2010) also used the OPT sap for lactic acid production, they 
applied Lactobacillus lactis ATCC19435 as a lactic acid producing strain, and 
the result shows that sugar content in the palm sap gives almost the same 
efficiency as a fermentation medium that uses glucose as a substrate (Kosugi 
et al., 2010). Even though, the total amino acid, total vitamin, and total metal 
content in this study were very low, this did not affect the fermentation. In the 
case of the situation where OPT sap was not provided, the OPT sap model 
solution was applied for this study. 
 
Table 1. The compositions in OPT sap 
 

Compositions Concentration (g/L) 
Total amino acid 0.665 
Total vitamin 0.001 
Total mineral 0.819 
Total sugar (sucrose, glucose, fructose) 55.370 

 
 The fermentation kinetics of S. terrae SBT-1 in OPT sap model 
solution supplemented with raw sugar, sucrose, glucose, and molasses at a 
concentration of 120 g/L medium, the highest lactic acid concentration was 
102.25 g/L, 103.75 g/L, 99.70 g/L, and 88.37 g/L with a yield of 0.86 g/g, 0.82 
g/g, 0.88 g/g, and 0.89 g/g respectively (Table 2). From batch fermentation of 
OPT sap sugar solution supplement with raw sugar and sucrose, the 
fermentation was completed at 30 h with no residual sugar (Figure 1 and 
Figure 2). The fermentation time was decreased to 24 h with no residual sugar 
when the fermentation medium was OPT sap model solution supplemented 
with glucose (Figure 3). Nonetheless, when S. terrae SBT-1 fermented the 
OPT sap sugar solution supplemented with molasses medium, the 
fermentation time was increased to 36 h with the presence of residual sugar at 
14.76 g/L (Figure 4). The productivity from the OPT sap sugar solution 
supplemented with raw sugar, sucrose, glucose, and molasses were 3.41 g/L·h, 
3.46 g/L·h, 4.15 g/L·h, and 2.45 g/L·h respectively (Table 2). The productivity 
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from batch fermentation of OPT sap sugar solution supplemented with glucose 
was significantly higher than all conditions. The optical purity of D-lactic acid 
obtained from batch fermentation of OPT sap model solution supplemented 
with raw sugar, sucrose, glucose, and molasses was 99.20%, 96.89%, 98.13%, 
and 99.13%, respectively (Table 2). 
 

 
 
Figure 1.  The fermentation profile of S. terrae SBT-1 in OPT sap sugar 

solution supplemented with raw sugar at a concentration of 120 
g/L. 

 

 
 
Figure 2. The fermentation profile of S. terrae SBT-1 in OPT sap sugar 

solution supplemented with sucrose at a concentration of 120 g/L. 
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Figure 3.  The fermentation profile of S. terrae SBT-1 in OPT sap sugar 

solution supplemented with glucose at a concentration of 120 g/L. 
 

 
Figure 4.  The fermentation profile of S. terrae SBT-1 in OPT sap sugar 

solution supplemented with molasses at a concentration of 120 
g/L. 

 
Table 2.  The fermentation kinetics of S. terrae SBT-1at the end of 

fermentation time in OPT sap sugar solution supplemented with 
raw sugar, sucrose, glucose, and molasses. 

 
Kinetics Raw sugar Sucrose Glucose Molasses 

Lactic acid (g/L) 102.25±2.35 103.75±0.05 99.70±0.30 88.37±1.05 
OD 600 19.83±0.27 20.58±0.02 21.68±0.02 22.22±0.33 
Yield (g/g) 0.86±0.02 0.82±0.00 0.88±0.00 0.89±0.02 
Productivity 3.41±0.08 3.46±0.00 4.15±0.01 2.45±0.03 
Residual sugar (g/L) 0.00±0.00 0.00±0.00 0.00±0.00 14.76±2.40 
Optical purity (%ee) 99.20±0.31 96.89±0.84 98.13±0.45 99.13±0.01 
Fermentation 
time(h) 30 30 24 36 
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DISCUSSION 
 

 The kinetics from D-lactic acid fermentation by using OPT sap model 
solution supplemented with 4 different sugar as a substrate, and using S. terrae 
SBT-1 as a lactic acid producing strain, the production yield from each 
condition was almost the same. OPT sap model solution supplemented with 
glucose medium provided the significantly highest productivity at 4.15 g/L·h. 
This indicated that glucose was the preferable sugar for lactic acid 
fermentation by S. terrae SBT-1. According to Wang et al. (2015), they 
reported that glucose was a practical sugar as a substrate to obtain a high 
potential for many lactic acid fermentation. However, the productivity 
obtained from the OPT sap sugar solution supplemented with molasses was 
the lowest. For this reason, even molasse was a cheap raw material but also 
contains an inhibitor that affects cell metabolization (Xu and xu, 2014). The 
result from sucrose and raw sugar was also interesting. Raw sugar price was 
lower than sucrose or refined sugar or glucose according to the report by the 
Office of the Cane and Sugar Board, Thailand. To optimize the lactic acid 
fermentation and reduce the production cost in this platform, raw sugar was a 
considerable material, that raw sugar was a cost-effective substrate that still 
provides a high lactic acid yield and productivity. S. terrae SBT-1 was an 
efficient D-lactic acid-producing strain. Thitiprasert et al. (2021), reported that 
S. terrae SBT-1 can produce high lactic acid yield by utilizing a high 
concentration of sugar in the medium. This is because of the sugar uptake 
pathway in S. terrae SBT-1, they are phosphoenolpyruvate-dependent 
phosphotransferase system (PTS) associated which was help bacteria utilize 
different sugar in the environment (Thitiprasert et al., 2021). 
 

CONCLUSION 
 

OPT sap was a raw material that has the potential for lactic acid 
fermentation by S. terrae SBT-1. According to the fermentable sugar content 
and no inhibitor affection, the result shows that OPT sap which was a waste 
can gain more value by applied in the fermentation process. To enhance lactic 
acid production, the fermentation by using OPT sap supplemented with sugar 
at a concentration of 120 g/L, fermented by S. terrae SBT-1 was successful. 
Moreover, the S. terrae SBT-1 was an effective lactic acid-producing strain 
that provided high lactic acid production from batch fermentation by adding 
raw sugar, sucrose, glucose, and molasses. Consequently, lactic acid 
fermentation from OPT sap supplemented with sugar medium by S. terrae 
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SBT-1 was a productive platform. For future work, this fermentation was 
beneficial for development on an industrial scale. 
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ABSTRACT 
 

Thermotolerant acetic acid bacteria possess the potential ability to 
produce acetic acid at wider ranges of temperature, which is superior to 
mesophilic strains. In addition, tolerance to higher ethanol concentrations is 
also important for acetic acid production in vinegar fermentation. A 
thermotolerant Acetobacter pasteurianus WS2-16 was isolated with an ability 
to grow at 38ºC, at which growth and acid production by mesophilic strains 
are inhibited. In this study, thermotolerance or ethanol tolerance of A. 
pasteurianus WS2-16 was improved to temperatures higher than 38ºC or to 
ethanol concentrations higher than 4%v/v. For thermo-adaptation, the original 
strain was repeatedly grown in a medium containing 4%v/v ethanol and the 
temperature was shifted up for 1ºC for the next generation when no growth 
delay was observed. The ethanol-adaptation was carried out at 38ºC in the 
medium containing ethanol concentration shifted from 4%v/v to higher 
concentrations for the next generation when no growth delay was observed. 
The results showed that the thermo-adapted strain of A. pasteurianus WS2-16 
could grow up to 40°C in the medium with 4%v/v ethanol, while the ethanol-
adapted strain could grow at 38°C with ethanol concentration up to 6%v/v. 
Growth on agar plates was observed in the medium without ethanol at 42°C. 
The two adapted strains showed improved growth and acid production 
compared to the original strain. These adapted strains are promising strains 
that can be used for vinegar fermentation at higher temperature or higher 
ethanol concentration. 
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INTRODUCTION 
 

Acetic acid bacteria (AAB) are groups of Gram-negative bacteria that 
oxidize ethanol to produce acetic acid during the so-called “oxidative 
fermentation” process (Raspor and Goranovic, 2008). AAB have important 
roles in food and beverage production, as well as in the bioproduction of 
several industrial chemicals used in wide ranges of applications. AAB are 
obligate aerobes that produce acetic acid from ethanol and widely inhabit in 
sugary or acidic substances in nature and sometimes they are found as the 
spoilers in alcoholic beverages (Mamlouk and Gullo, 2013; Sengun and 
Karabiyikli 2011). AAB produces acetic acid by 2 sequential enzyme 
reactions in periplasm. A membrane-bound aldehyde dehydrogenase (ALDH) 
oxidizes ethanol yielding acetaldehyde as the product. Then, acetaldehyde is 
oxidized to acetic acid by a membrane-bound alcohol dehydrogenase (ADH). 
Acetic acid will accumulate in the culture medium and some acetic acid 
bacteria can utilize acetic acid as a carbon source (Matsushita et al., 1994). 

AAB have been used in vinegar production for hundreds of years, 
however, the strains used in the production are mesophilic strains. There is 
usually neither growth nor acetic acid production at temperatures over 34°C 
(Saichana et al., 2015). Use of mesophilic AAB for vinegar production usually 
requires constant temperature control at around 30°C for the growth and 
production, which increases the production cost in the industrial level. On the 
other hand, thermotolerant AAB have been isolated with the ability to grow 
and produce acetic acid at 37°C. They can grow and produce acetic acid at a 
wide range of temperatures from 30-37°C. With this characteristic, vinegar 
fermentation using thermotolerant AAB gives an advantage of more flexibility 
that diminishes the need of temperature control during fermentation. In this 
study, Acetobacter pasteurianus WS2-16 was isolated from Northeastern 
Thailand. This strain can grow well and produce acetic acid at 38ºC, at which 
growth and acid production by mesophilic strains are inhibited. Growth and 
acetic acid production at higher temperatures were decreased. Thus, 
improvement for A. pasteurianus WS2-16 to grow and produce acetic acid 
without regard for temperature control has become a challenge. 

Some AAB possess high mutability during growth at certain 
conditions due to temporal acclimation or heritable adaptation (Azuma et al., 
2009; Deeraksa et al., 2005). Azuma et al. (2009) reported that A. pasteurianus 
NBRC3283 could be adapted to become a thermotolerant strain by repeated 



 
The 34th Annual Meeting of the Thai Society for Biotechnology and International 
Conference “Sustainable Bioeconomy : Challenge and Opportunities”  

  
 
 

 November 24–25, 2022, Ambassador Hotel Bangkok, Thailand 215 
 
 

cultivation at unviable high temperature. The adapted strain was obtained as a 
thermotolerant A. pasteurianus NBRC3283-01, which was able to grow at 
42°C. This thermotolerant strain was found to be stable after several passages 
at 30°C, suggesting that the adapted strain had acquired some mutations in the 
genome that help in survival at high temperature. Hattori et al. (2012) have 
also demonstrated that a thermotolerant L-sorbose producer, Gluconobacter 
frateurii CHM43, could be adapted to obtain the thermoadapted strain called 
CHM43AD, which grew and produced L-sorbose at higher temperatures than 
its original strain. Thermotolerant A. pasteurianus SKU1108 is known to be 
an acetic acid producer that accumulates high amounts of acetic acid at high 
temperatures was successfully adapted to be TI and TH-3 strains that grew at 
39 and 40°C, respectively (Matsutani et al., 2013). 

As reported in the studies by Azuma et al. (2009), Hattori et al. (2012), 
and Matsutani et al. (2013), improvement of strains could be achieved by 
adaptation process, of which AAB were grown in heat stress condition for 
several generations until the growth improvement was acquired. In this study, 
A. pasteurianus WS2-16 newly isolated from Northeastern Thailand was 
adapted to higher temperatures or ethanol concentrations to improve the 
growth and acetic acid production that is to be more suitable for industrial 
vinegar fermentation. 
 

MATERIAL AND METHODS 
 
Bacterial strain and growth conditions 

Thermotolerant A. pasteurianus WS2-16 was maintained on Potato 
agar slant (2%w/v glycerol; 0.5%w/v glucose; 1%w/v yeast extract; 1%w/v 
peptone; and 10%v/v potato extract) supplemented with 0.5%w/v CaCO3. 
Seed culture was prepared in Potato medium (2%w/v glycerol; 0.5%w/v 
glucose; 1%w/v yeast extract; 1%w/v peptone; and 10%v/v potato extract) at 
37°C with shaking of 200 rpm for 24 hours. Production of acetic acid was 
carried out with YPGDE medium (0.3%w/v yeast extract; 0.3%w/v peptone; 
1%w/v glycerol; 1%w/v dextrose; 4%v/v ethanol) and incubated at 200 rpm. 
Growth was measured by measurement of the optical density at 600 nm 
(OD600nm) with a spectrophotometer. 
 
Identification of Acetobacter sp. 

Identification of Acetobacter sp. 2-16 was carried out by comparison 
of the partial DNA sequence of 16s rRNA gene using the Basic Local 
Alignment Search Tool (BLAST) on the NCBI database engine. Gene for 16s 
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rRNA was amplified using the universal primers for bacteria, 27F (5’-
AGAGTTTGATCCTGGCTCAG-3’) and 1492R (5’- GGTTACCTTGTTAC 
GACTT-3’) primers.  
 
Adaptation to higher temperatures or higher ethanol concentrations 

Seed culture of 5%v/v of A. pasteurianus WS2-16 was seeded into a 
100-ml fresh YPGDE medium (4%w/v ethanol) and the adaptation was started 
by incubation of the culture at 38°C with shaking of 200 rpm. Growth and acid 
production were monitored during the adaptation. The grown culture was used 
as a seed culture for the next generation when the growth reached early 
stationary phase. The bacterial strain was repeatedly grown in the medium for 
generations until no lag phase was observed. For adaptation to higher 
temperature, once there is no lag phase observed, the growth temperature for 
the next generations was shifted for 1°C for the next generations. In case of 
the adaptation to higher ethanol concentrations, the ethanol concentration was 
shifted from 4%v/v to higher concentrations. These processes were repeated 
for several generations until no growth improvement could be obtained. The 
thermos-adapted culture was then spread on YPGDE plate and incubated at 
the final temperature for 2-3 days. For the ethanol-adapted culture, plates with 
the final ethanol concentration were used for selection of the large colonies 
after spreading from the final ethanol-adapted culture. The large colonies that 
appeared on the plates were then selected and tested for growth at higher 
temperatures or ethanol concentrations. 

  
Measurement of total acid 

Samples were collected every 24 hours and 1 ml of samples was used 
for titration with NaOH. Acid (presumably as acetic acid) produced by A. 
pasteurianus WS2-16 was titrated with a standard 1 M NaOH using 0.1% 
phenolphthalein as the indicator. Concentration of acetic acid produced by the 
fermentation was calculated into %w/v. 
 
Comparison of growth and acid production 
 Growth and acid production of the selected thermos-adapted and 
ethanol-adapted strains were compared with that of the original strain by 
growing at higher temperature or higher ethanol concentrations. Seed cultures 
of all strains were prepared in Potato medium (2%w/v glycerol; 0.5%w/v 
glucose; 1%w/v yeast extract; 1%w/v peptone; and 10%v/v potato extract) at 
37°C with shaking of 200 rpm for 24 hours. Seed culture of 5%v/v of all 
strains were seeded into fresh YPGDE medium (4%v/v ethanol) and then 
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incubated at 40°C for the comparison of growth and acid production between 
the original and the thermos-adapted strains. In the case of comparison 
between the original and ethanol-adapted strains, the growth was studied in 
YPGDE (6%v/v ethanol) at 38°C. 
 

RESULTS  
 
Identification of the thermotolerant Acetobacter sp.  
 An isolate of acetic acid bacteria, namely coded as AAB-2-16, 
preliminarily classified as Acetobacter sp. 2-16 was isolated from fruit in 
Northeastern Thailand with the ability to grow and produce acetic acid at 
38°C. This property is of interest as many of isolated thermotolerant 
Acetobacter sp. grew well at 37°C. Optimum temperature for growth for both 
mesophilic and thermotolerant strains is around 30°C, however, the 
thermotolerant strains expanded their growth temperature up to 37°C or more.  
Growth and acetic acid production was impossible for mesophilic strains at 
temperatures over 34°C (Saichana et al., 2015). To identify the species, DNA 
sequencing of the 16S rRNA gene was carried out and it was revealed that the 
partial DNA sequence of 16s rRNA gene of Acetobacter sp. 2-16 showed 
highest identity of 95.76% to Acetobacter pasteurianus strain BCC6290 
(Accession No. AB906396.1), Acetobacter pasteurianus strain AAB-51 
(Accession No. MW928432.1), and Acetobacter pasteurianus strain bh-12 
(Accession No. FJ227313.1) in the BLAST search tool. Thus, the Acetobacter 
sp. 2-16 was named Acetobacter pasteurianus WS2-16, of which “WS” was 
to honor the person who isolated the strain and 2-16 was the code name of the 
isolate in the collection.  
 
Thermo-adapted strain of A. pasteurianus WS2-16  

Adaptation of A. pasteurianus WS2-16 to higher temperatures was 
achieved after 22 generations of repeated growing in YPGDE (4%v/v ethanol) 
at the temperature starting from 38°C to 40°C. Improvement of growth was 
clearly observed after the bacterium was grown at the stressing temperature 
for some generations. Acid production was also observed to be improved 
which is consistent with the growth. However, there is no better growth that 
could be obtained at the temperature higher than 40°C, suggesting the 
limitation of A. pasteurianus WS2-16 to adapt to higher temperatures (Figure 
1a and 1b).  

Figure 1a and 1b showed the growth and acid production of the 22 
generations during the adaptation of A. pasteurianus WS2-16 to higher 
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temperatures. Generation 1 and 2 was grown at 38°C and then the temperature 
was shifted to 39°C from generation 3 to 18. The last 4 generations starting 
from Day 80 until the end were grown at 40°C. At the beginning of changing 
growth temperature to 40°C, the long lag phase was observed for 4 days. 
However, the growth became normal in the next generations. Acid production 
at 40°C was found to be lower suggesting that the growth temperature has 
become a burden for the bacterium.  
 

 
 
Figure 1. Growth and acid production during adaptation of A. 

pasteurianus WS2-16 to higher temperatures. The growth 
temperature started from 38°C at Day 0 and reached  40°C at 
around Day 80 and ended around Day 100. (A) Growth; (B) 
Acidity. Lines with different colors and overlapping represent 
each generation during the adaptation. The earlier generation 
was used as seed culture for the next generation. 

 
Ethanol-adapted strain of A. pasteurianus WS2-16  

Adaptation of A. pasteurianus WS2-16 to higher ethanol 
concentrations was achieved after 28 generations of repeated growing at 38°C 
with YPGDE medium having ethanol concentration starting from 4%v/v to 
6%v/v (Figure 2a and 2b). The concentration of ethanol was kept to 4%v/v 
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from the 1st generation to 9th generation due to the period of lag phase was 
observed. The ethanol concentration was shifted to 5%v/v from 10th 
generation to 20th generation. At 4-5%v/v ethanol concentration in the 1st to 
20th generations, the growth took 4-6 days to reach around 0.7, which is the 
mid-log phase. Growth was found to be improved in the 21st to 28th generation 
where the ethanol concentration was 6%v/v. The growth reached 0.7 within 
3-4 days (Figure 2a). Although growth in 4-6%v/v ethanol were not very 
different, the acid production was found to progress in an increasing trend 
upon increase of the ethanol concentration (Figure 2b). 
 

 
 
Figure 2. Growth during adaptation of A. pasteurianus WS2-16 to higher 

ethanol  concentrations. The growth temperature was constant 
at 38°C from the 1st to 28th generation. Ethanol concentration 
was 4%v/v from 1st to 9th generation; 5%v/v from 10th to 20th 
generation; 6%v/v from 21st to 28th generation. (A) Growth; 
(B) Acidity. Lines with different colors and overlapping 
represent each generation during the adaptation. The earlier 
generation was used as seed culture for the next generation. 
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Improvement of growth and acid production  
Growth and acid production of the adapted strains of A. pasteurianus 

WS2-16 were compared with that of the original strain that grew optimally at 
temperatures ranged from 30-38°C. The temperatures higher than 38°C were 
found to suppress growth and acid production. The thermo-adapted strain was 
grown at 40°C with YPGDE medium containing 4%v/v ethanol and compared 
with the original strain (Figure 3a). The growth of the thermo-adapted strain 
was better than that of the original strain at this temperature. The original 
strain stopped growing after 5 days of incubation while the thermo-adapted 
strain grew to higher cell yield until the end of cultivation. The acid production 
of the thermo-adapted strain was also better than that of the original strain and 
reached around 4.5%w/v at the end of the cultivation period (7 days). Growth 
of the thermo-adapted strain on YPGD plates without ethanol was observed at 
42°C, at which the original strain was completely inhibited (data not shown). 
On the other hand, the ethanol-adapted strain also exhibited a better growth 
and acid production in the YPGDE medium containing 6%v/v ethanol 
compared to the original strain (Figure 3b). Growth and acid production of the 
original strain stopped after 5 days of cultivation. The acid production in 
ethanol-adapted strains reached around 5%w/v at the end of the cultivation (7 
days). 
 

 
 
Figure 3a. Comparison of growth and acid production between the 

original strain and the thermo-adapted strain in YPGDE 
(4%v/v ethanol) at 40°C. Left: growth and right: acidity. 
Symbols: rectangular with thick line: original strain; diamond 
with broken line: thermo-adapted strain. Plot was created with 
the average data of 2 independent experiments. 
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Figure 3b. Comparison of growth and acid production between the 
original strain and the ethanol-adapted strain in YPGDE 
(6%v/v ethanol) at 38°C. Left: growth and right: acidity. 
Symbols: rectangular with thick line: original strain; diamond 
with broken line: thermo-adapted strain. Plot was created with 
the average data of 2 independent experiments. 

 
DISCUSSION 

 
A thermotolerant A. pasteurianus WS2-16 was successfully adapted to 

grow and produce acid at 40°C with 4%v/v ethanol or 38°C with 6%v/v 
ethanol, at which the original strain showed lower growth and acid production. 
The tolerance to higher temperatures is important for industrial application as 
the adapted strains have acquired the ability to grow in extended ranges of 
temperature that would require less or without control of the temperature 
during the fermentation. This property will lead to less consumption of energy 
and reduce the production cost. The tolerance to ethanol is also important as 
the starting ethanol concentration determines the final concentration of acetic 
acid. The improved tolerance to ethanol will result in higher acetic acid as the 
product. We have shown that forcing of A. pasteurianus WS2-16 to adapt to 
stressors could be accomplished with repeated and continuous cultivation at 
high temperature and acetic acid fermentation conditions. All thermotolerant 
strains isolated so far exhibited optimal growth in wide range from 30 to 37°C. 
Several attempts have been made to improve growth of acetic acid bacteria at 
higher temperatures. Adaptation was described in the study by Azuma et al. 
(2009). A. pasteurianus NBRC3283 could be adapted to become a 
thermotolerant strain by repeated cultivation at unviable high temperature. 
This approach was then used as a mean to improve acetic acid bacteria. In 
2013, a thermotolerant acetic acid producer strain, A. pasteurianus SKU1108, 
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known for its ability to produce acetic acid at 37°C, was adapted to be TI and 
TH-3 that grew and produced acetic acid at 39°C and 40°C, respectively. Both 
adapted strains produced acetic acid of around 3.5 %w/v (Matsutani et al., 
2013). The adapted strain called TI strain was obtained from an improvement 
of A. pasteurianus SKU1108 by repeated cultivation at 39 °C for 1150 hours 
(11 passages to new medium). Moreover, an adapted strain called TH-3 was 
generated by stepwise adaptation to higher temperature using a repeated 
cultivation from 38.5 to 40 °C until the growth delay was not observed. TI and 
TH-3 strains exhibited improved growth characteristics as they grew normally 
at 39 °C and 40 °C both under fermenting (with ethanol) and non-fermenting 
(without ethanol) conditions (Matsutani et al., 2013). Original strain of A. 
pasteurianus WS2-16 exhibited a healthy growth at temperature up to 38°C, 
of which other known thermotolerant strains previously isolated could grow 
optimally at temperature up to 37°C. The ability to grow and produce acetic 
acid was improved at 40°C in acetic acid fermentation conditions and 
tolerance to ethanol was improved to 6%v/v, which yielded acetic acid of 
5%w/v. Compared to the adapted strains generated in this study, the acid 
production by both TI and TH-3 were lower than that of the production by 
both adapted strains of A. pasteurianus WS2-16. When ethanol was excluded 
from the medium, growth of the thermo-adapted strain was observed at 42°C, 
suggesting that ethanol was a stressor in the medium. Matsumoto et al. (2020) 
carried out a thermal adaptation of A. pasteurianus IFO 3283–32, which 
normally grows at 37 ºC, under acetic acid fermentation conditions using an 
experimental evolution approach at temperature up to 40ºC. The adapted strain 
exhibited an increased growth and acetic acid fermentation ability at high 
temperatures, however, with the trade-off response of the opposite phenotype 
at low temperatures. Comparative genome and PCR analysis revealed that 
most of the mutation sites in the adapted strains of A. pasteurianus IFO 3283–
32 were related to replication and translation. The decreased replication and 
translation ability of the adapted strains may result in decreased cell growth 
but also energy saving, which may lead to an increased survival ability under 
stress conditions, such as high temperature and the presence of acetic acid 
(Matsumoto et al., 2020). More recently, A. pasteurianus K-1034 originally 
capable of performing acetic acid fermentation in rice moromi was thermally 
adapted by experimental evolution using a "pseudo" rice moromi culture. The 
adapted strains thus obtained were confirmed to grow well in the medium in 
flask culture up to 40°C (Matsumoto et al., 2021), which confirmed that the 
adaptation process could be a tool for improvement of acetic acid bacterial 
strains. As described above, several studies have indicated that the limitation 
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for growth and acid production for Acetobacter sp. is at the temperature at 
40°C. As for our study, we also found that the growth improvement was 
impossible to achieve when the temperature was shifted to 41°C in the acetic 
acid fermentation conditions. This result has suggested that in conditions with 
high temperature and another stressor (ethanol in this case), the bacteria could 
not adapt to survive in such stressful conditions.   Although the adapted strains 
generated in this study are promising as candidates for industrial applications, 
the stability of the adapted strains is another factor that should be further 
investigated. 
 

CONCLUSION 
 

In conclusion, this study has demonstrated that adaptation of A. 
pasteurianus WS2-16 could be achieved by repeated cultivation at the 
temperature and ethanol concentration more than the bacterial optimal levels 
of temperature or ethanol for normal growth. The adapted strains obtained in 
this study exhibited better growth and acid production compared to their 
original strain. The improved properties of the adapted strains are essential for 
further development and applicable for industrial usages.  
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ABSTRACT 
 

This research aimed to formulate a cheaper culture medium to replace 
for MRS for lactic-acid-bacteria (LAB) cultivation. MRS was modified by 
using sweetpotatoes as the main component. Sweetpotato media (SPM) were 
formed with extract from baked orange-fleshed sweetpotatoes with 
elimination of magnesium sulfate and replacement of all nitrogen sources with 
only yeast extract. Five different SPM were formed. MRS broth was used as 
a control medium. Two lactobacilli, Lactobacillus brevis and Lactobacillus 
plantarum containing an average of 5.55 ± 0.09 log CFU/mL were inoculated 
individually into batches of MRS and five different SPM. They were 
cultivated at 180 rpm, 37°C for 24 hours. The growth patterns for both 
Lactobacillus strains growing in SPM4 was found to be comparable to that in 
MRS. The average final population at 24 h of incubation in MRS, SPM1, 
SPM2, SPM3, SPM4 and SPM5 reached 8.77±0.08, 8.37±0.10, 7.95±0.16, 
7.94±0.14, 8.51±0.10, 7.86±0.18 log CFU/mL, respectively for L. brevis and 
8.27±0.08, 8.35±0.04, 8.59±0.04, 8.31±0.07, 8.70±0.04, 8.43±0.10 log 
CFU/mL, respectively for L. plantarum. SPM2, SPM4 and SPM5 had 0.12-
0.27 higher % titrable acidity (TA) than MRS when they were cultivated with 
L. plantarum, but all of SPM had 0.3–1.2 lower %TA values than MRS when 
they were cultivated with L. brevis. Based on the prices of these two media, 
SPM seem to be less than a half compared to the cost of MRS. SPM could be 
further developed as an alternative culture medium for LAB cultivation. 

 
Keywords: Lactobacillus brevis, Lactobacillus plantarum, MRS medium, 
Orange-fleshed sweet potatoes. 
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INTRODUCTION 
 

de Man, Rogosa and Sharpe (MRS) medium is generally used for the 
cultivation of lactic acid bacteria (LAB). It is developed primarily for the 
cultivation of lactobacilli as a substitute for tomato juice agar (De Man et al., 
1960). The main nitrogen source in MRS agar is composed of tryptic digest 
of casein, beef extract and yeast extract. These nitrogen sources are relatively 
expensive and may be the main contributors to the high cost of MRS. This 
limits the use of this medium to quality control, laboratory analysis, research 
studies, and academic purposes. Many scientists are searching for low-cost 
products that can replace expensive ingredients and support the growth and 
cell mass production of LAB (Hayek et al., 2019). Shiphrah et al. (2013) had 
reported the use of whey water for prolonged lactic acid production by 
Lactobacillus strains. Hayek et al. (2013) developed a sweetpotato-based 
medium (SPM) supplemented with different nitrogen sources. Their results 
indicated that SPM can be a suitable medium for the growth of Lactobacillus 
and is also a lower cost alternative to MRS. Kasuga et al. (2017) succeeded in 
cultivating Lactobacillus gasseri in MRS-based food-grade medium without 
manganese sulfate for bacteriocin production. The nitrogen source of this 
medium was only yeast extract. Other alternative low-cost ingredients have 
been reviewed by Hayek et al. (2019). 

Sweetpotato (Ipomoea batatas (L.) Lam.) is considered as fifth 
essential crop (fresh weight basis) after rice, wheat, maize, and sorghum 
(Ndolo et al., 2007; Neela and Fanta, 2019). It is rich in many nutrients, such 
as carbohydrates (mainly starch and sugars), certain amino acids, vitamins 
(vitamin A, vitamin C, thiamin, riboflavin, niacin, and vitamin E), minerals 
(calcium, iron, magnesium, phosphorus, potassium, sodium, and zinc), and 
nondigestible dietary fiber. Orange-fleshed sweetpotatoes (OFSP) are 
excellent sources of vitamin A and their protein content is in the range of 
1.91%–5.83% (Stathers et al., 2013; Mohammad et al., 2016; Neela and Fanta, 
2019). Since the growth of Lactobacillus strains requires carbohydrates, 
amino acids, vitamins, and minerals, sweetpotatoes may form a significant 
portion of the Lactobacillus media to lower the cost (Hayek et al., 2013).  

The SPM developed by Hayek et al. (2013) contains various nitrogen 
sources, that is proteose peptone #3, yeast extract and beef extract. In this 
study, the SPM have been developed by elimination of magnesium sulfate and 
replacement of all nitrogen sources to only yeast extract. Then, two 
lactobacilli, Lactobacilus brevis and Lactobacillus plantarum were cultivated 
to investigate their growth and lactic acid production. 
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MATERIAL AND METHODS 
 
Bacterial culture activation and preparation 

Two lactobacilli, Lactobacillus brevis, from Department Culture 
Collection, and Lactobacillus plantarum, obtained from Dr. Sukanya 
Phuengjayaem, were chosen for this study. These strains were activated in 
MRS broth and incubated at 37 C for 48 h. The activated strains were then 
stored at 4 C. Prior to each experiment, individual bacterial strains were 
streaked onto MRS agar and incubated for 48 h at 37 C. One isolated colony 
was transferred to 10 mL of sterile MRS broth and incubated for 24 h at 37 
C. Typical bacterial growth with turbidity of 0.6 of an optical density at 600 
nm was used as an inoculum. 

 
Sweetpotato medium preparation 

This was modified from Hayek et al. (2013). Orange-fleshed 
sweetpotatoes were obtained from a local market in Bangkok. For each 
experiment, 300 g of fresh sweetpotato was used to form 400 mL of 
sweetpotato medium (SPM). Fresh sweetpotato was baked in a conventional 

oven at 180 C for 3 h. The sweetpotatoes were then peeled and blended in a 
kitchen blender with distilled water (DW) at a ratio of 2: 1 DW (mL) to 
sweetpotato (g). This solution was centrifuged at 7,800 rpm for 10 min. The 
supernatant was collected to form sweetpotato extract (SPE). Two batch of 
SPE (200 mL each) were mixed separately with group of ingredients (Table 
1) to form SPM1, SPM2, SPM3, SPM4 and SPM5. MRS broth was also 
prepared by dissolving the ingredients as shown in Table 1 in 1 L distilled 
water and used as a control medium. Prepared media were sterilized at 121 C 
for 15 min, cooled down to room temperature, and then stored at 4 C for use 
within 24 h. All experiments were carried out in duplicate. 
 
Analytical procedure 

Growth assay. 1 mL of inoculum was added to 200 mL medium in 
each flask and the cultures were shaken at 180 rpm, 37 C for 24 h. Bacterial 
populations were monitored by plating appropriate dilutions prepared in 
sterile normal saline solution onto MRS agar. The plates were incubated at 37 
C for 48 h. Plates having 25–250 colonies were counted to calculate bacterial 
populations.  



 

 
The 34th Annual Meeting of the Thai Society for Biotechnology and International 

Conference “Sustainable Bioeconomy : Challenge and Opportunities” 

 
 

228 November 24–25, 2022, Ambassador Hotel Bangkok, Thailand 
 
 

Titratable acidity (TA) values were determined by titration with 0.1 N 
NaOH using phenolphthalein as indicator (AOAC, 2000). The % titrable 
acidity was calculated according to the equation below. 

 

% TA   =    
N (NaOH) x V (NaOH) x MW. (Lactic acid)

sample vol. x 1000
 x 100 

 
Each assay was carried out in triplicate. 
 
Table 1. Composition of 1 L of media 
 

Component Supplier Components (g/L) 
SPM1 SPM2 SPM3 SPM4 SPM5 MRS 

Glucose Kemsus 0 10 10 0 0 20 
Peptone Himedia 0 0 0 0 0 10 
Beef extract Himedia 0 0 0 0 0 10 
Yeast extract Himedia 5 5 5 10 10 5 
Sodium acetate  Fisher 

chemical 
5 5 5 5 5 5 

Tween 80 (mL) Qrec 1 1 1 1 0 1 
Dipotassium 
phosphate 

Fisher 
chemical 

2 2 2 2 2 2 

Ammonium 
citrate 

Loba 
chemie 

2 2 2 2 2 2 

Magnesium 
sulphate 

Kemsus 0 0 0.1 0 0 0.1 

Manganese 
sulfate 

KemAus 0.05 0.05 0.05 0.05 0.05 0.05 

 

RESULTS 
 

Growth of Lactobacillus strains 
  Five different SPMs were developed with varying concentration of 

glucose, yeast extract, tween 80 and magnesium sulphate, using SPE as the 
basic component (Table 1) to investigate the suitability of sweetpotatoes as a 
basic component for Lactobacillus cultivation. Orange-fleshed sweet-potato 
contain 75.61% moisture content, 1.44% protein, 0.12% fat, 21.97% 
carbohydrate, 3.15% reducing sugar, 6.73% total sugar, 4.63% starch in 
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addition to several vitamins and minerals (Boonyaputtipong, 2004). Figure 1 
shows the growth of Lactobacillus strains during 24 h of incubation at 37 C. 
Two Lactobacillus strains containing an average of 5.55 ± 0.09 log CFU/mL 
were inoculated individually into batches of MRS and five different SPM 
media.  

Growth profiles of L. brevis in SPM1 and SPM4 were nearly the same. 
The population of L. brevis in SPM1 and SPM4 was 0.4 and 0.26 log CFU/mL 
less than in MRS, respectively. The growth pattern in SPM3 and SPM5 was 
similar and was about one order of magnitude less than in MRS. In SPM2, the 
growth of L. brevis was the same as SPM1 and SPM4 for the first 12 h, but it 
was lower at 24 h. On the other hand, the growth of L. plantarum in all SPM, 
except SPM5 was 0.04 to 0.43 log CFU/mL higher than in MRS. SPM4 seem 
to be suitable for both lactobacillus strains and gave high growth rate 
comparable to MRS. 
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Figure 1. Growth of Lactobacillus strains in MRS and five sweetpotato 
media over 24 h of incubation.  

 
Acid production 

According to Figure 2, % TA gradually increased throughout 
fermentation period in MRS and all SPM cultivated with both Lactobacillus 
strains, except in SPM2 and SPM3 cultivated with L. brevis which decreased 
after 12 h incubation. MRS showed significantly higher TA values 
(1.88±0.16 %) than all SPMs at 24 h of incubation in L. brevis culture. For L. 
plantarum, SPM2, SPM4 and SPM5 exhibited higher TA values than MRS 
(1.97±0.05, 2.05±0.03, 1.90±0.01, 1.78±0.03% at 24 h, respectively). SPM4 
showed higher TA values than any of the SPMs at 24 h of incubation. It also 
showed higher bacterial population. The TA values seem to be related to the 
bacterial population in all these media. 
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Figure 2. Profiles of titratable acidity values of MRS and five sweet-potato 
media. 

 

DISCUSSION 
 

As shown in Figure 1 and 2, SPM4 gave higher growth and TA value 
than other SPM for both lactobacillus strains. SPM4, containing 40% of the 
amounts of nitrogen sources of MRS and no magnesium sulphate, showed 
similar growth curves (L. brevis) and slightly higher bacterial population (L. 
plantarum) than MRS. This result showed that magnesium sulphate may not 
be necessary in SPM because sweetpotato is high in magnesium. It contains 
18 mg magnesium per 100 g edible portions (Stathers et al., 2013). 
Furthermore, yeast extract may be able to use as single nitrogen source to 
cultivate lactobacillus. They contain partially hydrolyzed protein with 35–
40% of free amino acid and many B vitamins such as B1, B2, B6, niacin, folic 
acid, pantothenic acid and biotin. In addition, there are various minerals and 
trace elements such as potassium, sodium, calcium, magnesium, iron and zinc 
(Tomé, 2021). Kasuga et al. (2017) announced their success in cultivating 
Lactobacillus gasseri in MRS-based food-grade medium, of which all 
nitrogen sources were replaced with only yeast extract. This medium is 
effective for the growth of L. gasseri and bacteriocin production.  

For L. plantarum, SPM2 also gave better growth and higher TA than 
MRS. It contains 20% of the amounts of nitrogen sources and 50% glucose of 
MRS. Glucose may give less effect on L. plantarum than L. brevis. The growth 
and TA value of L. brevis was lower in SPM2 and SPM3 which contains 
glucose.  

Tween 80 (polyoxyethylene sorbitn mono-oleate), a nonionic 
surfactant, can dissolve lipid structure in the cell membrane, thereby 
improving the membrane permeability and promoting the migration of 
nutritive compounds into cells; therefore, they have been supplemented in the 
bacterial medium to promote the growth (Qi et al., 2009). Lack of Tween 80 
slightly affected the growth and acid production of lactobacillus strains. 
Growth and TA values of both lactobacillus in SPM5 was < 0.7 log CFU/mL 
and 0.33 % lower than SPM4. Qi et al. (2009) reported that lactic acid yield 
and dry cell weight of Lactobacillus casei increased by 8% and 29% at 48 h 
in the presence of 0.1% (v/v) Tween 80, respectively, compared with the 
control (without Tween 80). Tween 80 at 0.07% (w/v) was the optimal amount 
for lactic acid production, sugar consumption, and growth of Lactobacillus 
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casei. A higher concentration of Tween 80 (0.5% (w/v)) decreased the lactic 
acid yield and cell concentration by 16% and 41%, respectively. Kasuga et al. 
(2017) reported that the bacteriocin production with high activity of gassericin 
A and gassericin T were maintained even when Tween 80 concentration was 
reduced from 0.1% to 0.02% and 0.075%, respectively.  

According to the current pricing of materials used in this study, 
formulating 1 L of media costs, Thai Baht 52.40, 60.40, 60.61, 66.40, 64.50 
and 137.57 for SPM1, SPM2, SPM3, SPM4, SPM5 and MRS, respectively. 
The price of all SPM was less than 50% of MRS. Furthermore, SPM4 appears 
to be suitable low-cost medium for normal growth of lactobacilli and could be 
used as an alternative to MRS. Sweetpotato can be used as main ingredients 
in lactobacilli media showing the same growth rates as commonly used 
expensive media such as MRS. 
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ABSTRACT 
 

In order to increase the alcohol tolerance capability, we successfully 
engineered Synechocystis sp. PCC 6803 overexpressing shc gene. The shc or 
slr2089 gene encodes squalene-hopene cyclase catalyzing the production of 
hopanoids which helps to improve permeability of cell membranes. Wild type 
(WT) and shc-overexpressing strain were treated by 1.0-5.0% (v/v) 
concentrations of external ethanol. Growth of WT strain was apparently 
decreased by alcohol stress and showed lack of growth by ethanol treatment 
more than 2.0% (v/v) concentration. While the shc-overexpressing strain had 
higher growth than WT under 2.0 % (v/v) ethanol condition with its growth 
rate of 0.064 OD730/day. In addition, the engineered strain could still grow 
under 4.0 % (v/v) ethanol condition with its growth rate of 0.011 OD730/day. 
The increased accumulations of chlorophyll a and carotenoids also occurred 
in shc-overexpressing strain at day 1 of 3.0 and 4.0 %(v/v) ethanol treatments 
when compared to WT and other conditions. Altogether, the native shc gene 
overexpression in Synechocystis sp. PCC 6803 is achieved to increase the 
ability of alcohol tolerance level when compared with wild type. 
  
Keywords: Alcohol tolerance, Hopanoids, Squalene hopene cyclase, 
Synechocystis sp. PCC 6803. 
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INTRODUCTION 
 
 Nowadays, the World’s energy requirements come from natural fossil 
fuels. For over the past few centuries, these energy resources have been used 
and continuously decreased. Among various alternatives, cyanobacteria are 
ones of interesting resources capable of producing the bioenergy compounds, 
alcohols (Srirangan et al., 2012). However, there is a problem during alcohol 
production of cyanobacteria via the high concentration of alcohol products 
that are lethal to those cells (Kämäräinen et al., 2012 and Horinouchi et al., 
2018). One mechanism of cellular tolerant responses relates to membrane 
modification. In particular, squalene-hopene cyclase (encoded by shc gene) is 
a potential of those target genes involved in this response (Tian et al., 2013). 
 Squalene-hopene cyclase or SHC is a membrane-associated protein 
that is able to synthesize cyclic triterpenoids, like hopanoids, which can 
stabilize cell membranes, like sterol (Siedenburg & Jendrossek, 2011 and 
Belin et al., 2018). SHC has a high similarity to OSC (oxidosqualene cyclase) 
that can synthesize tetracyclic sterols in eukaryotes (Frickey & Kannenberg, 
2009). Hopanoids are able to integrate in biological membranes due to their 
rigid ring structures affecting phospholipid bilayer and membrane 
permeability (Belin et al., 2018).  The purpose of this study was to 
engineer cyanobacterium Synechocystis sp. PCC 6803 overexpressing shc 
gene (slr2089) and to investigate its alcohol tolerant level by monitoring cell 
growth, intracellular pigments, and photosynthetic efficiency compared with 
wild type.  
 

MATERIALS AND METHODS 
 
Materials 

Synechocystis sp. PCC 6803 wild type strain and pEERM vector were 
provided by Professor Dr. Peter Lindblad, Department of Chemistry-
Ångström Laboratory, Uppsala University, Sweden. Escherichia coli 
DH5alpha was used as competent cells during recombinant plasmid 
construction. The BG11 medium was used to culture cyanobacterial cells. Ethyl 
alcohol (Ethanol absolute 99.9%, QRëC™ , New Zealand) was used as 
external stressor in this study. 

 
Phylogenetic analysis 

Amino acid sequence of SHC in Synechocystis sp. PCC 6803 was 
obtained from KEGG (https://www.genome.jp/kegg/). Amino acid sequences 
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of SHC/OSC in other organisms were obtained from the NCBI database. Then, 
the sequences were aligned and a phylogenetic tree was constructed using the 
MEGA11 program. 
 
Construction of recombinant plasmid and engineered strain 
 Firstly, the recombinant pEERM_shc plasmid was constructed. The 
shc gene sequence encoding SHC was obtained from KEGG 
(https://www.genome.jp/kegg/) and the specific primers were designed. Then, 
genomic DNA of Synechocystis sp. PCC 6803 was extracted and used as a 
template to amplify shc gene fragments. The shc gene fragment was inserted 
into pEERM vector between restriction sites of SpeI and PstI by T4 DNA 
ligase. After transforming into competent E. coli DH5alpha cells by heat-
shock method, the expected recombinant pEERM_shc plasmid was collected, 
purified, and confirmed by PCR. After that, pEERM_shc plasmid was 
transformed into Synechocystis sp. PCC 6803 cells by natural transformation 
method. And, the transformant screening was performed on BG11 agar 
containing antibiotic 30 µg/mL chloramphenicol. To obtain shc-
overexpressing strain, the positive transformants were confirmed by PCR 
using specific pairs of primers. 
 
Determinations of cell growths, intracellular pigment contents, and 
oxygen evolution rate 

Synechocystis sp. PCC 6803 wild type and shc-overexpressing strains 
were cultivated in cell culture flasks (Nunc™ EasYFlask™ 25cm) in BG11 
medium and BG11 containing various concentrations of ethanol (1.0 – 
5.0 %(v/v). Optical density (OD) of cell growth was determined at 730 nm. 
For the intracellular pigments including chlorophyll a and carotenoids, cell 
pellets (from 1 mL culture) were extracted by N, N dimethylformamide 
(DMF). After quick spinning, the absorbance of supernatant fraction was 
measured by using spectrophotometer (Chamovitz et al., 1993 and Moran, 
1982). Then, the photosynthetic efficiency was determined in term of oxygen 
evolution rate. Five mL of cell culture was harvested and concentrated into 
one mL of cell suspension. Then, that cell suspension was incubated under 
darkness for 30 minutes before measuring the oxygen evolution rate by Clark-
type Oxygen electrode (Hansatech, UK) using saturated white light as a light 
source (Sengupta & Wangikar, 2020).    
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RESULTS  
 

Phylogenetic analysis of related squalene/oxidosqualene cyclases 
(SHC/OSC) 

The phylogenetic tree relationship of SHC in Synechocystis sp. PCC 
6803, and SHC and OSC in other organisms were shown in Figure 1 and Table 
1. The Synechocystis sp. PCC 6803 SHC was closely classified in the same 
clade with with other Synechocystis cyanobacteria, such as Synechocystis sp. 
CACIAM 05, Synechocystis salina and Synechocystis sp. FACHB-383, with 
83 – 84 % amino acid identity. In comparison with outgroup of some plants, 
the SHC of cyanobacterium Nostoc sp. TH1S01 and Nostocaceae were closer 
to OSC of Centella asiatica, Arabidopsis thailiana, and Alisma platago when 
compared to Synechocystis SHCs. 
    

 
 
Figure 1. Phylogenetic tree of squalene hopene and oxidosqualene cyclases 

of other known organisms and cyanobacterium Synechocystis sp. 
PC 6803 from NCBI database. The number represents the branch 
length.  
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Table 1. Gene codes (ID/name), organisms and sources in cyanobacteria 
and other species corresponding to amino acid sequences in Figure 
1. 

 
ID/name Organisms Source  
GB|BAA17978.1 (SHC) Synechocystis sp. PCC6803 NCBI 
Cyanobacteria   
WP_162328228.1 (SHC) Synechocystis sp. CACIAM 05  NCBI 
WP_190599540.1 (SHC) Synechocystis sp. FACHB-383 NCBI 
WP_194016886.1 (SHC) Synechocystis salina NCBI 
GB|MBU7583923.1 (SHC) Nostoc sp. TH1S01 NCBI 
WP_190589417.1 (SHC) Nostocaceae NCBI 
WP_021830924.1 (SHC) Crocosphaera watsonii NCBI 
Plant   
GB|ANG59904.1 (OSC) Alisma plantago-aquatica subsp. orientale NCBI 
GBBAA96890.1 (OSC) Arabidopsis thaliana NCBI 
GB|BAA33462.1 (OSC) Panax ginseng NCBI 
GB|AIE17466.1 (OSC) Centella asiatica NCBI 
Bacteria   

GB|AJH89940.1 (SHC/OSC) Bacillus anthracis NCBI 
GB|AJK35409.1 (SHC/OSC) Bacillus cereus NCBI 
GB|AJH81721.1 (SHC/OSC) Bacillus thuringiensis NCBI 
Fungi   
GB|AXH72989.1 (OSC) Cordyceps militaris NCBI 
GB|AXH72993.1 (OSC) Fusarium graminearum NCBI 
Yeast   
GB|EGW33292.1 (OSC) Spathaspora passalidarum NRRL Y-27907 NCBI 
Animal   
GB|AAA91023.1 (OSC) Rattus norvegicus NCBI 

 
Synechocystis sp PCC 6803 strain overexpressing shc gene   

We confirmed the correct construction of shc-overexpressing 
Synechocystis sp. PCC6803 strain by PCR (Figure 2). The expected size of 
about a 4.2 Kb fragment from PCR product was obtained when compared to 
WT with 2.2 Kb fragment size (Figure 2A and 2B) clearly showing the 
complete segregation in Synechocystis genome. Moreover, the shc gene was 
obviously overexpressed in an engineered strain when compared to that of WT 
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using RT-PCR (Figure 2C). The shc transcript level of shc-overexpressing 
strain was about 8.29-fold higher than WT. 
 

 
 
Figure 2.  (A) Agarose gel (1%) electrophoresis of PCR products of all 

strains using psbA2 primers; Lane M: 1 Kb DNA ladder 
(SibEnzyme), Lane 1: Negative control, Lane 2: WT, Lanes 3-4; 
Clones of overexpressed transformants OX1 and OX2 
respectively. (B) Outline of psbA2 gene of WT and shc-
overexpressing strain. (C) Agarose gel (1%) electrophoresis of 
RT-PCR products using pairs of shc and 16s primers. 

 
Cell growth, contents of intracellular pigments, and oxygen evolution 
rates 

Synechocystis sp. PCC 6803 WT and shc-overexpressing strains were 
treated by external ethanol condition compared with normal BG11 control for 
7 days. Under normal BG11 control, both WT and shc-overexpressing strains 
showed no different growth (Figure 3). It was noteworthy to see that both WT 
and modified strains had good growth at 1.0 %(v/v) ethanol condition, which 
was comparable to that under regular BG11 condition. Remarkably, shc-
overexpressing strain was able to grow more effectively than WT for 7 days 
under 2.0 %(v/v) ethanol stress. This shc-overexpressing strain showed higher 
growth rate than WT under all alcohol stressed conditions (Table 2). In 
particular, shc-overexpressing strain continued to thrive even after being 
treated with 4.0 %(v/v) ethanol.  

The chlorophyll a contents of WT and shc-overexpressing strains were 
shown in Figure 4A and B, respectively. Curiously, the chlorophyll a content 
of shc-overexpressing strain remained unchanged (Figure 4B) whereas the 
enhanced amount of chlorophyll a in WT rose at day 1 under normal BG11 
condition (Figure 4A). Both strains did not notice a decrease in chlorophyll a 



 

 
The 34th Annual Meeting of the Thai Society for Biotechnology and International 

Conference “Sustainable Bioeconomy : Challenge and Opportunities” 

 
 

240 November 24–25, 2022, Ambassador Hotel Bangkok, Thailand 
 
 

accumulation in response to the 1.0 and 2.0% (v/v) of ethanol stresses. The 
significant decrease of chlorophyll a level was noted under 4.0 and 5.0 %(v/v) 
ethanol stresses after 5 days-treatment. On the other hand, day 1 of the 3.0 and 
4.0%(v/v) ethanol treatments resulted in higher chlrophyll a contents in an 
engineered strain (Figure 4B). Likewise, the increased accumulation of 
carotenoids was also observed at day 1 of 3.0 and 4.0 %(v/v) ethanol 
treatments when compared to WT (Figure 4C and 4D). However, the 
carotenoids content was decreased after 5 days of 5.0 %(v/v) ethanol 
treatment, in particular in shc-overexpressing strain. 

 After being exposed to 2.0 - 5.0%(v/v) ethanol conditions on day 5 of 
treatment, the shc-overexpressing strain displayed higher levels than WT for 
the oxygen evolution rates, which represent the photosynthetic efficiency of 
cyanobactrial cells (Figure 5). 
 

 
 
Figure 3. Growth curve of Synechocystis sp. PCC 6803  WT ( A) and shc-

overexpressing strain (B) for 7 days of cultivation, Mean  S.D. 
(n=3). 

 
 
 
 
 
 
 
 
 

(A) (B) 
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Table 2.  Growth rate (OD730/day) of Synechocystis sp. PCC 6803 WT and 
shc-overexpressing strain, Mean  S.D. (n=3). 

                                              
Ethanol 

concentration wild type strain shc-overexpressing strain 

BG11 0.048 ± 0.008 0.064 ± 0.007 
BG11 + 1.0%EtOH 0.048 ± 0.007 0.054 ± 0.020 
BG11 + 2.0%EtOH 0.039 ± 0.006 0.064 ± 0.010 
BG11 + 3.0%EtOH n.d 0.010 ± 0.008 
BG11 + 4.0%EtOH n.d 0.011 ± 0.005 
BG11 + 5.0%EtOH n.d n.d 
n.d = not detected   

 
  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Contents of chlorophyll a (A and B) and carotenoids (C and D) of 

Synechocystis sp. PCC 6803 WT (A and C) and shc-
overexpressing strain (B and D), respectively. Mean  S.D. (n=3). 

 
 

(A) (B) 

(C) (D) 
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Figure 5. Oxygen evolution rates of Synechocystis sp. PCC 6803 WT and 

shc-overexpressing strain (OX). The oxygen evolution of cells 
was determined at day 5 of treatment. Mean  S.D. (n=3). 
Statistical analysis was performed using Student’s t-test compared 
between WT and OX strain under each condition, *P<0.05 and 
**P<0.01. 

 
DISCUSSION 

 
When alcohol is introduced into cellular membranes, the toxicity of 

ethanol can cause the membrane to rupture, resulting in cell death (Horinouchi 
et al., 2018). An attempt to construct Synechocystis sp. PCC 6803 
overexpressing shc gene is achieved to gain more alcohol tolerant level, in 
particular at 2.0 %(v/v) ethanol stress. In addition, this engineered strain 
notably had growth rate even up to 4.0 %(v/v) ethanol stress. In previous 
study, the overexpressions of sodB gene, encoding superoxide dismutase, in 
Synechocystis sp. PCC6803 could also enhance the cell growth affected by 
2.0 %(v/v) ethanol within 4 days of treatment by lowering H2O2 accumulation 
inside the cells (Vachiranuvathin et al., 2022). Since it has been known in 
plants that hopanoids produced by SHC potentially stabilize cell membranes 
in terms of flexibility and permeability, cyanobacterial hopanoids possibly 
function in a similar action on membrane response to alcohol stress. Due to 
the common intermediate farnesyl diphosphate (FPP), which may flow via the 
formation of both hopanoids and carotenoids in cyanobacteria (Englund et al., 
2014), the shc-overexpressing strain will likely have a lower amount of 
carotenoids than WT, and presumably generate more hopanoids. This result 
suggests that when we overexpressed shc gene in Synechocystis sp. PCC 6803, 
the FPP preferentially favors the production of hopanoids rather than 

* 

*

* 
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carotenoids, particularly at higher stressed level of 5.0 %(v/v) alcohol 
treatment in this study.  

 
CONCLUSION 

 
 Squalene hopene cyclase encoded by shc gene is a protein related to 
membrane modification. We successfully engineered the Synechocystis sp. 
PCC 6803 overexpressing shc gene with higher growth under ethanol stress, 
in particular at 1.0 and 2.0 %(v/v) concentrations.  Overexpressing shc gene 
in Synechocystis sp. PCC 6803 enables cells tolerate alcohol stress in higher 
level when compared to wild type by improving both cell growth, and oxygen 
evolution rate.  
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ABSTRACT 
 

Linear alpha-olefins (LAO) are the precursors of many valuable 
compounds such as plasticizers, cosmetics, pharmaceuticals, and synthetic 
lubricants. LAOs are commonly produced from petroleum-based feedstock 
via chemical processes. The biocatalytic process is an alternative route to 
produce the LAO. Cytochrome P450 peroxygenase from Jeotgalicoccus sp. 
8456 (OleT) is the enzyme that can convert free fatty acid (FFA) to a terminal 
alkene using H2O2 as an electron donor. Pyranose-2-oxidase (P2O) can 
generate H2O2 from glucose and O2. This study telescoped two reactions to 
produce LAOs from bio-based feedstock (FFA and glucose). At an optimal 
condition, 60% yield of LAO was achieved.  
  
Keywords: Biocatalytic process, Linear alpha-olefins, P450 peroxygenase, 
Pyranose-2-oxidase. 

 
INTRODUCTION 

 
Linear alpha-olefins (LAO) are a chain of hydrocarbons that has a 

double bond (alkene) at an alpha position or at a chain terminal. LAO has been 
used as a precursor for synthesizing plasticizers, cosmetics, pharmaceuticals, 
and synthetic lubricants (Golub et al., 2021). Conventional LAO production 
relies on two processes: oligomerization of ethylene and Fischer–Tropsch 
process. They require metal catalysts (e.g., Co, Fe, Ru), high temperatures 
(150–300 °C) and high pressures (1-10 atm) (de Klerk, A. 2013). LAO can 
also be produced by dehydration of alcohols. These chemical processes rely 
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on petroleum feedstocks, and pose challenges in controlling the number of 
LAO chains (Lee et al., 2021). 

Alternatively, LAO can be produced from bio-based feedstocks such 
as free fatty acid or FFA. FFA is a major component of triglycerides, and a 
widely available compound in many industries (e.g., palm oil, kraft paper). A 
biocatalytic process emerges as a green method to convert FFA to olefins. It 
uses either enzymes or whole cells to catalyze the conversion, removing need 
for toxic metal catalysts or high energy consumption (Sheldon and Woodley, 
2017). Cytochrome P450 peroxygenase from Jeotgalicoccus sp. 8456 (OleT) 
was reported to synthesize the alpha olefin from FFA and hydrogen peroxide 
(H2O2) (Belcher et al., 2014). H2O2 can also be produced from glucose and O2 
by another enzymatic reaction using pyranose-2-oxidase (P2O) (Wongnate 
and Chaiyen, 2013). In this work, we developed a cascade reaction, employing 
(OleT) and (P2O), as shown in Figure 1. The reaction was optimized to 
enhance the yield of the olefin product. 
 

 
 

Figure 1.  A cascade reaction of OleT and P2O to produce alkenes from fatty 
acids 

 
MATERIALS AND METHODS 

 
Materials 

Standard tridecane (C13) and myristic acid (C14) (analytical grade 
(>99%)) were purchased from TCI. Glucose was purchased from Merck.  

Enzyme expression and purification  
We constructed a pET22a plasmid to be conjugated with the P450 

(OleT) gene. The plasmid was then co-transformed with pGro7 and pETDuet-
1- ferrochelatase into a competent E. coli BL21(DE3) and cultured at 37 ̊C 
and 250 rpm in 2.6 L of ZY rich media (compositions: 200 μg/ml L-arabinose, 
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20 μg/mL of ammonium iron (III) citrate, 20 μg/mL of L-cysteine, 6.52 μg/ml 
Hemin, 100 μM 5-aminolevulinic acid hydrochloride (ALA), 50 μg/mL of 
ampicillin, 20 μg/ml chloramphenicol and 34 μg/ml kanamycin). Cells were 
grown until OD600 reached 0.8 - 1.0, and the temperature was then adjusted to 
25 ̊C to initiate a protein expression. The cells were continuously grown for 
additional 16-18 hrs before being harvested by centrifugation at 4 ̊C and 5,000 
rpm for 10 minutes.  

All purification steps were carried out at 4 ̊C. Frozen cell paste was 
thawed and resuspended in a lysis buffer (50 mM sodium phosphate buffer, 
pH 8.0, 300 mM NaCl and 20 mM imidazole). Cells were disrupted by 
ultrasonication with 70% amplitude for 30 minutes. The cell lysate was 
centrifuged at 10,000 rpm at 4 ̊C for 1 hr and the pellet was discarded, while 
the supernatant was collectd and defined as the crude extract. P450 was 
purified to homogeneity by PEI precipitation (0.1% (w/v)). The cell 
suspension was centrifuged at 10,000 rpm at 4 ̊C for 1 hr and the supernatant 
was kept and incubated with 100 M of hemin for 16 hrs at 4 ̊C. Column 
loading was performed in IMAC Sepharose (GE   Healthcare) charged with a 
0.2 M nickel sulfate solution, which had been pre-equilibrated with 50 mM 
sodium phosphate buffer, 300 mM NaCl and 20 mM imidazole (pH 8.0). The 
column was washed with 1 L of the same buffer that contained 50 mM 
imidazole. The enzyme was eluted with same buffer that contained 250 mM 
imidazole. The fractions of enzyme that absorbed light at 280 and 450 nm 
were pooled together and concentrated by using a stirred cell equipped with a 
Millipore YM-10 membrane (10 kDa cut-off) and exchange buffer to 50 mM 
sodium phosphate buffer, 300 mM NaCl pH 8.0. The purity of P450 was 
analyzed by 12% (w/v) SDS-PAGE, indicating a subunit molecular weight of 
approximately 49 kDa. 
 

Enzyme activity assay 
Assays were performed in 50 mM sodium phosphate buffer containing 

300 mM NaCl pH 7.5 under aerobic conditions. 10 mM fatty acid stock 
solution in methanol was made. The assay was performed in a total volume of 
500 μL. The experiment was divided into 2 sets: (1) OleT reaction with H2O2 
addition, (2) OleT and P2O cascade reaction. Assays were kept at 25 °C for 
30 minutes. Reactions were quenched by an addition of 500 μL ethyl acetate 
and vigorous vortexing, followed by centrifugation at 12,000 rpm for 10 
minutes to separate the organic phase for analysis by GC-MS and calculate 
the production in term of %yield. Different process parameters were varied:  
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For the first set of experiment, OleT concentrations (0.005–100 μM) and H2O2 
concentrations (100–800 μM). For the second set of experiment, P2O 
concentrations (15–240 nM) and glucose concentrations (0.25–5 mM). All 
reactions used the same concentration of C14 fatty acid at 150 μM as a starting 
solution. 

 
 

%푌푖푒푙푑 =  
퐴푐푡푢푎푙 푦푖푒푙푑

푇ℎ푒표푟푒푡푖푐푎푙 푦푖푒푙푑 × 100 

 
 

Actual yield = the total product that can produced in reaction, theoretical yield 
= the amount of substrate consumption in reaction. 
 

RESULTS AND DISCUSSIONS 
 

OleT reaction with H2O2 addition 
 In this set of experiment, we optimized the process by varying the 
concentrations of OleT using H2O2 as an electron donor. The control without 
any H2O2 addition showed no activity. Upon the H2O2 concentration of 200 
M, 1 M of OleT gave the highest yield of 53% (Figure 2A). Higher enzyme 
concentration showed a lower activity due to activity of OleT were perform 2 
activities which are decarboxylation and hydroxylation, in high concentration 
of OleT the hydroxylation will be occur. Then, we used an optimal OleT 
concentration of 1 M to further optimize a concentration of H2O2. The 
optimal activity was achieved at 200 M H2O2. At higher concentrations of 
H2O2, OleT could not tolerate H2O2 (Figure 2B). This suggests that an in-situ 
generation of H2O2 may benefit the OleT activity. 
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Figure 2.  Alkene production in different concentrations of OleT (A) and 

reaction of 1 M of OleT in different concentrations of H2O2 (B) 
(Reaction contained 150 M of C14 FA) 

 

OleT and P2O cascade reaction  
In this set of experiment, we developed an enzymatic cascade reaction 

by coupling OleT and P2O together. We used glucose as a substrate and varied 
different concentrations of P2O and glucose. The results indicated that the 
cascade reaction was effective with 60% yield. Such yield was even higher 
than the previous set of experiment that used H2O2 as the electron donor. The 
activity did not show significant dependence on P2O concentrations (Figure 
3A). Therefore, we concluded that the optimal P2O concentration was 15 nM. 
On the contrary, the yield’s dependence on the starting glucose concentration 
was more pronounced. The optimal yield (60% alkene) was achieved with 1 
mM of glucose (Figure 3B). 

A 

B 
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Figure 3.  Alkene production in different concentrations of P2O, control 1 

mM of glucose (A) and reaction of 15 nM of P2O in different 
concentrations of glucose (B). The reaction contained 1 M of 
OleT and 150 M of C14 FA.  

 
CONCLUSION 

 
The cascade reaction of cytochrome P450 peroxygenase from 

Jeotgalicoccus sp. 8456 (OleT) and pyranose-2-oxidase (P2O) was developed 
and optimized. The optimal condition was 1 M OleT concentration, 15 nM 
P2O concentration, and 1 mM glucose concentration. At such optimal 
condition, 60% yield of LAO was obtained. This optimized enzymatic cascade 
reaction scheme holds a great promise for the production of LAO as it can use 
widely available bio-based feedstock (e.g., FFA) and avoid use of toxic metal 
catalysts and high energy consumption. 
 

A 
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ABSTRACT 

  
One of the leading environmental concerns is the increasing amount 

of plastic waste. As plastic waste undergoes weathering and fragmentation, it 
releases additives molecules, including phthalate esters (PAEs) plasticizers, 
which also have raised concern due to their toxic properties. Bioremediation 
is estimated to be the most significant route for PAE degradation, and one 
potential environmental sample to screen potential PAE degraders is landfill 
soil. This experiment obtained four enriched consortia from the landfill soil of 
Nongkham landfill, Bangkok. Among four enriched consortia, LF-NK-DEHP, 
which was previously enriched in di(2-ethylhexyl) phthalate ester (DEHP), 
exhibited 98.7% degradation of 100 mg l-1 DEHP within two days. 
Furthermore, under a mixture of two commonly found PAEs, dibutyl phthalate 
(DBP) and DEHP, LF-NK-DEHP was capable of 63.4% 100 mg l-1 DEHP and 
92.8% 100 mg l-1 DBP in seven days. The activity of LF-NK-DEHP was also 
maintained through continuous transfer. Through kinetic analysis, we 
investigated the DBP and DEHP degradation mechanism of selected enriched 
consortia when both were added as a mixture. It was obtained that DBP can 
be modelled with a modified Gompertz equation while DEHP fits with a zero-
order kinetic model.  
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Keywords: Biodegradation, Enriched consortia, Kinetic analysis, Landfill 
soil, Phthalate ester. 
 

INTRODUCTION 
  

Plastic is one of the most extensively used materials in the world yet 
increasing application and production of plastic products is not accompanied 
by advanced waste management technology. Plastic waste may undergo 
weathering and fragmentation, forming microplastics and nanoplastics (Liu et 
al. 2021). Subsequently, it will release additives added during plastic 
manufacture to the environment.   

One commonly added chemical additive to plastic products is 
phthalate esters (PAEs). Phthalate ester is added to impart plasticity, 
flexibility, and durability to the plastic, mainly PVC-based plastic. PAEs are 
priority contaminants listed by the US EPA due to their carcinogenic and 
endocrine-disrupting characteristic (Chang et al. 2021). In addition, since 
PAEs are not chemically bound to the polymer, they can easily migrate to the 
environment. Among several PAEs congeners, the most commonly detected 
PAEs are bis(2-Ethylhexyl) phthalate (DEHP) and dibutyl phthalate (DBP) 
(Hu et al. 2021).  

Bioremediation is estimated to be the most significant route for PAE 
degradation in natural environment (Staples et al. 1997). Bioaugmentation is 
one bioremediation strategy in which exogenous pure or mixed culture is 
added to the environment to enhance the pollutant removal rate. The initial 
step in the bioaugmentation strategy is to isolate microbes from the 
environment with efficient degradation activity toward the target pollutant. 
Landfill soil is a potential source for mining bacteria capable of PAE 
degradation since several bacteria may be adapted to degrade PAE.  

Another emerging issue is using bacterial consortia or mixed culture 
instead of pure culture for biodegradation purposes. Under heavy 
supplementation of PAEs in landfill soil, the community of bacteria adapt by 
creating a metabolism network, which not only enhances the degradation 
efficiency but also increases its adaptability when introduced to a new 
environment (Hu et al. 2021). In order to obtain this specific community, an 
enrichment strategy can be applied to obtain PAEdegrading bacterial consortia 
from landfill soil. Furthermore, for the longterm application of PAE-
degrading enriched consortia, it is essential to investigate how to maintain the 
degradation activity. Therefore, this study aims to obtain enriched consortia 
capable of efficient PAE degradation and maintain its activity through 
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continuous transfer. In addition, kinetics of biodegradation was analyzed 
through nonlinear regression analysis, to further understand mechanism of 
biodegradation of obtained enriched consortia. 
 

MATERIALS AND METHODS  
  
Chemicals and cultivation media  

DEHP, DBP, diethyl phthalate (DEP) and dimethyl phthalate (DMP) 
with >98% purity were purchased from Applied Chemical Industry Co., Ltd 
(Bangkok, Thailand). Stock solutions for each PAEs were prepared in 
dichloromethane. The medium used for enrichment was carbon-free minimal 
medium (CFMM). CFMM contains (l-1): NH4NO3 3 g, Na2HPO4. 12H2O 5.6 
g, KH2PO4 0.8 g, MgSO4.7H2O 0.1 g, FeCl3.6H2O 0.05 g, and CaCl2.2H2O 
0.05 g. For maintenance of consortium during continuous transfer, enriched 
consortia were sub-cultured in CFMM and diluted tryptic soy broth or TSB 
(HiMedia Laboratories Pvt., Ltd., Mumbai, India) and prepared at a 
concentration of 7.5 g l-1. 
 
Enrichment of PAE-degrading bacterial consortia  

The soil sample was previously collected from a landfill area in 
Nongkham landfill, Nongkham, Bangkok (13.719694°E, 100.353471°N). 
Five grams of soil sample was inoculated into 45 ml sterilized CFMM 
supplemented with PAEs. Each PAEs was added separately at a concentration 
of 100 mg l-1 to obtain a different consortium for each PAE congener. The 
inoculated flasks were incubated at room temperature (30°C) and 200 rpm for 
seven days. Then, 5 ml aliquots of enrichment suspension were transferred to 
fresh CFMM supplemented with PAEs. Transfer to the fresh medium was 
repeated four times to obtain the final enriched consortia.  

  
Degradation activity analysis  

Each consortium was then incubated in a Luria-Bertani medium 
supplemented with each PAE substrate for two days at room temperature. At 
the end of the incubation period, cells will be centrifuged and washed twice 
with 0.85% NaCl before prepared as resting cell suspension.  

For degradation activity analysis, resting cell suspension (OD600 = 
0.60) of each consortium were inoculated into CFMM (10% v/v inoculum) 
supplemented with 100 mg l-1 of each PAEs. Inoculated flasks were incubated 
for seven days at room temperature and 200 rpm. During incubation, 5 ml 
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aliquot will be collected on days 0, 2, 5 and 7 for PAE residual concentration 
analysis with gas chromatography-flame ionization detector (GC-FID, Agilent 
Technologies, USA) and viable cell counting in the tryptic soy agar plate. 
 
Maintenance of degradation activity  

Consortia enriched with DBP and DEHP were further analysed for 
their activity towards a mixture of 100 mg l-1 DBP and 100 mg l-1 DEHP. The 
consideration was based on the high occurrence and recalcitrant nature of the 
two long-alkyl PAEs (Cousins et al. 2003). Subsequently, the consortium with 
the highest degradation activity under a mixture of PAEs was continuously 
transferred for three months. The continuous transfer cycle included 
incubation in CFMM supplemented with 25 mg l-1 DBP and 25 mg l-1 DEHP 
for three days at room temperature, repeated three times, followed by two days 
of incubation in diluted TSB. The degradation activity of enriched consortia 
in a mixture of 100 mg l-1 DBP and 100 mg l-1 DEHP was evaluated every 
repeating cycle of continuous transfer.  
 
Kinetic study 

Kinetic study was conducted using five variations of initial substrates. 
Substrate added as mixture of DBP and DEHP, in which initial concentration 
for each PAEs congeners were 50, 100, 200, 400 and 500 mg l-1. Inoculated 
tubes were incubated for seven days at room temperature and 200 rpm. During 
incubation, tubes were collected every day for residual concentration analysis 
and for growth analysis based on absorbance at 600 nm.    

Following data of GC-FID result of residual PAE, kinetic analysis was 
conducted through  fitting with several kinetic models using Curve Fitting 
App in MATLAB (version R2020b). Models with consistently high 
coefficient of determination value (R2) throughout variation of initial substrate 
was selected as kinetic model for DBP and DEHP degradation by enriched 
consortia LF-NK-DEHP. 
 

RESULTS  
 

Isolation of PAE-degrading bacterial consortia  
Through enrichment, we obtained four enriched consortia from the 

same landfill soil sample. It was obtained that LF-NK-DEHP (consortium 
enriched with DEHP) had 98.7% DEHP degradation activity within two days, 
LF-NK-DEP (consortium enriched with DEP or diethyl phthalate) at 79.5% 
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within two days, LF-NK-DMP (consortium enriched with DMP or dimethyl 
phthalate) at 99.5% within seven days, and LF-NK-DBP (consortium enriched 
with DBP) at 71% for five days of incubation. In general, all PAE substrates 
were able to be fully degraded within seven days of incubation.  
 
Activity of selected enriched consortium during continuous transfer   

LF-NK-DBP and LF-NK-DEHP were further investigated for their 
activity under mixed substrate. LF-NK-DEHP was capable to degrade 
76.1±8.7% 100 mg l-1 DEHP as single substrate and 63.4±9.8% 100 mg l1 
DEHP as mixed substrate within seven days. LF-NK-DEHP exhibit similar 
degradation percentage for DBP (92.8%) under mixed substrate and DBP as 
single substrate (92.9±1.8%). On the other hand, LF-NK-DBP developed low 
activity for DBP in mixed substrate (22.5±1.4%) and single substrate 
(43.5±10%). LF-NK-DBP had higher degradation for DEHP as single 
substrate (76.1±8.7%), and lower DEHP degradation activity under mixed 
substrate (22.5±1.5%). For subsequent experiment in activity maintenance, we 
selected LF-NK-DEHP.  

Through maintenance of degradation activity, LF-NK-DEHP was able 
to maintain DBP degradation on average 92.04% and DEHP degradation on 
average 82.4%. On batch 5, DEHP degradation activity of LF-NK-DEHP was 
increased, with capacity to completely degrade 100 mg l-1 DBP and 98.3% of 
100 mg l-1 DEHP after five-days incubation, as described in Figure 1.  

  
Kinetics of DBP and DEHP degradation by enriched consortia  

LF-NK-DEHP which previously observed to have higher DBP and 
DEHP biodegradation was selected for continuous transfer. To study 
characteristics of PAE biodegradation by LF-NK-DEHP, kinetic analysis was 
conducted. Residual concentration of DBP and DEHP for each sampling days 
is shown in Figure 2. 
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Figure 1. Maintenance of LF-NK-DEHP degradation activity through 
continuous transfer. 

 
 

  
  
Figure 2.  Residual DBP and DEHP concentration during kinetic analysis 
 

Based on residual analysis data, it was observed that DBP degraded 
faster than DEHP. At initial concentration of 50, 100, 200 and 400 mg l-1, DBP 
was able to be fully degraded within three days of incubation. Meanwhile, 
DEHP was degraded at slower rate. Higher concentration of DEHP (500, 400, 
200 mg l-1) were not fully degraded up to seven days incubation.  Using 
residual PAE data, kinetic analysis was conducted through fitting with kinetic 
model. Selected kinetic model with high coefficient of determination value is 
shown in Table 1. 
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Table 1. Kinetic of DBP and DEHP degradation by LF-NK-DEHP  
  
Substrate  Initial 

substrate  
Kinetic 
equation  

Calculated parameters  R2  

DBP  50 ppm  Modified 
Gompertz  

Rm = 1.04 mg. l-1.h-1 λ 
= 18.168 h  

0.9536  

100 ppm  Modified 
Gompertz  

Rm = 1.96 mg. l-1.h-1 λ 
= 39.864 h  

0.9394  

200 ppm  Modified 
Gompertz  

Rm = 3.14 mg. l-1.h-1 λ 
= 3.984 h  

0.9044  

400 ppm  Modified 
Gompertz  

Rm = 5.33 mg. l-1 .h-1 λ 
= 20.544 h  

0.9017  

500 ppm  Modified 
Gompertz  

Rm = 6.65 mg. l-1.h-1 λ 
= 5.88 h  

0.9167  

DEHP  
  
  
  
  

50 ppm  Zero-order  k1 = 0.22 mg. l-1.h-1  0.9042  
100 ppm  Zero-order  k1 = 0.59 mg. l-1.h-1  0.9635  
200 ppm  Zero-order  k1 = 0.88 mg. l-1.h-1  0.9459  
400 ppm  Zero-order  k1 = 0.73 mg. l-1.h-1  0.965  
500 ppm  Zero-order  k1 = 1.47 mg. l-1.h-1  0.9382  

   
Modified Gompertz kinetic model were fitted to experimental data 

through non-linear regression. In Gompertz kinetic model, there are two 
parameter constants, including Rm that indicates maximum substrate 
consumption rate and λ indicates predicted period for lag phase. However, in 
consortia, different members within community may have different period of 
growth phase. Certain member can be dependent on metabolite produced by 
other bacteria during their exponential phase, and therefore underwent longer 
lag phase. This was obtained in experimental data, as growth of consortia 
relatively constant throughout observation (data not shown).  

It was observed that rate of DBP uptake were increased with increasing 
DBP supplementation, while λ varies. Similarly, rate constants (k1) for zero-
order reaction of DEHP was observed to vary with increasing or decreasing 
DEHP. As both of parameter Rm of modified Gompertz model and k1 of zero-
order kinetics correlated with rate of substrate uptake per unit time, we can 
compare the two values. It was observed that faster DBP degradation in Figure 
2 was reflected in higher Rm value in comparison to k1, for every initial 
concentration of individual PAEs.   
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DISCUSSION 
  

In this study, four enriched consortia were obtained from the same soil 
sources through different PAEs supplementation. Previously, enrichment 
procedure from environmental sample was based on one type of PAEs 
congeners, and then activities were further evaluated for different PAE 
congeners (Li et al. 2018). DBP and DEHP are both the most widely used type 
of PAE in the industry, hence they are also the most widely detected PAE in 
the environment (Hu et al. 2021). Since PAEs congeners tend to be coexist in 
the environment, it is important to obtain consortium capable to efficiently 
degrade both substrates.   

From activity after enrichment, LF-NK-DBP was observed to have 
low degradation activity toward DBP (71% for five days), compared to LF-
NK-DEHP toward DEHP (98.7% in two days). Further investigation of the 
two consortia at mixed and single substrate also give lower activity of LF-
NK-DBP, although both consortia generally have higher activity for DBP than 
DEHP in mixed substrate. This phenomenon is generally occurred in the 
environment, since DEHP tend to be more recalcitrant. DEHP have higher 
octanol/water partition coefficient (log Kow), thus more hydrophobic and have 
less bioavailability compared to DBP (Cousins et al. 2003).   

One drawback in using enriched consortia is that its degradation 
performance is sensitive toward change in community composition. During 
transfer and preservation, change in community composition was inevitable 
due to the undefined members of community. Therefore, strategy to maintain 
activity through maintenance of composition is highly necessary for the 
application of undefined enriched consortia. Previously, it was reported that 
within microbial network of xenobiotic substance degradation, several 
bacteria may develop interdependence through chain of metabolic reaction 
(Wang et al. 2022) or by reducing environmental stress caused by substrate 
metabolism (Wang et al. 2021). Therefore, not all members of consortium 
actively utilize PAE as substrate for growth. To maintain proportion of these 
bacteria, subsequent transfer in nutrient-rich media like TSB, followed with 
CFMM supplemented with PAE was performed. Through this procedure, we 
were able to maintain the activity of the selected enriched consortia, LF-NK-
DEHP.  

In addition, kinetic analysis was conducted for LF-NK-DEHP. 
Modified Gompertz model was observed to fit with DBP residual 
concentration across variation of initial substrate, meanwhile DEHP was fitted 
with zero-order kinetics. Modified Gompertz equation contain two 
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parameters, including Rm which defined as maximum transformation rate, and 
λ which defined as lag phase period.  In Table 1, we can see that with 
increasing concentration of initial DBP, the rate of transformation become 
higher as well. On the other hand, the lag phase period does not correspond 
with higher or lower DBP initial concentration.   

DEHP was obtained to fit with zero order kinetic model. Similar with 
Gompertz model for DBP, rate constant for DEHP degradation were increased 
for certain range of substrate addition. Initially at 50 mg l-1 to 200 mg l-1, 
apparent increase on constant rate was observed. However, slight decrease 
was observed at concentration 200 to 400 mg l-1, which then increase again at 
supplementation of 500 mg l-1 DEHP. As Rm of modified Gompertz model 
have the same unit with k1 of zero-order model, we can compare the value of 
both rate constants. Slow degradation of DEHP is reflected through the much 
lower value of rate constants across variation of initial substrate in comparison 
to DBP. After overcoming lag phase, consortium LF-NK-DEHP undergo 
active uptake of DBP while slowly transform DEHP. The disproportionate 
degradation rate of the two PAEs substrate can be linked to the low density of 
efficient DEHPdegraders within LF-NK-DEHP. Another possibility is that 
most bacteria within LF-NK-DEHP have wide range of substrate preference. 
However, in the presence of phthalate ester with shorter alkyl, substrates with 
much complexity like DEHP is not preferred.  

In this study, enriched consortia containing mixture of bacteria were 
applied for degradation of mixture of phthalate esters. Comparison with 
previous study on kinetics of enriched consortia or kinetics with Gompertz 
equation are listed in Table 2 and 3.  
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Table 2.  References on modified Gompertz for PAEs degradation kinetics  
  

Bacteria/ 
Consortium 

Substrate Calculated parameters 
and R2  

References 

Rhodococcus 
rubber Sa 

Dimethyl 
isophthalate 
(DMI) 
(Mix conc. 80 
mg l-1) 

Rm = 6.82 mg. l-1 .hour-1 
λ = 1.66 hours 
R2 = 0.9998 

(Li et al. 
2005) 

Dimethyl 
terephthalate 
(DMT) 

Rm = 1.91 mg. l-1 .hour-1 
λ = 47.7 hours 
R2 = 0.9944 

DMP (Dimethyl 
phthalate) 

Rm  = 1.1 mg. l-1 .hour-1 
λ = 105.96 hours 
R2 = 0.9931 

Gordonia sp. 
strain QH-12 

DBP 750 mg l-1 Rm = 66.367 mg. l-1. 
hour-1 
λ = 11.428 hours 
R2 = 0.994 

(Jin et al. 
2016) 

Consortium 
LF-NK-
DEHP 

DBP 500 mg l-1 Rm = 6.65 mg. l-1.h-1 
λ = 5.88 hours  
R2 = 0.9167 

This study 

 
Table 3.  References on enriched consortia degradation kinetics 
 

Consortium  Substrate  Kinetic 
model  

t1/2   Concentration  References  

Consortium 
B1  

DBP  First-order  2.14 d  100 mg kg-1  (Yang et al. 
2018) 

Consortium 
LF  

DEHP  First-order  4.36 d  2000 mg l-1  (Li et al. 
2018) 

Consortium  
CM9  

DEHP  Non-linear  0.88 h  1000 mg l-1  (Bai et al. 
2020) 

Consortium  
LF-NK-
DEHP  

DBP  Non-linear  1.49 d  500 mg l-1  This study  

DEHP  Zero-order  7.23 d  500 mg l-1  This study  

 
 



 

 
The 34th Annual Meeting of the Thai Society for Biotechnology and International 

Conference “Sustainable Bioeconomy : Challenge and Opportunities” 

 
 

262 November 24–25, 2022, Ambassador Hotel Bangkok, Thailand 
 
 

Previous study has investigated kinetics of pure culture under 
supplementation of mixed substrate (Li et al. 2005), while some other studies 
have conducted kinetic analysis of mixed culture degradation of single 
substrate (listed in Table 3). In Table 3, we can see that LF-NK- DEHP have 
quite low degradation in comparison to previously reported consortium 
activity. However, activities of consortia and its kinetics under mixed 
substrate is rarely reported. Meanwhile, in comparison to pure culture, LF-
NK-DEHP exhibit higher activity and tolerance for much higher concentration 
of PAEs.   

Further research should be shifted on how to induce activity of DEHP-
degraders within enriched consortia community, without leaving out 
degradation capacity for other types of PAE, including DBP. Continuous 
transfer with incremental increase of DEHP supplementation was previously 
reported to increase enriched consortium activity towards specific substrate 
(Huang et al. 2021). Strategy of enhancement activity can also be observed by 
further identifying main degraders within enriched consortium and dynamics 
during degradation stage.    
  

CONCLUSION 
  

 In this experiment, we obtained bacterial consortia enriched from 
landfill soil, with efficient degradation activity under mixture of DBP and 
DEHP. We successfully maintained and improved activity of enriched 
consortia through continuous transfer. Furthermore, through investigation on 
kinetics of DBP and DEHP mixture degradation, it was obtained that DBP 
degradation fit with modified Gompertz model, while DEHP fit with zero-
order model. Degradation kinetics reflects the rate in which each substrate 
mineralized by LF-NK-DEHP. It was obtained that DBP degraded faster than 
DEHP and exert increasing rate of maximum degradation with increasing 
substrate addition. On the other hand, DEHP showed linear and slow 
degradation, in which increasing rate constants were observed at certain range 
of substrate. This is the first study to investigate the kinetics of mixed culture 
(consortium) under supplementation of mixed phthalate esters.  
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ABSTRACT 
 

Plastic waste poses a significant threat to the environment and living 
organisms. Improper waste management leads to the spreading of post-
consumer plastic throughout the world's oceans. These plastic wastes take an 
extremely long time to decompose in nature. An interesting way to treat plastic 
waste is using microorganisms to degrade plastic. The Gulf of Thailand, which 
has been contaminated with plastic waste, was used to isolate the plastic-
degrading microbes. Therefore, this study aims to investigate the 
microorganisms involved in the degradation of plastic. Sediment from a 
plastic contaminated site from the Gulf of Thailand, was enriched in MSM 
media containing normal or oxidized polypropylene (PP) sheets as a sole 
carbon source to promote the growth of plastic-degrading microbe. After 2 
months of incubation, the biofilm colonizations on the plastic surface and the 
Gulf of Thailand sediment were analyzed by 16S rRNA sequencing to 
investigate the diversity of the microbial community. The results revealed that 
the diversity of the microbial community in enrichment culture decreased 
significantly, compared with the sediment from the Gulf of Thailand. Whereas 
some microbial species increased in the enrichment culture with normal and 
oxidized PP. The dominant genera in sediment incubated with normal PP were 
Brevibacillus, Methyloceanibacter, and Micromonospora. Genera 
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Micromonospora, Ammoniphilus, and Brevibacillus were predominant in 
enrichment culture with oxidized PP. 
 
Keywords: 16S metagenomic sequencing, Plastic degrading microbe, 
Polypropylene. 
 

INTRODUCTION 
 

Plastic waste is a serious environmental concern that grows every year 
due to its massive production and persistence in the environment. Since the 
1950s, when plastic was first manufactured, total production has reached 8.3 
billion tons in 2018 (Ali et al., 2021; Amobonye et al., 2021), and production 
has remained consistently high. In 2021, global plastic production exceeded 
360 million tons (Plastics Europe, 2021). Polyethylene (PE) is the most 
produced plastic, followed by polypropylene (PP) and polyvinyl chloride 
(PVC) (Lear et al., 2022). These plastics are widely used as packaging 
materials for food, pharmaceuticals, cosmetics, detergent, and chemicals 
(Shah et al., 2008), and they are mostly single-use plastics that end up as 
waste. Although some plastic can be recycled, only a small percentage of 
plastic waste (around 9%) was recycled. Incineration handled approximately 
12% of plastic waste. The remaining 79% were still disposed of in a landfill 
or dumped into the ocean (Ali et al., 2021). According to Tiwari et al. (2020), 
approximately 4.8 to 12.8 million tons of plastic waste are discarded directly 
into the ocean annually. 

 Plastic waste accumulation in the ocean or on land has had a severe 
impact on the environment as well as human and animal life, particularly 
aquatic organisms. Many studies have reported sea animal entanglement and 
plastic ingestion by birds, fish, and turtles (Andrady, 2011). In addition, the 
fragmentation of plastic waste generates microplastics, which are more 
dangerous than macroplastics. Microplastic consumption causes endocrine 
disruption, reproductive complications, increased oxidative stress, 
microplastic accumulation in organs, and cell injury (Auta et al., 2017; 
Amobonye et al., 2021). Furthermore, plastic can absorb hazardous organic 
substances in the environment and serve as a carrier for contaminated heavy 
metals to spread throughout the ocean (Auta et al., 2017).  

Nowadays, efforts are being made to find new approaches to cope with 
the plastic waste problem (Matjasic et al., 2021) including biodegradation by 
microorganisms and their enzymes. Microorganisms are able to acclimate 
themselves to almost every environment and utilize a wide range of 
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compounds as their carbon source including a petroleum-derived compound 
(Yuan et al., 2020). The end products of microbial degradation of plastic are 
simpler substances such as CO2 and H2O, making it an environmental friendly 
and cost-effective method of treating plastic waste (Amobonye et al., 2021; 
Tiwari et al., 2020). Therefore, studies on the microbial conversion of plastic 
have gradually increased in recent years. Many studies have focused on 
potential plastic-degrading microbes, such as Ideonella sakaiensis (Yoshida et 
al., 2016), which can degrade polyethylene terephthalate to monomer units, 
terephthalic acid, and ethylene glycol. Alcanivorax borkumensis is capable of 
degrading low-density polyethylene (LDPE) (Delacuvellerie et al., 2019). 
However, the biodegradation process comprises formation of microbial 
biofilm, biodeterioration, biofragmentation, and mineralization which is 
involved several microorganisms (Ganesh Kumar. et al., 2020). Therefore, 
understanding of the microbial community structure and mechanisms 
involved in the degradation of synthetic plastic is also important (Purohit et 
al., 2020). 

In this study, the sediment from the Gulf of Thailand was enriched with 
normal and oxidized PP polymer in order to promote the growth of microbial-
mediated PP degradation. After 2 months of cultivation, the microbial biofilm 
attached to the polymer surface was sequenced for 16S rRNA to investigate 
the diversity of the microbial community.      
 

MATERIALS AND METHODS 
 
Materials 

Marine sediment from the Gulf of Thailand, was received from Asst. 
Prof. Dr. Penjai Sompongchaiyakul, Department of Marine science, Faculty 
of Science, Chulalongkorn University. The sediment was collected at the 
coastal area with 10 cm thick by grab samplers (Smith Mclntyre grab sampler) 
and kept at 4 °C. 

Polypropylene sheet was kindly provided by Assoc. Prof. Dr.  Pranee 
Phinyocheep from Department of Chemistry, Faculty of Science, Mahidol 
University.   Plastic sheets were cut into 2 cm2 and divided into 2 groups: 
normal plastic and oxidized plastic. In the oxidized plastic group, plastic 
sheets were soaked in KMnO4/HCl at a concentration of 0.25/0.5 mol/L at 45 
°C for 8 hours (Balasubramanian et al., 2014) before being rinsed with HCl 
and distilled water. Before use, all plastic samples were sterilized in 70% 
ethanol overnight and dried in sterile air. 
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Enrichment culture and Biofilm sampling 
The enrichment culture was modified from Delacuvellerie et al., 2019. 

One gram of sediment sample was added to 10 mL of synthetic seawater, 
vortexed for 2 min, and then allowed to settle. After that, 1 mL of supernatant 
was transferred to 50 mL of MSM media (2.27% K2HPO4, 0.095% KH2PO4, 
0.06% NH4SO4, and 0.2% metal solution (0.637% Na2EDTA.2H2O, 0.1% 
ZnSO4.7H2O, 0.05% CaCl2.2H2O, 0.25% FeSO4.7H2O, 0.01% 
NaMoO4.2H2O, 0.01% CuSO4.5H2O, 0.02% CoCl2.6H2O, 0.052% 
MnSO4.H2O, and 6% MgSO4.7H2O, pH 6.5)). Normal and oxidized plastic 
sheets were used as a sole carbon source for microbial growth. The sediment 
enriched culture without plastic sheet was used as a control. Total of 3 cultures 
(control, enrichment with normal PP, and enrichment with oxidized PP) were 
incubated at 30 °C and 140 rpm. Biofilm formation was observed after 2-
month incubation. 

After 2 months, plastic sheets were collected from the culture media 
and scraped with the distal of sterile spatula to remove microbial biofilm. Prior 
to DNA extraction, microbial biofilm was kept in DNA/RNA ShieldTM 
reagent (DNA/RNA ShieldTM, Zymo Research, Irvine, CA).  

 
DNA extraction and 16S rRNA sequencing 

A total of 4 samples, microbial biofilms from enrichment cultures with 
normal and oxidized PP, culture broth from control, and marine sediment, 
were subjected to Zymo Research to analyze the microbial community by 16S 
metagenomics. DNA extractions were carried out using ZymoBIOMICS®-96 
MagBead DNA Kit (Zymo Research, Irvine, CA) according to the 
manufacturer’s instructions. The library of bacterial 16S ribosomal RNA gene 
was prepared according to Zymo Research instruction with the Quick-16STM 
NGS Library Prep Kit (Zymo Research, Irvine, CA). The sequencing library 
was prepared using Quick-16STM Primer Set (Zymo Research, Irvine, CA) 
targeting V3-V4 region of 16S rRNA by real-time PCR. The final PCR 
products were quantified with qPCR fluorescence readings and pooled 
together based on equal molarity. The final pooled library was cleaned up with 
the Select-a-Size DNA Clean & ConcentratorTM (Zymo Research, Irvine, CA), 
and subsequently quantified with TapeStation® (Agilent Technologies, Santa 
Clara, CA) and Qubit® (Thermo Fisher Scientific, Waltham, WA). The final 
library was sequenced on Illumina® MiSeqTM with a v3 reagent kit (600 
cycles). The sequencing was performed with 10% PhiX spike-in. 
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Bioinformatics analysis 
Unique amplicon sequence variants were inferred from raw reads 

using the DADA2 pipeline (Callahan et al, 2016). Potential sequencing errors 
and chimeric sequences were also removed with the DADA2 pipeline. 
Taxonomy assignment was performed using Uclust from Qiime v.1.9.1 with 
the Zymo Research Database, a 16S database that is internally designed and 
curated, as reference. Composition visualization and alpha diversity were 
performed with Qiime v.1.9.1.  
 
Absolute Abundance Quantification  

Quantitative real-time PCR was set up with a standard curve. The 
standard curve was created using 10-fold serial dilutions of plasmid DNA 
containing one copy of the 16S gene. The primers used were the same as those 
used in Targeted Library Preparation. The number of gene copies in the 
reaction for each sample was calculated using the equation generated by the 
plasmid DNA standard curve. The PCR input volume was used to calculate 
the number of gene copies per microliter in each DNA sample. The number of 
genome copies per microliter DNA sample (genome_copies) was calculated 
by dividing the gene copy number by an assumed number of gene copies per 
genome. The value used for 16S copies per genome was 4. The amount of 
DNA per microliter DNA sample (DNA_ng) was calculated using an assumed 
genome size of 4.64 x 106 bp, the genome size of Escherichia coli, for 16S 
samples. This calculation is shown below: 
 

Calculated Total DNA

=
Calculated Total Genome Copies ×  Assumed Genome Size (4.64 × 10  bp) ×  Average Molecular Weight of a DNA bp (660 g/mole/bp) 

Avogadros Number (6.022 x 10 /mole
 

 
RESULTS 

 
Bacterial diversity in the plastisphere and the sediment environment  

A total of 361,914 raw reads obtained from the 16S metagenomic 
sequencing of all 4 samples. The effective reads were 145,595 after trimming 
and filtering the sequence by size. Chao1 was used to determine the richness 
of the bacterial community, a higher Chao1 indicates that the sample is rich in 
the bacterial community (Chen et al., 2020). The bacterial community of the 
Gulf of Thailand sediment was the richest, as shown in Fig.1a. While the 
richness of the bacterial community decreases in the enrichment culture with 
normal and oxidized PP. When compared between the enrichment cultures, 
the incubated sediment with normal PP was more diverse in the bacterial 
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community than oxidized PP. Bacterial diversity and the dominance were 
represented by the Shannon and Simpson reciprocal indices (Chen et al., 
2020). The results were consistent with those of Chao1, indicating that 
sediment has the most diversity of the bacterial community, followed by 
enrichment cultures of normal PP and oxidized PP, respectively, and the 
control (no plastic sheet) had the least diversity (Fig. 1b and 1c). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Alpha diversity indices of bacteria (a) Chao1 (b) Shannon  

(c) Simpson reciprocal 
 

a b 

c 
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The specific differences in community composition between the 
plastisphere and sediment environment at the amplicon sequence variants 
(ASVs) level were investigated. Species observed in the sediment sample 
were 860 species, and 44, 17, and 9 in the sample of normal PP enrichment, 
oxidized PP enrichment, and control, respectively. The Venn diagram 
displayed the number of unique and shared ASVs among four samples (Fig. 
2). The unique ASVs in the sediment, control, normal PP enrichment, and 
oxidized PP enrichment were 858, 4, 40, and 17, respectively. Interestingly, 
there was 1 ASVs shared between enrichment of normal and oxidized PP only. 
This ASVs belongs to the genus Micromonospora, which has been shown to 
degrade bioplastic (Emadian et al., 2017) and polystyrene (PS) (Zhang et al., 
2022). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Venn diagram represents the number of unique and shared 

bacterial amplicon sequence variants (ASVs) between 4 group 
of samples. Values within intersections represent a shared 
sequence, while values outside intersections represent a unique 
sequence. 

 
Composition of the plastisphere microbial community 

The results from 16S rRNA sequencing analysis showed the diversity 
of microbial communities dominated in different samples. The classes of 
Gammaproteobacteria, Anaerolineae, Deltaproteobacteria, and 
Acidimicrobiia were dominated in the sediment. While Bacilli, 

Total ASVs = 921 
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Alphaproteobacteria, and Actinobacteria were clearly abundant in the control. 
The classes of bacteria that predominated in enrichment cultures with normal 
and oxidized PP were similar to those found in the control, but the proportions 
were different (Fig. 3). 

At the genus level, top 5 dominant bacteria in sediment were 
unclassified Anaerolineaceae (16.62%), unclassified Xanthomonadales 
(7.72%), unclassified Acidimicrobiales (7.62%), unclassified 
Gammaproteobacteria (4.18%), and unclassified Chloroflexi (2.93%). While 
in the control group, the genera Mycobacterium (52.15%), 
Methyloceanibacter (27.85%), Bacillus (16.47%), Nocardioides (2.13%), and 
Illumatobacter (1.21%) were predominant. The enrichment culture with 
normal PP found the abundance of Brevibacillus (70.37%), 
Methyloceanibacter (14.66%), Micromonospora (8.92%), Bacillus (2.47%), 
and Jaterophihabitans (1.36%). The main group of bacteria in the enrichment 
culture with oxidized PP were affiliated to Micromonospora (58.27%), 
Ammoniphilus (21.16%), Brevibacillus (9.76%), unclassified Rhodobiaceae 
(8.73%), and Bacillus (1.36%) (Fig. 4). 
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Figure 3.  Composition of microbial community in the plastisphere and
  the sediment environment at class level. 
 

 
 
Figure 4.  Composition of microbial community in the plastisphere and 

the sediment environment at genus level. 
 

DISCUSSION 
 

Plastic biodegradation is a complex process involving numerous 
microorganisms. The process begins with the formation of microbial biofilm 
to attach to the plastic surface. After that microorganisms secret enzymes to 
degrade the polymer and convert it to their biomass and simpler substance 
such as CO2 and H2O. The results of this study revealed that the diversity of 
the microbial community in enrichment culture was lower than in the Gulf of 
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Thailand sediment. While some species, such as Brevibacillus, 
Methyloceanibacter, and Micromonospora, were promoted and highly 
abundant in enrichment with normal PP. Micromonospora, Ammoniphilus, 
and Brevibacillus were dominated in enrichment with oxidized PP. In 
addition, Brevibacillus has been shown to degrade LDPE, PS, PET, and PP 
(Matjašič et al.,2021; Ru et al., 2020). Micromonospora can also degrade 
bioplastics and polystyrene (Emadian et al., 2017; Zhang et al., 2022). As a 
result of this discovery, those species that can degrade and use plastic polymer 
as a carbon source for their growth may be potential plastic-degrading 
microbes. 
 

CONCLUSION 
 

In this study, the sediment of the Gulf of Thailand was enriched with 
normal and oxidized PP to investigate the microbial community involved in 
PP biodegradation. The microbial community obtained from 16S 
metagenomic sequencing was compared with the sediment of the Gulf of 
Thailand. The results indicate that the diversity of the microbial community 
in the enrichment culture of normal and oxidized PP was decreased as a 
consequence of the growth of microbial-mediated PP degradation. Therefore, 
species abundant in the enrichment culture could be the potential strains to 
degrade plastic. Brevibacillus and Micromonospora were dominated in both 
enrichment cultures of normal and oxidized PP, implying that these genera 
might have the ability to degrade PP.  
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ABSTRACT 
 

Di-(2-ethylhexyl) phthalate (DEHP) is a phthalate acid ester plasticizer 
that is extensively used in the manufacture of plastics. However, this toxic 
chemical can easily migrate from plasticized products to the environment. In 
this study, Sporosarcina saromensis OR05, Microbacterium esteraromaticum 
OR16, Cytobacillus firmus OR20, and Microbacterium esteraromaticum 
OR21, which have the ability to utilize DEHP and its toxic intermediates, were 
used to construct a consortium (A04). However, although OR20 could grow 
on DEHP and mono-(2-ethylhexyl) phthalate (MEHP), which is an 
intermediate formed from DEHP degradation, as sole carbon source, it did not 
enhance DEHP biodegradation by consortium A04. Therefore, consortium 
A02, comprising strains OR05, OR16 and OR21, was selected for bacterial 
ratio optimization. Surprisingly, at the optimal bacterial ratio of 8:7:8 
(OR05:OR16:OR21) in terms of log CFU mL-1, 85.352.03% degradation of 
100 mg L−1 DEHP was achieved within 4 days, while at a ratio of 7:7:7 in 
terms of log CFU mL-1, only 28.781.20% degradation was observed within 
4 days. This research achieved improved DEHP degradation efficiency via 
optimization of consortium member and ratio. Our findings suggest that 
consortium A02 has potential practical applications for bioremediation of 
DEHP-contaminated environments.  
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INTRODUCTION 
 

The global plastic market demand is rapidly increasing due to growing 
population, coupled with urbanization and industrialization in emerging 
economies, which result in the explosive increase of plastic production every 
year. Interestingly, some reports estimate that every year, about 2.41 and 8 
million tons of plastic wastes enter the ocean through rivers and coastal 
nations, respectively (Lebreton et al., 2017; Parker, 2019). The large volume 
of plastic waste has become a major concern because chemical additives 
released from plastic wastes have adverse consequences for marine life and, 
potentially, human health (Lebreton et al., 2017). 

Di-(2-ethylhexyl) phthalate (DEHP) is one of the most commonly used 
phthalate esters for improving the flexibility and durability of various plastic 
products such as household items, toys, packaging materials, and medical 
devices (Ashworth et al., 2018; Giuliani et al., 2020). Additionally, it is used 
as non-plasticizers, such as in pesticides and cosmetics (Shammas, 2007). 
However, DEHP is not chemically bound to the plasticized products and, 
therefore, it can be easily released into the environment (Heudorf et al., 2007; 
Kastner et al., 2012). DEHP has been detected in all environmental 
compartments: sediment, soil, freshwater, and seawater (Chen et al., 2018; 
Sun et al., 2018; Heo et al., 2020; Xu et al., 2021). Moreover, it can be 
transferred to humans via mainly the food web chain, and through inhalation 
and dermal contact (Przybylińska and Wyszkowski, 2016; He et al., 2020). 
DEHP has adverse impacts on the endocrine, immune, nervous, and 
reproductive systems and embryo development, in addition to being 
carcinogenic (Stamatelatou et al., 2011; Magdouli et al., 2013; Giuliani et al., 
2020). 

Biodegradation employing microorganisms is the most effective and 
promising strategy to remove DEHP from contaminated environments (Jin et 
al., 2013; Yang et al., 2018). Many studies have reported efficient bacteria for 
DEHP biodegradation. For example, Rhodococcus sp. LW-XY12 could 
degrade about 97% of DEHP (500 mg L−1) within 32 h (Song et al., 2022). 
However, incomplete biodegradation of DEHP generates some metabolites, 
such as mono-(2-ethylhexyl) phthalate (MEHP), 2-ethylhexanol (2-EHA), 
protocatechuate (PCA) and phthalic acid (PA), that cause secondary pollution 
(Zhang et al., 2020; Wang et al., 2021). These metabolites are reported to be 
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toxic for bacterial cells and could not be utilized by some bacterial strains 
(Zhao et al., 2018; Wright et al., 2020). Therefore, a bacterial consortium, 
which refers to a group of two or more bacterial species/strains and possesses 
broad metabolic pathways, may be more effective for complete 
biodegradation of DEHP than single strains (Heinaru et al., 2005; Wanapaisan 
et al., 2018; Naloka et al., 2021).  

In our previous study, nonpathogenic bacteria with ability to utilize 
DEHP and its intermediates as sole carbon and energy sources were isolated 
from a DEHP-degrading enriched bacterial consortium obtained from marine 
sediment collected from the Gulf of Thailand (Ningthoujam et al., 2023) . Four 
isolates, Sporosarcina saromensis OR05, Microbacterium esteraromaticum 
OR16, Cytobacillus firmus OR20 and Microbacterium esteraromaticum 
OR21 could degrade 5.6, 59.1, 40.6 and 84.5%, respectively, of 100 mg L-1 
DEHP within 8 days in medium supplemented with 0.05% yeast extract. A 
consortium comprising of OR05, OR16 and OR21 (referred to as consortium 
A02) was constructed for the synergistic interactions on DEHP 
biodegradation. It was observed that DEHP degradation by consortium A02 
was faster (79.6% within 4 days) than that by the single strains. However, co-
occurrence network analysis of the bacterial community compositions of the 
DEHP-degrading enriched bacterial consortium in the presence of DEHP and 
its intermediates revealed potential positive interactions between these 
isolated bacteria and the genus Bacillus (Ningthoujam et al., 2023). Therefore, 
in this study, we investigated the role of C. firmus OR20 on DEHP degradation 
for cooperative interaction in consortium. This study aimed to improve the 
efficiency of the DEHP degradation of a defined bacterial consortium to 
achieve the best performance for practical applications in the future. 
 

MATERIALS AND METHODS 
 
Chemicals and culture media 

Di (2-ethylhexyl) phthalate (DEHP) was purchased from Tokyo 
Chemicals Co., Ltd. (purity >98.0%). DEHP metabolites including mono-(2-
ethylhexyl) phthalate (MEHP), 2-ethylhexanol (2-EHA), phthalic acid (PA), 
and protocatechuic acid (PCA) were purchased from Sigma Aldrich. Methanol 
(High-Performance Liquid Chromatography (HPLC) grade) was purchased 
from MERCK™  and used as solvent for preparation of stock solutions of 
DEHP and its intermediates. Dichloromethane (DCM) was purchased from 
Loba Chemie Pvt. Ltd. (99.5% purity) and used for extraction and dissolving 
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the extractant for DEHP analysis using a Gas Chromatograph with Flame 
Ionization Detector (GC-FID).  

Zobell marine broth (HimediaTM) was dissolved in distilled water at a 
4-fold dilution (0.25xZMB) and used for bacterial cultivation. Agar powder 
(1.5%, w/v) was added to this medium for preparation of diluted Zobell marine 
agar (0.25xZMA) used for viable cell count. Modified nutrient seawater 
medium (MNSW), modified from Muangchinda et al. (2018) , was composed 
of NH4NO3 (1 g), K2HPO4 (0.02 g), and C6H5FeO7 (0.02 g), without yeast 
extract, dissolved in 1 L filtered seawater. The MNSW was used as free 
additive carbon source medium for DEHP degradation study. 
 
Bacterial inoculum preparation  

S. saromensis OR05, M. esteraromaticum OR16, C. firmus OR20 and 
M. esteraromaticum OR21 were cultured in 125 mL Erlenmeyer flasks 
containing 50 mL 0.25xZMB and incubated at 30-33C (room temperature, 
RT) and 200 rpm for 3 days. Cell cultures were then centrifuged at 8,000 rpm 
and 4°C for 10 min. The cell pellets were washed with 20 mL of 0.85% (w/v) 
NaCl solution. Then, the cell pellets were resuspended in 0.85% (w/v) NaCl 
solution to obtain a cell concentration of 109 colony-forming unit (CFU) mL-

1 (OD600 was equal to 8.0 for OR05 and 0.4 for OR16 and OR21), and 108 
CFU mL-1 (OD600 was equal to 1.0 for OR20). Cell concentration was 
determined by the serial dilution and drop plate method and calculated using 
equation 1. The resuspended cells were incubated overnight at RT and 200 
rpm to allow the cells to utilize the nutrients already accumulated within the 
cells prior to use as inoculum for DEHP degradation tests. 

 
Cell concentration (CFU mL-1) = (Colony number × Dilution factor)          (1) 

              Drop volume (mL) 
 

Utilization of DEHP intermediates by strain OR20 
C. firmus OR20 was inoculated in modified nutrient seawater medium 

(MNSW) supplemented with DEHP and the following DEHP intermediates 
(100 mg L-1): MEHP, 2-EHA, PA and PCA. Inoculated flasks without 
substrate were set as the control without DEHP derivative. The experiments 
were incubated at RT and 200 rpm for 7 days and set in triplicates. The 
potential substrate utilization ability of OR20 was assayed using the viable 
plate count method on 0.25xZMA to monitor bacterial growth.  
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Optimization of bacterial member in the consortia 
 Consortium A02, which is comprised of strains OR05, OR16, and 
OR21, was modified to include OR20, thus creating a new consortium, 
referred to as consortium A04. Each bacterial inoculum (0.5 mL) was added 
into 10 mL test tubes containing 4.5 mL of MNSW supplemented with 100 
mg L-1 of DEHP. Tubes without bacterial inoculum were set as the control 
without inoculum. The experiments were incubated at RT and 200 rpm for 8 
days and set in triplicates. Growth of bacteria was determined using the viable 
plate count method. Culture media were serially diluted and 0.1 mL of selected 
dilutions was spread on 0.25xZMA. The strains were differentiated based on 
their different colony morphologies, colony numbers were separately counted, 
and bacterial number (CFU mL-1) was calculated using equation 2. The 
residual DEHP concentration was extracted using dichloromethane (DCM) 
and detected using a Gas Chromatograph with Flame Ionization Detector (GC-
FID). 
 
Bacterial number (CFU mL-1) = (Colony number × Dilution factor)                             (2)       

                        Medium volume (mL) 
 
Optimization of bacterial ratio  
 Bacterial ratio in the consortium inoculum was adjusted to 7:7:7 and 
8:7:8 (OR05:OR16:OR21) in terms of log CFU mL-1, after which the 
inoculum was added (0.5 mL) to 10 mL test tubes containing 4.5 mL of 
MNSW supplemented with 100 mg L-1 of DEHP. Tubes without inoculum 
served as the control without inoculum. All tubes were incubated at RT and 
200 rpm for 4 days. To monitor DEHP degradation, the culture medium was 
extracted twice using DCM, and then the extractant containing residual DEHP 
was evaporated to remove any moisture. The dried DEHP residue was eluted 
in DCM and quantified using a GC-FID. The percent DEHP degradation was 
calculated using equation 3. 
 
DEHP degradation (%) = [(CC-CE)/CC × 100]                                                 (3)                                                                              

where CC and CE are the DEHP concentrations (mg/L) in the control tubes 
(control without inoculum) and experimental tubes, respectively. 
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RESULTS 
 

Utilization of DEHP intermediates by C. firmus OR20 
 DEHP and its intermediates, MEHP, 2-EHA, PA, and PCA, were used 
to assess the substrate utilization range of C. firmus OR20. Bacterial growth 
on each substrate monitored using the viable plate count method is shown in 
Fig 1. Growth of strain OR20 in medium supplemented with DEHP (yellow 
line) and MEHP (purple line) was higher than in the control on day 1 and 2, 
respectively. However, bacterial numbers on all substrates dropped to below 
that in the control (red line) on day 3 until the end of experiment.  
 

 
 

Figure 1.  Bacterial growth of C. firmus OR20 on DEHP, MEHP, 2-EHA,
  PA, and PCA as sole carbon source. 

 
Optimization of consortium member and ratio for enhancement of DEHP 
biodegradation 
 To study the effect of C. firmus OR20 on DEHP biodegradation, the 
DEHP degradation efficiencies of consortia A02 (OR05, OR16, and OR21)) 
and A04 (OR05, OR16, OR20, and OR21) were compared on day 4 and 8 
(Fig. 2). Consortia A02 and A04 could degrade 18.85 and 16.02%, 
respectively, of DEHP at a concentration of 100 mg L-1 within 4 days. After 
longer incubation (8 days), the DEHP degradation efficiencies of consortia 
A02 and A04 were slightly increased to 22.82 and 21.31%, respectively. 
Additionally, bacterial growth was monitored during the degradation process 
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on day 0, 2, 4, and 8. In both consortia A02 and A04, bacterial numbers of 
strains OR16 and OR21 increased from day 0 to 2, after which numbers of 
both strains were stable or increased only slightly until day 8. In contrast, 
bacterial number of strain OR05 was stable or decreased slightly throughout 
the degradation period (Fig. 3). For strain OR20, no significant increase or 
decrease in cell numbers was observed during DEHP biodegradation by 
consortium A04 (Fig. 3B). The similar degradation rates of consortia A02 and 
A04 and lack of growth of OR20 indicated that OR20 did not enhance the 
efficiency of DEHP degradation by consortium A04 over that by consortium 
A02. Hence, consortium A02, comprised of OR05, OR16 and OR21, was 
selected for further study of optimization of bacterial ratio. The degradation 
rate of 100 mg L-1 DEHP was 28.781.20% within 4 days when the bacterial 
ratio in consortium A02 was set at 7:7:7 (OR05:OR16:OR21) in terms of log 
CFU mL-1. Surprisingly, the degradation rate was enhanced to 85.352.03% 
within 4 days when the bacterial ratio was optimized to 8:7:8 in terms of log 
CFU mL-1. 
 

 
 
Figure 2. DEHP degradation efficiency of consortia A02 and A04. 
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Figure 3. Bacterial numbers of the members of consortium A02 (A) and
  consortium A04 (B) during DEHP degradation. 
 

DISCUSSION 
 

Bacterial consortia can be used to promote biodegradation efficiency 
because of the presence of multiple metabolic pathways (Zhang et al., 2018). 
However, the presence of strain OR20 did not enhance DEHP biodegradation 
in consortium A04, although OR20 was observed to grow in medium 
supplemented with DEHP and its toxic intermediate (MEHP) in monoculture 
experiment. Hibbing et al. (2010) reported that individual bacterial strains with 
similar nutritional requirements will be in competition for nutrients, thus 
inhibiting growth of other strains while increasing their own population. 
Strains OR21 and OR16, which are the first and the second best DEHP-
degrader, respectively, might compete for DEHP with strain OR20 during the 
DEHP biodegradation process. Consequently, strain OR20 cannot use and 
degrade DEHP for their growth. On the other hand, it is likely that the numbers 
of strain OR05 are reduced because this bacterial strain has low efficiency for 
DEHP utilization; however, OR05 has an important role in the degradation of 
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2-EHA, a toxic intermediate that might be generated during the DEHP 
biodegradation process (Ningthoujam et al., 2023) . Comparing to the DEHP 
degradation efficiency of consortium A02 (79.6% within 4 days) which was 
reported by Ningthoujam et al. (2023) , this study got lower efficiency (18.9% 
within 4 days) because of using lower initial cell number and medium without 
yeast extract as nutrient supplement. Kamaraj et al. (2021) reported that the 
DEHP degradation efficiency was significantly increased with increasing the 
inoculum size. Additionally, adding yeast extract as a co-substrate could 
significantly enhance DEHP degradation rate (Li et al., 2019). However, we 
used medium without yeast extract as carbon source additive to simulate 
environmental conditions. In this study, the DEHP degradation efficiency of 
consortium A02 was improved by optimizing the ratio at which the individual 
bacterial strains were mixed. In the same way, Gao et al. (2020) demonstrated 
that degradation efficiency can be increased by optimizing the bacterial ratio 
in a consortium. 
 

CONCLUSION 
 

Cytobacillus firmus OR20 can utilize DEHP and MEHP as carbon 
source. However, the presence of OR20 in consortium A04 (comprising 
OR05, OR16, OR20, and OR21) did not promote the degradation rate of 
DEHP over that by consortium A02 (OR05, OR16, and OR21). Therefore, 
consortium A02, comprised of Sporosarcina saromensis OR05, 
Microbacterium esteraromaticum OR16 and Microbacterium 
esteraromaticum OR21, was selected for bacterial ratio optimization to 
improve the DEHP degradation efficiency. At the optimal bacterial ratio 
(8:7:8), the degradation efficiency was the highest, at 85.352.03% 
degradation within 4 days. However, the initial bacterial ratio used in 
consortium A02 should be further optimized to achieve the best DEHP 
mineralization performance. Additionally, the effect of environmental factors 
on DEHP degradation should be examined for various practical environmental 
applications in the future. 
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ABSTRACT 
 

In the future, the increase in world population will lead to a higher 
demand for food, which will result in an increased need for fertilizers to 
support agricultural production. Urine contains valuable nutrients such as 
nitrogen (N), phosphorus (P) and potassium (K), which are essential for plant 
growth. Therefore, the nutrients in urine should be recovered before they are 
discharged into the municipal wastewater stream. Urine wastewater is an 
unstable solution. The enzyme urease hydrolyzes urea into ammonia and 
bicarbonate, raising the pH from 6 to 9. At high pH, ammonia may be 
volatilized before being used as a soil conditioner. Urine must be stabilized 
prior to the utilization process to prevent nitrogen losses. Nitrification is 
applied to convert ammonia to nitrate and lower the pH of the solution. In this 
study, the potential of biofilm reactor to stabilize urine wastewater by pH 
adjustment using the nitrification process was investigated. This study was 
divided into 2 parts. The first part was an acclimation of nitrifying sludge by 
synthetic hydrolyzed urine wastewater. The results showed that the average 
percent ammonia transformation efficiency of the reactor was 79.7%. The 
second part dealt with the operation of a continuous-flow biofilm reactor with 
varying pH using urine wastewater for pH adjustment. After varying pH, pH 
7.4 showed the highest nitrogen loading rate of 114.5-160.3 mg/L d with the 
lowest HRT required (5-7 days) and 47.3% of ammonia transformation 
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efficiency. Total ammonia about 42.0% was converted to nitrate, while 
nitrogen loss by denitrifying microorganisms was 4.3%. 
 
Keywords: Nitrification, Nitrifying bacteria, Urine recovery. 
 

INTRODUCTION 
 

 In 2050, the world population is expected to increase from 7.4 billion 
to 9.7 billion. Therefore, global food demand will increase rapidly. 
Agricultural food is an important source of nutrition for the future world 
population. To ensure an adequate supply of agricultural food, ammonia 
synthesis as a fertilizer is very important for the promotion of agricultural 
products. Fertilizers consist of nitrogen (N), phosphorus (P) and potassium 
(K). In ammonia synthesis, the Harber-Bosch process produces more than 
99% of the world's ammonia production, and about 80% is used as fertilizer. 
However, this process consumes about 1% of the world's total energy and 
produces greenhouse gasses (Randall & Naidoo, 2018). 

Urine is a valuable waste because it contains a large amount of 
nutrients, including N, P and K. The urine stream contains approximately 80% 
of N, 55% of P, and 60% of K of those appeared in municipal wastewater 
(Höglund, 2001). Therefore, separating the urine wastewater stream from 
municipal wastewater stream and recycling the nutrients from the urine 
wastewater stream can reduce the global demand for synthetic nutrients and 
eliminate nutrients in municipal wastewater. Urine wastewater is an unstable 
solution. During storage, urea in urine wastewater can be hydrolyzed by urease 
enzymes found in bacteria to ammonia and bicarbonate. This causes increase 
in the pH of urine wastewater from 6 to 9 (Landry & Boyer, 2013). The 
equilibrium ammonia and ammonium is disturbed by high pH. At this high 
pH, the majority of total ammonia nitrogen (TAN) in the urine wastewater is 
in the form of ammonia rather than ammonium ion causing ammonia loss due 
to volatilization during storage and transport before being used as  
a soil conditioner. The hydrogen ion reacts with ammonia to produce 
ammonium ion when the pH of the solution less than 9.3. At pH 9.25 half of 
the ammonia is un-ionized (ammonia) and the other half is ionized 
(ammonium). At pH 8.25 and 7.25, 90% and 99% of ammonia is ionized, 
respectively (Purwono et al., 2017). To stabilize nitrogen in the urine 
wastewater, the nitrification process can be applied as suggested by previous 
studies (Randall & Naidoo, 2018; Udert et al., 2003).  
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The nitrification process can be applied to stabilize ammonia to 
prevent nitrogen loss and smell from urine wastewater. During the nitrification 
process, nitrifying bacteria convert TAN in urine wastewater to nitrate with 
the production of hydrogen ion. Therefore, the pH of the system will be 
decreased from hydrogen ion produced from nitrification process. Therefore, 
pH of the urine can be decreased resulting in urine wastewater stabilization. 
Approximately 90% of organic substrates are removed by heterotrophic 
bacteria, and nitrification process converted about half of TAN to nitrate 
(Fumasoli et al., 2017; Fumasoli et al., 2016). This study was inspired by the 
studies of Udert et al. (2003), Fumasoli et al. (2016), and Fumasoli et al. 
(2017), which used nitrification to stabilize urine wastewater by controlling 
pH using urine wastewater as a feed for pH adjustment. In this study, we 
applied plastic media which can be commonly found in Thailand as a biofilm 
carrier in continuous-flow biofilm reactor and investigated the potential of the 
biofilm reactor to stabilize urine wastewater by pH adjustment using 
nitrification process. 
 

MATERIAL AND METHODS 
 
Materials 

Seed sludge for reactor operation was collected from a municipal 
wastewater treatment plant in Bangkok. Plastic media with a specific area of 
900 m2 m-3 (fig. 1) was used as biofilm carrier. Synthetic hydrolyzed urine was 
modified from Landry & boyer (2013) to obtain a concentration of 200-800 
mg NH4

+-N/L for experiment (Table 1). 
 
 
 

 
 
 
 
 
 
 
 
Figure 1. Plastic media with a specific area of 900 m2 m-3. 
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Table 1 Chemical composition of synthetic hydrolyzed urine wastewater. 
 

 
Part 1: Acclimatization of nitrifying sludge by synthetic hydrolyzed urine 
wastewater. 

To acclimatize nitrifying sludge, a 5 liters continuous-flow biofilm 
reactor containing plastic media was operated by feeding the synthetic 
hydrolyzed urine wastewater as the influent (fig. 2). The TAN concentration 
in the influent was increased from 200 to 400, 500, and 800 mg NH4

+-N/L 
when the ammonia removal efficiency was greater than 80%. The reactor was 
operated at room temperature, pH was controlled by using pH controller at 7.4 
using 0.2 M NaOH. Dissolved oxygen (DO) was supplied by an air pump with 
an air bubble stone. Hydraulic retention time (HRT) of the reactor was 
decreased from 7 days to 3 days at day 18 of operation to increase the nitrogen 
loading rate. pH and dissolved oxygen (DO) concentration in the reactor were 
measured daily and the effluent was collected for nitrogen analysis twice a 
week. 
 

 
 

Substance  
Concentration (mg/L) 

200 400 500 800 
NaCl 24.0 48.1 60.1 96.2 

Na2SO4 14.6 29.2 36.5 58.4 
KCl 20.4 40.9 51.1 81.7 

NH4OH as N 55.9 111.7 139.6 223.4 
NaH2PO4 as P 1.1 2.1 2.7 4.2 

NH4HCO3 as N 144.6 289.1 361.4 578.3 
Na3C6H5O7 2H2O (citrate) 0.1 0.3 0.3 0.5 

pH 9 
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Figure 2. Continuous-flow biofilm reactor for acclimatization of 
nitrifying sludge.  

 
Part 2: Operation of continuous-flow biofilm reactor at varying pH by 
using urine wastewater feed for pH adjustment  

To investigate the ability of nitrification process after gradual reduce 
pH, the continuous-flow biofilm reactor in part 1 was operated using substrate 
(synthetic hydrolyzed urine wastewater) containing bicarbonate as buffer to 
control pH. The pH in this experiment was divided in 4 steps which were 7.4, 
7.1, 6.8, and 6.5. The concentration of TAN in synthetic hydrolyzed urine 
wastewater in this experiment was 800 mg NH4

+-N/L. The reactor was 
operated at room temperature, pH and DO concentration in the reactor were 
measured daily. The volume of influent was measured regularly to calculate 
HRT for each pH level. The effluent was analyzed for nitrogen concenrtations 
twice a week. 
 
Water quality analysis 

Total ammonia nitrogen concentration (TAN) was analyzed by  
a salicylate-hypochlorite method (Bower & Holm-Hansen, 1980). Water 
sample was collected from the reactor using syringe and filtered through 0.45 
m pore size filter paper. The water sample was diluted by serial dilution at 
the concentration of 10, 100 and 1000 times with deionized water (DI) and DI 
water was used as blank. Each 5 ml water sample was pipetted to a new tube. 
Add 600 μl of salicylate catalyst solution to the diluted sample and shake well. 
Then, add 1 ml of alkaline hypochlorite solution to the sample, shaken well 
and incubated in the dark for 1 h. After that measured at an absorbance length 
of 640 nm by UV multi-plate reader. 
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Generating a standard curve for total ammonia concentration by 
preparing ammonium sulfate ((NH4)2SO4) standard solution at the 
concentration of 0.2, 0.4, 0.6, 0.8 and 1.0 mgN/L. Each 5 ml water sample was 
pipetted to a new tube. Then, add 600 μl of salicylate catalyst solution to the 
diluted sample and shake well. Then, add 1 ml of alkaline hypochlorite 
solution to the sample, shaken well and incubated in the dark for 1 h. After 
that measured at an absorbance length of 640 nm by UV multi-plate reader. 
After that, the absorbance obtained from each concentration was used to 
construct a standard curve showing the relationship between the total 
ammonia concentration and the obtained absorbance. 

The nitrite concentration was analyzed by a colorimetric method 
(APHA, 2005a). Water sample was collected from the reactor using syringe 
and filtered through 0.45 m pore size filter paper. The water sample was 
diluted by serial dilution at the concentration of 10, 100 and 1000 times with 
DI and DI water was used as blank. Each 5 ml water sample was pipetted to a 
new tube. Add 200 μl of color reagent, shaken well and incubated in the dark 
for 1 h. After that measured at an absorbance length of 540 nm by UV multi-
plate reader. 

Generating a standard curve for nitrite concentration by preparing 
sodium nitrite ((NaNO2) standard solution at the concentration of 0.2, 0.4, 0.6, 
0.8 and 1.0 mgN/L. Each 5 ml water sample was pipetted to a new tube. Add 
200 μl of color reagent, shaken well and incubated in the dark for 1 h. After 
that measured at an absorbance length of 540 nm by UV multi-plate reader. 
After that, the absorbance obtained from each concentration was used to 
construct a standard curve showing the relationship between the nitrite 
concentration and the obtained absorbance. 

Nitrate concentration was analyzed using the Ultraviolet 
Spectrophotometric Screening method (APHA, 2005b). Water sample was 
collected from the reactor using syringe and filtered through 0.45 m pore size 
filter paper. The water sample was diluted by serial dilution at the 
concentration of 10, 100 and 1000 times with DI and DI water was used as 
blank. After that measured at an absorbance length of 220 and 275 nm using 
quartz cuvette by UV spectrophotometer. 

Generating a standard curve for nitrate concentration by preparing 
potassium nitrate ((KNO3) standard solution at the concentration of 0.5, 1.0, 
1.5, 2.0, 2.5 and 3.0 mgN/L and DI water was used as blank. After that 
measured at an absorbance length of 220 and 275 nm using quartz cuvette by 
UV spectrophotometer. After that, the absorbance obtained from each 
concentration was used to construct a standard curve showing the relationship 
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between the nitrate concentration and the obtained absorbance by calculating 
the absorbance at 220 nm - 2(225 nm). 
 

RESULTS  
 

Part 1: Acclimatization of nitrifying sludge by synthetic hydrolyzed urine. 
 The continuous-flow biofilm reactor was operated for 143 days to 
acclimate nitrifying sludge using synthetic hydrolyzed urine wastewater as the 
feed. Fig 3 presents the results of water quality including total ammonia 
nitrogen (TAN), effluent ammonium, nitrite, nitrate, and total nitrogen 
concentrations. In summary, the percent TAN transformation efficiency at the 
initial TAN concentrations of 200, 400, 500, and 800 mg NH4

+-N/L was 
around 79.7%. However, the percent TAN transformation efficiency gradually 
decreased after increasing of the TAN concentration in the influent. In the end 
of the reactor operation, the percent ammonia transformation efficiency was 
52.4%. Total nitrogen was lower than influent ammonia due to denitrifying 
microorganisms. Nitrogen loss was about 16.2%. 
 

 
 
Figure 3. Concentrations of total ammonium nitrogen, nitrite, nitrate, 

and total nitrogen during the acclimatization of nitrifying 
sludge. 

 
Part 2: Operation of continuous-flow biofilm reactor at varying pH by 
using urine wastewater feed for pH adjustment  

The contiuous-flow reactor was operated for 147 days. Actual pH in 
the reactor is shown in Fig 4. Fig 5 and Table 2 describe the data from water 
quality analysis and achievable operating parameters, respectively. At pH 7.4, 
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ammonia transformation efficiency was about 47.3%. 42.0% of the influent 
TAN was converted to nitrate. At pH 7.1, ammonia transformation efficiency 
dropped to 36.3% and about 27.0% of the influent TAN was transformed to 
nitrate. At pH 6.8, ammonia transformation efficiency was about 48.1% and 
approximately 41.0% of the influent ammonia was in the nitrate form. And at 
pH 6.5, ammonia transformation efficiency was about 46.1% and about 45.3% 
of the influent TAN was converted nitrate. For all pH levels studied, loss of 
nitrogen due to denitrifying microorganisms was oberved. At pH 7.4, 7.1, 6.8, 
and 6.5, nitrogen loss was accounting for 4.3%, 7.8%, 8.5%, and 0.8% of the 
influent TAN, respectively.  

For each operating pH, different amount of the influent wastewater 
was required. This resulted distinct HRT and influent nitrogen loading rate 
caculated from based on HRT achieved (Table 2). HRT was approximately 5-
7 days and the influent nitrogen loading rate was about 114.5-160.3 mg/L d at 
pH 7.4. Decreasing pH resulted 6.5, HRT increased to 22-24 days and the 
nitrogen loading rate decreased to 34.6-37.7 mg/L d. 

 

 
 
Figure 4. pH in continuous-flow reactor during varying pH. 
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Figure 5.  Concentrations of total ammonium nitrogen, nitrite, nitrate,
 and total nitrogen in continuous-flow reactor during varying
 pH. 

 
Table 2.  HRT, % ammonia transformation efiiciency, and influent

 nitrogen loading rate in continuous-flow reactor during varying
 pH. 

 

pH HRT (days) 

% Ammonia 
transformation 

efiiciency 
(range) 

% Ammonia 
transformation 

efiiciency (average) 

Influent nitrogen 
loading rate 

(mg/L d) (range) 

7.4 5-7  30.1-56.6 47.3 114.5-160.3 

7.1 18-20 26.8-55.3 36.3 39.6-44.0 

6.8 21-23 34.3-56.3 48.1 34.7-38.0 

6.5 22-24 43.5-48.8 46.1 34.6-37.7 

 
DISCUSSION 

 
The results of nitrifying sludge acclimatization (Part 1) indicated that 

gradually increasing the influent TAN concentration resulted in the decrease 
in percent ammonia transformation efficiency because free ammonia (FA) that 
increased alongside the TAN increase inhibited the activity of nitrifying 
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sludge (Wang et al., 2012). However, the average percent ammonia 
transformation efficiency of the reactor was about 83.8% for the whole 
operating period. 

The results of varying pH in the continuous-flow biofilm reactor 
demonstrated that pH 7.4 achieved the highest influent nitrogen loading rate 
as compared to the other pH levels. However, in term of nitrogen loss from 
denitrifying microorganisms, 4.3% of the influent TAN was lost during the 
process. Even if there was aeration regularly, nitrogen loss in the system was 
found to be negligible due to the low DO concentration at certain times and 
insufficient penetration of the DO concentration through biofilm. Loss of 
nitrogen by volatilization is very low because 90% and 99% of ammonia is 
ionized at pH 8.25 and 7.25, respectively (Purwono et al., 2017).  In term of 
percent ammonia transformation efficiency, the highest value was reported at 
pH 6.8 but the influent nitrogen loading rate was very low at this pH level. 
The percent ammonia transformation efficiency gradually higher during 
reactor operation problably because nitrifying bacteria adapted for low pH and 
for the same reason, after gradually decreasing the pH, the percent ammonia 
transformation efficiency is higher than in the ealier periods. 
 

CONCLUSION 
 

In conclusion, this study demonstrated the ability of the biofilm reactor 
to stabilize urine wastewater by pH adjustment using the nitrification process. 
Based on the results of this study, pH 7.4 is recommended since it allow for 
the highest influent nitrogen loading rate with 47.3% ammonia 
transforrmation efficiency and 42.0% of the influent TAN being converted to 
nitrate. Although the ammonia transformation efficiency at pH 7.4 was lower 
than that at pH 6.8, the influent nitrogen loading rate was higher and the 
nitrogen loss by denitrifying microorganisms was lower, which is beneficial 
for nitrogen recovery. The results of the present study may be useful for 
further studies on urine recovery; moreover, urine should be disinfected and 
concentrated before being used for soil improvement. 
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ABSTRACT 
 

Natural deep eutectic solvents (NaDESs) are recently gaining 
excessive research interest as green solvents for the extraction of various 
compounds. It is due to their simple preparation using naturally low-cost 
substances with their low toxicity and high biodegradability. In the present 
work, various NaDESs were synthesized by mixing menthol as a hydrogen 
bond acceptor with fatty acids (lauric acid and oleic acid), organic acids (acetic 
acid and lactic acid), and alcohols (octanol and butanol) as hydrogen bond 
donors. Consequently, the physicochemical properties of prepared menthol-
based NaDESs had been characterized. They were refractive index, density, 
polarity and viscosity. Thearafter, the synthesized NaDESs were used to 
extract oil from coconut residue. All prepared NaDESs were clear liquids at 
room temperature. The FTIR results confirmed the occurrence of hydrogen 
bonds in the solvents indicating the eutectic formation. The obtained NaDES 
showed their properties were mainly affected by the molecular nature of 
hydrogen bond donors. The menthol-acetic system had the lowest viscosity 
providing the highest efficiency for extraction of oil from coconut residue.  

  
Keywords: Coconut oil extraction, Fourier transform infrared spectroscopy, 
Menthol-based solvents, Natural deep eutectic, Physicochemical 
characteristics. 
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INTRODUCTION 
 

Coconut residue is a byproduct of the coconut milk industry with 
underutilization. However, this byproduct has a considerably high oil content 
at over 25% (w/w) (Te et al., 2020). Hence, coconut residue could be a rich 
source of oil either for human consumption or industrial uses.  

Solvent extraction is a conventional method used to extract or recover 
oil from plant materials. However, the common organic solvents used to 
extract oil are known to be toxic to humans and harmful to the environment 
(Křížek et al., 2018). In this context, alternative solvents that are efficient, 
safe, and environmentally friendly have gained attention to develop as green 
solvents.  

Natural deep eutectic solvents (NaDESs) with hydrophobic characters 
are considered as green solvents due to their non-flammability, recyclability, 
non-volatility, low vapor pressure, and high boiling point (Kalhor and Ghandi, 
2019). These solvents are synthesized by establishing the hydrogen bonds 
between two compounds, one acting as a hydrogen bond donor (HBD) and the 
other as a hydrogen bond acceptor (HBA). Menthol is a component which is 
extensively used as a HBA due to its formation of hydrogen-bond with various 
HBDs, e.g., carboxylic acids, alcohols, sugars, and amides (Ribeiro et al., 
2015). 

The physicochemical properties of solvents, such as density, polarity, 
and viscosity, affect the extraction process. For NaDES, their physicochemical 
properties mainly depend on the nature of HBDs (Makoś, Słupek and Gębicki, 
2020). Therefore, it is crucial to understand the properties of the systems for 
selecting the proper solvent for any purpose applications. In this study, the 
menthol-based NaDESs had been produced using fatty acids (lauric acid and 
oleic acid), organic acids (acetic acid and lactic acid), and alcohols (octanol 
and butanol) as hydrogen bond donors. Formation of eutectic system was 
confirmed by monitoring the occurrence of hydrogen bonds using Fourier 
transform infrared (FTIR) spectroscopy.  Physiochemical properties of 
prepared NaDESs, including refractive index (RI), density, polarity, and 
viscosity, were measured. In addition, the ability of these NaDESs for oil 
extraction from the coconut residue was also investigated. 
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MATERIALS AND METHODS 
 
Materials 

Menthol crystals (purity 99.43%) was purchased from Shanghai 
PolarBear Pharmaceutical Co., Ltd. (Shanghai, China) and lauric acid (purity 
99.3%) was purchased from Emery Oleochemicals (M) Sdn Bhd (Telok 
Panglima Garang, Malaysia). Oleic acid (purity 75%) was purchased from 
Union Chemical 1986 Company Limited (Nonthaburi, Thailand). Acetic acid 
glacial (purity 99.7%), n-butanol (purity 99.4%), and ethanol (purity 99.9%) 
were purchased from RCI Labscan Limited (Bangkok, Thailand). Lactic acid 
(purity 88%) and n-octanol (purity 99.0%) were purchased from Loba Chemie 
Pvt. Ltd. (Mumbai, India). Nile red (technical grade) was purchased from 
Sigma-Aldrich (Missouri, USA). Dried coconut residue (moisture content, 
5.63%) was obtained from Ampol Foods Processing Co. Ltd. (Bangkok, 
Thailand). 

 
Preparation of menthol-based natural deep eutectic solvents 

The menthol-based natural deep eutectic solvents (NaDESs) were 
prepared using a heating method as previously described by Dong et al. (2021) 
with some modifications. Briefly, mixing menthol as a hydrogen bond 
acceptor (HBA) with the different hydrogen bond donors (HBDs) at desired 
molar ratios in a glass bottle (Table 1). The mixtures were then heated at 80°C 
and continuous stirring at 300 rpm until homogeneous clear liquid was 
obtained. The synthesized NaDESs were kept at room temperature (252℃) 
before analysis. To confirm the formation of eutectic liquid, the visual 
appearance and Fourier-Transform Infrared Spectroscopy (FTIR) spectra 
were observed (Mamilla et al., 2019).   
 
Table 1. List of prepared menthol-based natural deep eutectic solvents  
 
Solvent  
system 

NaDESs composition1 Molar ratio 
(mol/mol) HBA HBD 

DES-1 Menthol Lauric acid 2:1 
DES-2 Menthol Oleic acid 1:1 
DES-3 Menthol Acetic acid 1:1 
DES-4 Menthol Lactic acid 1:1 
DES-5 Menthol Octanol 1:1 
DES-6 Menthol Butanol 1:1 

1HBA = hydrogen bond acceptor; HBD = hydrogen bond donor 
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Physicochemical properties measurement 
The refractive index (RI) of solvents was performed at 252℃ using 

a refractometer (A. Kruss Optronic, Germany). The density was measured by 
pycnometer method according to the AOAC 985.19 (AOAC, 2012). Solvents 
polarity was determined using the method described by Jin et al. (2020) with 
some modifications. In brief, 2 ml of 10 µg/ml Nile red in ethanol was added 
to 10 ml DESs or a referent solvent and vortexed vigorously. The absorption 
maximum of the solutions (λmax) was determined with an UV-Vis 
spectrophotometer Model G10S (Thermo Fisher Scientific, USA) and the 
molar transition energies were calculated using the formula: ENR (kcal mol-1) 
= hcNA / λmax = 28591/ λmax, where h is Planck’s constant, c is the speed of 
light in a vacuum, and NA is the Avogadro constant (Huang et al., 2017).   

The viscosity was measured at 25℃ using a dynamic rheometer 
(Physica MCR 301, Anton Paar Ltd., Austria). The samples were placed in a 
concentric cylinder geometry cell (CC27-27mm diameter, steel) and the 
viscosity data at shear rate () between 0.01 and 1000 s−1 were recorded.  

 
Extraction of oil from coconut residue  

The dried coconut residue (5 g) was mixed with 50 g of each 
synthesized NaDESs and ethanol as a conventional solvent. The extraction 
was performed at room temperature (252°C) for 6 h with continuous stirring 
( 450 rpm). Thereafter, the mixture was centrifuged at 10,000 rpm for 30 
min. The solid coconut residue was collected and mixed with 50 mL distilled 
water and centrifuged (5,000 rpm for 10 min) for three times. After that, the 
solid residue was dried at 105±5°C in a hot air oven for 6 h. The residual oil 
in treated coconut residue ( 0.5 g) was extracted via the Soxtec method using 
petroleum ether as a solvent (AOAC, 2012) and measured.   
 

RESULTS  
 
Visual appearance and FTIR analysis 

After heating, all mixtures of menthol and various fatty acids (lauric, 
DES-1 and oleic acids, DES-2), carboxylic acids (acetic, DES-3 and lactic 
acids, DES-4), and alcohols (octanol, DES-5, and butanol, DES-6) became a 
clear liquid at room temperature (Fig. 1). This indicates the formation of deep 
eutectic solvents. For monitoring the formation of eutectic solvent, the 
hydrogen bonding between the hydroxyl group of menthol and carboxylic or 
hydroxyl groups of acids or alcohols, respectively, was also evaluated using 
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FTIR analysis (Fig. 2). The results showed that the carboxylic groups of fatty 
and carboxylic acids shifted from 1695, 1708, 1705, and 1719 cm-1 for lauric, 
oleic, acetic and lactic acids being 1711, 1710, 1713, and 1723 cm-1 for their 
DES, respectively (Figs. 2A-2D). Similarly, the hydroxyl groups in alcohol 
molecules shifted from 3320 and 3326 cm-1 to 3326 and 3327 cm-1 for octanol 
and butanol, respectively (Figs. 2E-2F). Moreover, the hydroxyl group of 
menthol (3246 cm-1) changed to higher wave numbers (3326-3396 cm-1) for 
all DES systems.  

  

  
 
Figure 1. Visual appearance of menthol and lauric acid (A) and various 

menthol-based deep eutectic solvents (B)  
 

 
 

 



 

 
The 34th Annual Meeting of the Thai Society for Biotechnology and International 

Conference “Sustainable Bioeconomy : Challenge and Opportunities” 

 
 

306 November 24–25, 2022, Ambassador Hotel Bangkok, Thailand 
 
 

 
 

 
 
Figure 2.  FT-IR spectra of prepared NaDESs (A = DES-1., B = DES-2, C 

= DES-3, D = DES-4, E = DES-5, and F = DES-6; see Table 1 for 
details of the systems) 

 
Physicochemical properties 

The physicochemical properties of the synthesized NaDESs, including 
refractive index (RI), density, and polarity are showed in Table 2. The RIs of 
the NaDESs were in the range of 1.4380 to 1.4642. The densities of 
synthesized NaDESs at room temperature (252℃) were observed relatively 
wide range values (0.8496 to 0.9722 gml-1), which are lower than water. The 
polarities of the NaDESs expressed as transition energy (ENR) were higher 
values representing the lower polarity. The DES-4 or menthol-lactic acid 
system had the highest polarity (ENR  51.3 kcalmol-1), whereas the lowest 
polarity was observed for DES-2 or menthol-oleic acid system (ENR  52.8 
kcalmol-1). 
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Viscosity 
The viscosities of all NaDESs showed relatively constant with the 

applied shear rates, presenting the Newtonian-like behavior. The value of 
viscosity varied depending on the HBDs type used to prepare the NaDESs. 
The DES-4 or menthol-lactic acid system had the highest viscosity ( 56.3 
mPas). The lowest viscosity was observed for DES-3 or menthol-acetic acid 
system ( 9.1 mPas). 
 
Table 2.  Refractive index (RI), density, and polarity of the synthesized 

NaDESs at room temperature (252℃)  
 

Solvent 
abbreviation RI Density, (g ml-1) Polarity, ENR 

(kcalmol-1) 
DES-1 1.4550b  0.0003 0.9181c  0.0003 52.54b  0.00 
DES-2 1.4642a  0.0001 0.8763e  0.0007 52.79a  0.07 
DES-3 1.4380f  0.0004 0.9560b  0.0006 51.88c  0.13 
DES-4 1.4498c  0.0005 0.9728a  0.0007 51.30d  0.09 
DES-5 1.4466d  0.0007 0.8847d  0.0005 52.49b  0.09 
DES-6 1.4407e  0.0003 0.8495f  0.0001 52.47b  0.14 

 

 
 

Figure 3. Viscosity of synthesized NaDESs at 25℃ 
 
Coconut oil extraction efficiency 
 All six different NaDESs were examined for extraction of oil from 
coconut residue. The obtained results show in Fig. 4. The extraction efficiency 
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was varying in different extraction solvents. The DES-3 or menthol-acetic 
acid system had the highest extraction efficiency deduced from the lowest 
residual oil ( 16.6 % (w/w)) compare with other NaDESs. However, this 
NaDES system had less extraction efficiency compare with controlled solvent 
(ethanol) that had  7.4 % (w/w) residual oil. 
 

 
 
Figure 4. Residual oil content in treated coconut residue 
 

DISCUSSION 
 

The NaDESs are in the form of clear liquid at room temperature (Fig. 
1) demonstrating that the melting point of these NaDESs is below room 
temperature (van Osch et al., 2020). The lower melting point in the NaDESs 
is due to the formation of hydrogen bonding and the complex interactions of 
HBD and HBA (Zhang et al., 2012). In the present work, the occurrence of 
hydrogen bonding was confirmed using FTIR analysis (Fig. 2). The evidence 
indicating hydrogen bonding occurred in the NaDESs system is a shifting of 
a peak of hydroxyl group in menthol and alcohol molecules to a higher 
wavenumber with a broaden peak. Besides that, the carboxylic group peaks of 
fatty and organic acids had been a shift to higher wavenumbers. This change 
in the vibration state is due to a portion of electrons of the oxygen atom 
transferring to hydrogen bonding, thereby reducing the force constant (An and 
Row, 2021).  

The RI values increased as the carbon chain length of HBD was 
increased which is consistent with the previous work of Lalikoglu (2021). 
Typically, the density of NaDESs is related to the molecular nature, and 
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interactions between its constituents (Lemaoui et al., 2020; van Osch et al., 
2020). Meanwhile, the density of NaDESs decreased with increasing the 
carbon chain length of HBD components (Lalikoglu, 2021; Lemaoui et al., 
2020). Moreover, it is also dependent on the initial density of the HBD 
component (Dias et al., 2022). The results from this work agree with the 
literatures, in which the synthesized DES-6 (menthol-octanol system) and 
DES-4 (menthol-lactic) had the lowest and highest density (Table 2). The 
relative polarity of NaDESs can be measured indirectly by changing in λmax of 
Nile red in such solvents (Craveiro et al., 2016). The inverse proportion of 
λmax and ENR indicates that more polar samples shift to higher wavelengths. In 
this work, the organic acid-based NaDESs were the most polar, followed by 
alcohol and fatty acid, respectively (Table 2). Those results followed the trend 
proposed by previous works (Dai et al., 2013; Jurić et al., 2021).  

The viscosity of NaDESs showed different values with the type of 
either HBA or HBD and the intensity of occurrence of hydrogen bonding. For 
using the same HBA, the viscosity increased as the alkyl chain of HBD 
increases but the viscosity decreased when the longer branch chains used 
(Makoś, Słupek and Gębicki, 2020). Generally, the lower viscosity value of 
NaDES is preferred for use as an extraction solvent. The results in this work 
are consistent with the literatures, the highest efficiency of oil extraction had 
observed for the DES-3 system (menthol-acetic), which was the lowest 
viscosity (Fig. 3 and Fig. 4). It was, however, observed that the extraction 
efficiency might also be attributed to the capacity of the NaDES to cause rapid 
rupture and destruction of the plants’ physical structures, which could enhance 
the extraction yield (Křížek et al., 2018).  
 

CONCLUSION 
 

The physicochemical properties of the NaDES prepared using menthol 
as HBA and various HBD components, including fatty acids, organic acids, 
and alcohols, are reported in this work. In addition, their potential to be used 
as a green solvent for oil extraction from coconut residue is also explained 
here for the first time. The synthesized NaDESs presented various properties 
that depended on the nature of HBD. The NaDESs prepared from organic 
acids had a higher density and showed the most polar solvents compared with 
those from alcohols and fatty acids. All prepared NaDESs behaved like 
Newtonian liquids with various viscosity values. The extraction efficiency 
varied in different solvent systems, which is the DES-3 or menthol-acetic 
eutectic system provided the highest oil extraction efficiency. However, the 
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suitable extraction process and extraction mechanism may be worth for further 
study to improve the oil extraction efficiency. 
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ABSTRACT 
 

 Proteomic analysis is one of the most powerful approaches for 
understanding the expression profiles of molecular systems. This study shows, 
we presented the physiological and proteomic expression profiles of a newly 
identified Saccharomyces cerevisiae RSO4 strain that cover several features 
of its fermentation performance and the proportion of all proteins expressed 
during the fermentation of Hom Mali rice, Oryza sativa. The yeast RSO4 
strain displayed a distinct expression profile, as well as increased tolerance to 
high concentrations of sugar and the ability to grow well on alternative carbon 
sources. Functional analysis of the proteome was conducted using Kyoyo 
Encyclopedia of Genes and Genomes (KEGG), the Carbohydrate-Active 
Enyme (CAZy) and the Saccharomyces Genome database (SGD) revealed 
extensive alteration in the cellular metabolisms, including the 
glycolysis/gluconeogenesis pathways as well as the starch and sucrose sugar 
metabolism. Their gene products were differentially expressed in high 
abundance. Some biotechnologically important enzymes such as β-
glucosidases and glycogen-branching enzymes were retrieved from the 
proteomic database. Thus, owing to its enhanced fermentation performance, 
the yeast RSO4 strain could be an ideal candidate for functional food 
applications using the starch-based media culture. 
 
Keywords: Fermentation, Hom Mali rice, Oryza sativa Linn, Proteomic, 
Saccharomyces cerevisiae. 
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INTRODUCTION 
 

The global market for "functional foods" has been expanding in recent 
years as more people become aware of the link between nutrition and health 
(Carrillo et al., 2013). Within the category of functional foods, probiotic foods 
are expected to account for 60–70% of the market share, according to experts 
(Tripathi & Giri, 2014). When consumed by a host in sufficient numbers, 
probiotics provide health advantages.  

Rice (Oryza sativa L.) is one of the most important food crops of 
Southeast Asian countries, including Thailand. It is nutrient rich, proving  
carbohydrates, minerals and vitamins to our body (Kukusamude et al., 2021). 
Hom Mali, often called Jasmin rice, is valuable and well-known for its unique 
fragrance and taste. After cooking, the long grain of Hom Mali rice becomes 
tender and fluffy and distinguishing aromatic pandan smell that surrounds the 
kitchen while it cooks is one key signature. The indigenous people have 
created multiple ways of preparing and preservation rice, as well as alternate 
preparation techniques and processes to enhance its quality and value. For 
generations, people have used fermenting microbes to transform agricultural 
products including rice into functional food. Modern fermentation processes 
include the production of cheeses, bread, and alcohol, all of which contain a 
significant amount of probiotic yeast or bacteria (Banoth et al., 2017). The 
constant search for new fermented products and flavorings has resulted in 
discoveries of potential microbes that play roles in the modern food 
technology. 

Although most probiotics are bacteria, Saccharomyces boulardii, a 
kind of yeast, has been discovered to be an useful probiotic and is commonly 
used to treat gastrointestinal (GI) disorders (Zanello et al., 2009). Numerous 
research assessing the probiotic potential of its close-relative S. cerevisiae has 
also been published (Romero-Luna et al., 2019). Some S. cerevisiae strains 
are able to ferment soluble starch after overexpressing the STA1 glucoamylase 
gene. However, this engineered strain exhibited extremely low raw starch 
breakdown activity. Poor hydrolysis of raw starch is linked to the lack of a 
starch-binding domain of STA1 gene. The inhibition activity of ethanol 
concentrations over 15 g/L on STA1 activity has been reported to hinder 
fermentation ability (Nakamura et al., 1999). The stimulatory influence of the 
S. cerevisiae MAT locus on STA1 enzyme activity and the relatively limited 
debranching efficiency of the STA1 glucoamylase is proposed to be important 
in the future research of  raw starch utilization (Nakamura et al., 1997). 
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The current research aimed to determine on the physiochemical 
property and proteomic profile of S. cerevisiae strain RS04 during cooked-
rice fermentation. to Additionally, we explored whether differences in the 
proteomic profiles of Hom Mali rice fermentation after 24 and 48 h were 
related to their genetic profiles, especially the key genes and metabolic 
pathways. 
 

MATERIAL AND METHODS 
 
Yeast strain, media and culture condition 

The Saccharomyces cerevisiae RSO4 strain was originally isolated 
from Trigona honey at Bee Park, Ratchaburi Province, Thailand (Zahoor et 
al., 2021). For the starter culture preparation, the RSO4 strain was inoculated, 
streaked on Yeast Extract Peptone Dextrose (YPD) agar (1% yeast extract, 2% 
peptone, 2% glucose, 2% agar) and incubated at 30 °C for 48 h. Cells were 
grown in YPD broth and incubated at 30°C. For proteomic analysis, RSO4 
strain cultivated in Rice flour medium (10% rice flour) at 30°C, 150 rpm. The 
samples were collected 24 h and 48 h. 
 
Morphology and Physiological  

For the colony morphology investigation, RSO4 strain was propagated 
on Hom Mali rice flour agar plates (2% rice flour, 2% agar) for 3 days at 30°C, 
as described by Kurtzman et al., 2011 (Kurtzman et al., 2011). For, 
osmotolerance to high sugars was performed to evaluate the effect on the 
growth phenotype of the analyzed strains. Briefly, serial dilutions of 10-2–10-

6 cells/mL-1 of a yeast exponential-phase culture (3 µL) were spotted onto 
YPD agar, and, for stress tolerance analysis, onto YPD agar supplemented 
with 50%, 60%, 70%, and 80% of glucose, sucrose, and fructose, respectively. 
The plates were incubated for 5 days at 30°C. All experiments were performed 
in triplicate. To determine growth kinetics, YP medium contains 50%, 60%, 
70%, and 80% of sugar (w/v); glucose, fructose, and sucrose. Then, cells were 
cultured at 30◦C, and growth was monitored turbidimetrically at OD600 nm in 
a microplate reader every 2 h. for period of 16 h. All experiments were 
performed in triplicate. 

The biochemical test for the VITEK 2 system (BioMérieux) is a 64-
well plastic card containing 46 fluorescent biochemical tests, including 
measuring carbon source utilization, nitrogen source utilization, and 
enzymatic activities. The card was automatically added and sealed by a 
vacuum machine. It was manually loaded into the VITEK 2 reader incubator 
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module (incubation temperature, 30°C), and every 30 minutes, each card was 
automatically exposed to a kinetic fluorescence analysis. Following an 18 h 
incubation period, the results were evaluated by the ID-YST database. 

 
Protein extraction and digestion for gel-free based proteomics 

To investigate the protein expression profile of different treatment 
conditions. The extracted proteins were prepared by previous studies 
(Krobthong et al., 2021). Briefly, rice samples were lysed by a lysis buffer 
solution (0.5% Triton X-100, 10 mM DTT, 10 mM NaCl in 50 mM HEPES-
KOH pH 8.0). Proteins extracted were precipitated using ice-cold acetone and 
stored at -20 °C for 16 hours. After precipitation, the protein pellet was 
reconstituted in 0.25% RapidGest SF (Waters, UK) in 10 mM Ammonium 
bicarbonate. The protein concentrations were determined by the Bradford 
Reagent assay kit (Sigma, USA), using bovine serum albumin as the standard. 
The total protein amount of 30 µg was subjected to trypsin digestion. 
Reduction of the sulfhydryl bonds using 10 mM DTT in 10 mM ammonium 
bicarbonate at 62 C for 20 minutes and alkylation of sulfhydryl at room 
temperature for 25 minutes in the dark. The solution was cleaned up by the 
Desalting column (Thermo scientific, USA). The flow-through solution was 
enzymatically digested by trypsin (Thermo scientific, LT) at a ratio of 1:50 
(enzyme: protein) and incubated at 37 C for 3 hours.  The digested peptides 
were reconstituted in 0.1% formic acid and transferred to a TruView LCMS 
vial (Waters, UK).  
 
LC-MS/MS setting for proteomics analysis 

A total of 1.0 μg peptides were subjected to LC-MS/MS. The spectrum 
data was collected in a positive mode on a sciex triple TOF-6600+ mass 
spectrometer (ABSCIEX, De) combined with an EASY-nLC1000 nano-liquid 
chromatography (LC) system (Thermo Scientific, USA) with a nano analytical 
column (75 µm i.d. x 15 cm, packed d with Acclaim PepMap™ C18) (Thermo 
scientific, De). LC conditions were the following: Mobile phase A and B were 
used, with mobile phase A composed of 0.05% Trifluoroacetic acid (TFA) in 
water and mobile phase B comprising 80% acetonitrile with 0.04% TFA. The 
samples were loaded onto nano analytical column was first linear gradient 
separated according to 95 min long from 3-35% B from the nano-LC system 
at a constant flow rate of 300 nl·min−1. The analytical column was regenerated 
at 90% B for 10 minutes and re-equilibrated at 5% B for 15 minutes. The 
eluted peptides were analyzed LC-MS/MS. The MS acquisition time was set 
from gradient time zero to 120 min, and the MS1 spectra were collected in the 
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mass range of 400 to 1,500 m/z with 250 ms in “high sensitivity” mode. 
Further fragmentation of each MS1 spectrum occurred with a maximum of 30 
precursors per cycle. Switch criteria used were the following: charge of 2+ to 
5+, 500 cps intensity threshold and dynamic exclusion for 15 s. SWATH-MS 
data for individual samples were acquired on LC-MS/MS exactly the same as 
described before (Krobthong et al., 2021).  Swath acquisition was carried out 
in a data-independent acquisition (DIA) mode. The MS1 spectra were 
collected in the mass range of 400 to 1,250 m/z in “high sensitivity” mode. 
The variable Q1 isolation windows optimized based on the spectral library 
using SWATH Acquisition Variable Window Calculator (2). Collision energy 
was different for each window. Single injections of biological triplicates were 
performed.  

The raw MS-spectra resulting (.wiff) file was extracted and annotated 
with protein sequences using the Paragon™  Algorithm by ProteinPilot™ 
Software. The Saccharomyces (9,992 sequences) and Oryza sativa subsp. 
Indica (42,758 sequences) protein database, retrieved from UniProtKB and 
used in Paragon™ , was assembled in FASTA format and downloaded in 
August 2022. The protein data was detected threshold of [Unused ProtScore 
(Conf)] ≥ 0.05 with 1% false discovery rate (FDR) with ≥ 10 peptides/protein. 
The protein and peptide comparisons exhibiting > 20% coefficient of variation 
(C.V.) between the replicates were rejected. Both library and SWATH-MS 
data were imported into SWATHTM processing microapp in PeakView® 
software.  

 
Bioinformatic analysis  

Protein information, including gene symbol, chromosome loci, gene 
model and modifications, was mainly generated from SGD annotations. The 
genetic variants were subjected to DAVID, which is a web-based tool for 
identifying enriched biological themes such as GO terms (p-value <0.05, 
Holm-Bonferroni corrected), functionally related gene groups, cluster 
annotation terms for large gene collections (http://david.abcc.ncifcrf.gov/) 
(Huang et al., 2009), Pathway information came from the database Kyoto 
Encyclopedia of Genes and Genomes (KEGG, http://www.genome.jp/kegg) 
(Kanehisa, 2002). Venn was drawn by the online tool jvenn 
(http://bioinfo.genotoul.fr/ivenn/example.html) (Bardou et al., 2014) 
 
Statistical analysis 

All experiments were carried out in at least three independent 
replicates (n = 3), and all data were expressed as the means ± standard 
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deviation. The statistical signifi-cance was determined by Duncan’s multiple 
range test (p-values < 0.05). The quantification data and the illustrated result 
were made with GraphPad Prism 9.1 (GraphPad software, USA). On 
fermentation replicates, standard deviation and p-values were calculated.The 
statistical level of significance was set at a p-value ≤ 0.05 for metabolite 
concentrations, whereas the data was analyzed through one-way analysis of 
variance (ANOVA) with SPSS 26.0 (SPSS Inc., Chicago, IL, USA). 
 

RESULTS  
 
Morphology and biochemical reaction  

Commercial yeasts provide an attractive background for strain 
selection for various applications even though they have characteristics that 
allow it to survive and maintain in the stressful parameters encountered in the 
manufacturing enterprise. Here, after incubation period, the colony 
appearance of strain RSO4 is white to tannish-white, smooth, mildly glossy, 
and butyrous at 30°C for 3 days under the aerobic condition (Figure 1A). 
Colonies have a low convex shape, depressed center, and smooth edge. Under 
a light microscope, asci develop one ascospores that are generally appear. 

We also evaluated the new, fully automated VITEK 2 system 
(BioMérieux) equipped with 47 biochemical tests for operated physiological 
characteristics. RSO4, honey yeast isolated strain completed reaction within 
15 h. The biochemical properties are shown positive 10 tests  (Table 1) 
including Leucine-ARYLAMIDASE, D-Galactose, D-Glucose, D-Maltose, 
D-Raffinose, D-Mannose, Saccharose/Sucrose, D-Turanose, DL-Lactate, 
Acetate. Therefore, glucose and fructose are obtained from a limited number 
of biomasses, this examination revealed the ability of S. cerevisiae RSO4 
strain to assimilate alternative carbon sources more efficiently. RSO4 strain 
could utilize various carbon sources, as shown (Figure 1). This study's 
methodologies and strains could serve as a reference for development and 
strategic microbes able to utilize alternative carbon source such as rice starch. 
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Figure 1. Highlighting the existing physiological variety of S. cerevisiae 

RSO4 strain on Rice flour agar, YPD agar and growth (O.D.600) 
of RSO4 at high sugar concentrations.  

 
Osmotic tolerance and growth rate  

Hyper-osmotic stress is common in industrial bioprocesses, like 
attempting to make first-generation bioethanol, very high gravity 
fermentations are often used to improve product yields by increasing the initial 
sugar concentration and, as a result, the osmotic pressure (Deparis et al., 
2017). Because starch from rice and sugar present in sugarcane juice and 
molasses are among most abundant sources obtained from two important 
economic crops of Thailand, the ability of RSO4 to use these carbon sources 
was investigated. Because most of the sugar in sugarcane juice and molasses 
is available in this disaccharide, a high growth rate of sucrose provides a 
competitive market in the Thailand fuel ethanol sector. As a result, we 
evaluated the growth performance of strains on various carbon sources, 
including glucose, fructose, and sucrose. We observed a significant variance 
in growth rates, highlighting the existing physiological variety and the 
opportunity for this research to discover industrially relevant features 

First, we subjected these strains to osmotic sugar stress using a spot 
test assay on YPD plates containing three types of sugars (sucrose, glucose, 
and fructose) at high concentrations of 40%, 50%, and 60% (w/v) (Aouida & 
Ramotar, 2018) (Figure 1B). Interestingly, the S. cerevisiae RSO4 showed 
slight growth; when sucrose was utilized as the carbon source, the strain 
exhibited statistically higher specific growth rates than when fructose or 
glucose was used. Despite the availability of glucose in nature, the habitat of 
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S. cerevisiae has yet to be thoroughly understood. As a result, the causes of 
the higher growth on sucrose remain unknown. It might be connected to the 
G-protein-coupled receptor (Gpr1greater )'s affinity for sucrose, which can 
boost glycolytic flow via activation of the cAMP signaling cascade (Badotti 
et al., 2008).  

In the case of glucose, fructose and sucrose the stress evaluation was 
performed at concentration range of 500, 600, 700 to  800 g/L. The g r owth 
measurement showed that the lag phase was 0-20 for all the fermented 
samples; the exponential phase was between 0-72 h for the samples (500 g/L 
-700 g/L and the stationary phase showed only 800 g/L (Figure 1C). 
Interestingly, best growth performance of RSO4 was found at 500g/L of 
sucrose compared with other conditions (Figure 1C). In many cases of bread, 
sucrose is often added up to 30% (w/w) of the dough, generating extra osmotic 
stress, suggesting potential application of this yeast strain in sucrose-based 
industry.   

The fermentation medium is a complicated combination of several 
fermentable sugars in most food and braveries industrial methods. The major 
sugars in fruit grapes include glucose and fructose. In contrast, beer wort 
consists of glucose, fructose, sucrose and maltose, and the bioethanol-
production fermentation medium is normally a combination of all these sugars 
at in variable concentrations base on the origin of the substrate such as 
molasses etc. This result indicated that RSO4 strain isolated from honey is 
tolerant to high-glucose concentrations. Finally, this yeast tolerance to 
osmotic stress in high concentrations of sugar.  There are many connections 
between the various sugars that generate osmotic stress, and this strain shows 
unique characteristics against osmolytic stress. 
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Table 1. Physiology characteristics of S. cerevisiae RSO4 strain of 
honey isolated yeast. The survival ability under biochemical 
reaction. 

 
Growth in Liquid Media (Bichemical test) 

L-Lysine-Arylamidase - Methyl-A-D-
Glucopyranoside - Alpha-

Glucosidase - 

L-Malate  - D-Cellobiose - D-Turanose + 
Leucine-
ARYLAMIDASE + Gamma-Glutamyl-

Transferase - D-Trehalose - 

Arginine  - D-Maltose + Nitrate - 
Erythritol  - D-Raffinose + L-Arabinose - 
Beta-N-Acetal-
Glucosaminidase  - PNP-N-Acetyl-BD-

Galactosaminidase 1 - D-Galacturonate - 

Tyrosine  - D-Mannose  + Esculin 
Hydrolysis - 

Glycerol - D-Melibiose - L-Glutamate - 
Arbutin  - D-Melezitose - D-Xylose - 
Amygdalin - L-Sorbose - DL-Lactate + 
D-Galactose + L-Rhamnose - Acetate + 
Gentiobiose - Xylitol - Citrate (Sodiumi) - 
D-Glucose + D-Sorbitol - Glucuronate - 

Lactose - Saccharose/Sucrose + N-Acetyl-
Glucosamine - 

L-PROLINE - 2-Keto-D-Gluconate - D-Gluconate - 
Urease -     

Note*: Growth: +; Not growth: -  
 
Proteomic analyses and Gene Ontology  
 Yeast cells were cultured in media containing starch granules that are 
broken down into oligosaccharide and sugars due to heat. After, the proteomic 
analysis of RSO4 strain during Hom Mali rice fermentation at 24 h or 48 h 
was conducted, and results were shown (Figure 2 and Table 2). In particular, 
all proteins were used to identify biologic pathways, networks, and functional 
categories of differentially expressed genes, using a combination of 
bioinformatic tools: the gene ontology (GO) enrichment analysis—biological 
processes. Among all the top 3 GO-terms presented in Table 2, GO-
enrichment analysis of cellular components involved in cytoplasm, 
intracellular and cellular anatomical entities were found. 
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Figure 2. Representation of the summary proteomic profile of RSO4 S.
  cerevisiae strain during Hom Mali rice fermentation via Venn
  diagram. The numbers of all proteins at 24 h of up-(Bardou et
  al.) and down-regulated (blue), and 48 h of up-(yellow) and 
  down-regulated (green) were shown. 
 
Table 2. Proteome expression of up- and down-regulated proteins of RSO4 

strain during Hom Mali rice fermentation at 24 or 48 h. 
Elements Total Protein name  

Down-regulation  
(24 h and 48 h) 

51 DAL3 SEC4 SSA2 SSE2 ARF1 EFG1P SSE1 ADH1 
RPL11B RPT3 RL11A RPT4 YPT6 KRE28 RTC1 NOC2 
SSA4 YNK1 GPD2  RPL11A GPD1 HHF2 ADH2 FAL1 
HHF1 RPL14B RPL23B SSA3 RPL14A GLK1 BMH2 
RPS9B RPS9A TDH1 TEF1 AIM18 BMH1 RAS1 GLC3 
RPL23A RPT6 RPL12B  UGP1 GFD2 RL12A RRT14 
H2AZ YPT1 HTZ1 SSA1 TEF2 

Down-regulation (24 h)  
Up-regulation (48 h)  

1         BGL2 

 
Up-regulation (24 h) 
Down-regulation (48 h)  

 
5        RL40A RPL40B ATP1 UBI4 RPS31 

 
Up-regulation  
(24 h and 48 h) 

 
11        ENO1 TDH3 ENO2 ACT1 ZEO1 YML082W SOD1               

      GRE1 HSP26 PGK1 CDC19 

Table 3. Top three enrichment of identified cellular, functional and 
   bioprocesses and KEGG analysis. 
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Functional pathways highly represented in the quantitative proteomic 
analysis  
 When we analyzed the GO-terms using the functional category, the 
proteins were mostly related to binding, organic cyclic compound binding, and 
heterocyclic compound binding. The coverage of proteins in bioprocesses, 
including metabolic process, and cellular process. The most significant 
pathways are those identified by KEGG pathway annotated proteins (Table 3). 
Two of the most important pathways are chosen for detailed analysis. Starch 
and sucrose metabolism as well as glycolysis/gluconeogenesis. 
 
 

GO #term ID Term description P-value 
Cellular GO:0005737 Cytoplasm 1.9x10-3 
 GO:0005622 Intracellular 3.5x10-3 
 GO:0110165 Cellular anatomical entity 4.4x10-3     
Functional GO:0005488 Binding 2.96x10-10 
 GO:0097159 Organic cyclic compound binding 6.80x10-9 
 GO:1901363 Heterocyclic compound binding 6.80x10-9     
Bioprocess GO:0044237 Cellular metabolic process 3.9x10-4 
 GO:0008152 Metabolic process 1.1x10-3 
 GO:0009987 Cellular process 2.23 x10-3     
KEGG map00010 Glycolysis / Gluconeogenesis 6.16x10-7 
 map01110 Biosynthesis of secondary metabolites 4.71x10-5 

 map04213 
Longevity regulating pathway - 
multiple species 1.1x10-4 

 map03010 Ribosome 5.3x10-4 

 map04141 
Protein processing in endoplasmic 
reticulum 8.9x10-4 

 map01200 Carbon metabolism 2.4x10-3 
 map04144 Endocytosis 2.4x10-3 
 map01230 Biosynthesis of amino acids 3.1x10-3 
 map00500 Starch and sucrose metabolism 9.4x10-3 
 map03040 Spliceosome 1.02x10-2 
 map01100 Metabolic pathways 2.13x10-2 
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Figure 3. Selected pathways of S. cerevisiae RSO4 strain that are 

affected during the Hom Malirice fermentation. (A) Protein 
expression levels at 24h and 48h. (B) Protein-protein 
Interaction Enrichment Analysis of identified yeast RSO4 
proteins. 

 
 Functional analyses of Hom Mali rice fermented by RSO4 strain using 
SGD database also revealed the present of various carbohydrate metabolism 
pathways. Figure 3A presents protein expression values in representative 
pathways with protein abundance. The starch and sucrose metabolism of 
RSO4 strain revealed 4 annotated enzymes that show a strong increased 
expression at 24 h but a decreased expression at 48 h (Figure 3A). These 
include, 1,4-alpha-glucan branching enzyme; GLC3 (EC: 2.4.1.18); UTP 
glucose-1-phosphate uridylyltransferase; UGP1 (EC:2.7.7.9), glucan 1,3-
beta-glucosidase; BGL2 (EC:3.2.1.58) and glucokinase; GLK1 (EC:2.7.1.2). 
Furthermore, GLK1 enzyme participates in glycolysis/gluconeogenesis as 
well as the first irreversible step of glucose metabolism. 
 Patterns of expression of glycolysis/gluconeogenesis revealed 5 
annotated enzymes. The glycolytic pathway comprises all steps necessary to 
convert glucose in pyruvate. These involve genes encoding by the 
glucokinase; GLK1 (EC:2.7.1.2), glyceraldehyde-3-phosphate dehydrogenase 
(phosphorylating); TDH1 /THD3 (EC:1.2.1.12), phosphoglycerate kinase; 
PGK1 (EC:2.7.2.3), phosphopyruvate hydratase; ENO1/ENO2 (EC:4.2.1.11) 
and pyruvate kinase; CDC19 (EC2.7.1.40) (Figure 2A). Interestingly, RSO4 
strain strong expressed proteins encoded by PGK1, CDC19, ENO1 and ENO2 
gene at high level during all stage of fermentation tested. This demonstrated 
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that the protein level is increased not only for specific genes but also for 
established pathways to enhance the development and metabolism of S. 
cerevisiae RSO4 strain during growth on Hom Mali rice as the sole carbon 
source (Figure 3B).  
 However, most indications of protein function show 10 core proteins 
shared in both growth conditions. This core proteins are involved in cell-wall 
biogenesis, glycolysis/gluconeogenesis, and starch and sucrose metabolism 
(Figure 4). The involvement of gluconeogenesis proteins in the cell wall and 
extracellular proportions of various yeasts, such as enolase in pathogenic 
yeasts C. albicans, C. neoformans, and non-pathogenic yeast S. cerevisiae are 
observed here and elsewhere (Morales et al., 2021). This result suggested that 
these genes may have additional function when S. cerevisiae RSO4 strain is 
cultured in starch-based fermentation. 
 

CONCLUSION 
 

To contribute toward clarifying of the mechanisms that constitute of rice 
fermented by yeast RSO4 strain, we performed an integrated analysis of 
physiological and proteome. Making accurate functional annotations is a 
challenge in proteomics research. However, in this study, we had to generate 
a connection protein-to-protein interaction more appropriate to the 
mechanism. Despite these issues, rice varieties comparative proteomic studies 
can reveal not only differences in expression profiles, some of which may be 
related to distinct activities and phenotypes on this strain, but also insights into 
a wide range of biological principles. Our studies give insight into short- and 
long-term processes, as well as the fundamental molecular players that allow 
yeast activity under rice ferment condition. Future study, we plan to expand 
the understanding of metabolite and protein biosynthesis, among other 
situations and biological events to enhance and performed for industrial 
application. 
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Figure 4. Schematic representation of (A) starch granules occurred 
during prepared for fermentation. Under the influence of water 
at a specific temperature, starch granules were thoroughly 
agitated, and they slowly expanded under the influence of the 
gelatinizer to achieve gelatinization and slowly cool down into 
oligosaccharide and sugars. (B) Prevalent enzymes of 
metabolite associated pathways of cell wall biogenesis, 
glycolysis/gluconeogenesis, and starch and sucrose 
metabolism identified in this proteomic analysis of RSO4 
(brown color box). 
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ABSTRACT 
 

 The white type jellyfish (Lobonema smithii) is one of the most 
economical species of edible jellyfish in Thailand. The whole fresh jellyfish 
must be cleaned and preserved in salted jellyfish form. For consumption, 
salted jellyfish were washed with a traditional wash by soaking them several 
times in water and overnight or using a washing machine. With the increase 
in applying green technology of ultrasound in food, the ultrasonic cleaning of 
salted jellyfish sounds interesting in the view of using less water and time. 
This research aimed to evaluate the effect of ultrasound-assisted washing on 
the quality of desalinated jellyfish protein powder. The ratio of 1: 10 (w/v) 
salted jellyfish and tap water were placed on a sonication bath, and the wash 
cycles were operated from 1 to 3 cycles; each cycle was run for 15 min. After 
sonicated wash, the samples were dried and powdered. Results showed that 
increased sonicated wash cycles can reduce NaCl and Na+ in salted jellyfish 
by more than 96% and 99% of the 3rd sonication cycle when analyzed by 
titration and AAS. The sonication increased the washing loss and generated a 
softer texture of desalted jellyfish. The dried desalted jellyfish powder from 
the 3rd sonication cycle still contained a high protein content of 80.37% with 
a brownish color. Therefore, sonication could be used as a method for the 
desalination of salted jellyfish to produce jellyfish protein powder for food 
development in the future. 
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INTRODUCTION 
 
 Jellyfish food is one of the exotic menus in Asia. Two common types 
of edible jellyfish in Thailand are the white type (Lobonema smithii) and the 
sand type (Rhopilemma hispidum) (Wongsa-ngasri et al., 2008). Salting is a 
traditional technique for the preservation of fresh jellyfish. Firstly, the jellyfish 
must be cleaned with seawater and separated into the umbrella and oral arm. 
Then, the salt chemicals used are sodium chloride for dehydrating the water 
from fresh jellyfish and preventing microbial growth, alum (aluminum 
potassium sulfate) for removing the mucus and hardening the texture, and 
sodium bicarbonate for lowering the pH and increasing crispiness (Hsieh et 
al.,2001; Hu et al., 2019). The art of salting varies depending on jellyfish 
species, producers, and customer specifications. After processing, the salted 
jellyfish can be kept at room temperature for one year and refrigerated (4-
10oC) for two years (Hsieh et al., 2001). The salted jellyfish, a product of 
Thailand, has been exported to Japan, South Korea, Malaysia, China, and 
Taiwan (Omori and Nakano, 2001). Due to the crunchy and crispy texture of 
desalted jellyfish and high in protein and collagen but low in fat, which is 
considered as low calories healthy food; as a result, the demand and 
consumption of edible jellyfish around the globe have significantly increased 
(Hsieh et al., 2001; Pedersen et al., 2018).  

The salt content in salted jellyfish must be removed before cooking 
and consumption. The traditional wash method has been used to prepare the 
desalted jellyfish (Hsieh et al., 2001). Still, this method generates a high 
volume of wastewater, takes a long time, and gets labor intensive. Therefore, 
a washing machine is used with less time and labor (Charoenchokpanich et 
al., 2020; Muangrod et al., 2021). However, the use of washing machines still 
generates lots of wastewater. Thus, it is interesting to come up with an 
alternative cleaning method. 
 Ultrasound has been used in food applications such as separation, 
crystallization, extraction, filtration, freezing, emulsion, drying, and cleaning 
(Singla et al., 2021; Alarcon et al., 2015). The advantages of ultrasound are an 
environment-friendly process with ease of use, having a compact size with a 
low cost of operation (Bhargava et al., 2021). According to previous research, 
applying ultrasound can be used for protein desalination (Ozuna et al., 2014; 
Yu et al., 2022) .  Results showed that ultrasound reduces salt content in dried 
salted cod by up to 32% (Ozuna et al., 2014). In addition, ultrasound can 
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improve the texture and reduce salt in salted duck eggs (Yu et al., 2022). 
Recently, the application of ultrasound in the desalination of salted jellyfish 
can completely reduce the salt up to 100% when applied the ultrasound for 
100 min at a fixed frequency (40 kHz) and power (220 W) (Lueyot et al., 
2022). This research aimed to study the effect of ultrasound-assisted washing 
on the quality of desalted jellyfish protein powder. 
 

MATERIAL AND METHODS 
 

Materials 
 The umbrella of salted jellyfish (Lobonema smithii) was purchased 
from Chockdee Sea Products Co., Ltd., Samut Songkhram, Thailand. The 
salted jellyfish was cut into 0.8 × 20 cm. The salted jellyfish was then packed 
in sealed polyethylene bags (3 kg per bag), transferred to the Department of 
Agro-industrial, Food, and Environmental Technology, Faculty of Applied 
Science, King Mongkut’s University of Technology North Bangkok, and kept 
at refrigerator temperature (10oC) until used. 
 
Preparation of desalted jellyfish using a sonication bath 
 The preparation of sonicated jellyfish was followed by the method of 
Lueyot et al. (2022) with a slight modification. The salted jellyfish sample (1 
kg) and tap water (10 liters) were subjected to a sonication bath (E30H, 
Elamasonic, Germany) operated at a frequency of 40 kHz and a power of 220 
W. The number of wash cycles was run at 1, 2, and 3 cycles; each cycle was 
set for 15 min. The washed water was drained after finishing each cycle, and 
then added fresh water to the sonication bath. The sonicated desalted jellyfish 
was drained for 5 min, weighed, and stored in sealed polyethylene bags at 
refrigerator temperature. 
 
Preparation of dried jellyfish protein powder 
 Both the salted and sonicated desalted jellyfish samples were dried 
using a tray dryer (ED 400, Binder, USA) at 60oC for 24 h (Rodsuwan et al., 
2016). After that, the dried jellyfish samples were ground and filtered through 
a sieve of size 100 mesh (Muangrod et al., 2021). All powdered samples were 
packed in sealed polyethylene bags and kept at room temperature until used. 
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Washing yield and washing loss 
 The salted jellyfish and sonicated desalted jellyfish derived from the 
1st, 2nd, and 3rd wash cycles were weighed. The washing yield and washing 
loss were calculated according to the following equation (1) and (2): 
 
Washing yield (%) = (W2 / W1) ×100                                    (1) 
Washing loss (%) = [(W1 - W2) / W1] ×100                 (2) 
 
where W1 = weight of salted jellyfish (1 kg) and W2 = weight of sonicated 
desalted jellyfish (kg). 
 
pH determination 
 The pH was performed following the methods of (Charoenchokpanich 
et al., 2020; Muangrod et al., 2021). Briefly, the sample (5 g) (salted jellyfish 
or sonicated desalted jellyfish derived from 1st, 2nd, and 3rd wash cycles) was 
blended with distilled water (45 ml) for 3 min and filtered. The pH value of 
the sample was measured using a pH meter (pH 700, Eutech, Singapore). 
    
Determination of total soluble solids (TSS) 
 The total soluble solids were performed according to 
( Charoenchokpanich et al., 2020; Muangrod et al., 2021). The sample (5 g) 
was blended with 45 ml of distilled water for 3 min and filtered. The total 
soluble solids of the sample were measured using a salinity meter (Master-
S28M, ATAGO, Japan). 
  
Conductivity measurement  
 A conductivity meter (TDS Meter 308, Systronics, India) was used to 
detect the sample's conductivity.  
 
 Determination of sodium chloride 
 The titration Volhard method was used to analyze sodium chloride 
content (AOAC, 2000). The sample (1 g) was added to an Erlenmeyer flask 
containing 10 ml of concentrated nitric acid and 25 ml of 0.1 M silver nitrate. 
Then, the mixed sample was boiled for 10 min. Next, 50 ml of distilled water 
and 5 ml of the ferric indicator were added to the solution. After that, the 
solution sample was titrated with a standard 0.1 M potassium thiocyanate 
solution until a light brownish-orange solution was obtained. Finally, the 
percentage of sodium chloride (NaCl) was calculated according to equation 
(3): 
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Sodium chloride (%) = 5.8 × [(V1 × N1) - (V2 × N2)] / W    (3) 
 
where V1 = the volume of silver nitrate (ml), N1 = the concentration of silver 
nitrate (M), V2 = the volume of potassium thiocyanate (ml), N2 = the 
concentration of potassium thiocyanate (M), and W = the weight of the sample 
(g). 
 
Salt reduction (%) = (S0-Si)/S0*100                                                     (4) 
 
where S0 is the salt content prior to sonication and Si is the salt content after 
sonication 
 
Atomic absorption spectroscopy (AAS) 
 The sodium content of the sample was performed according to 
( Charoenchokpanich et al., 2020), with a slight modification. The sample (1 
g) was mixed with 99 ml of 1 % concentrated nitric acid. The sample was then 
boiled for 10 min and filtered. Then, the sample solution was analyzed using 
AAS (Agilent, 240FS AA, USA) having a sodium hollow cathode lamp, and 
measured at 330.3 nm wavelength. The sodium concentration in the sample 
was shown in mg/l after calculation from the standard sodium curve. 
 
Color measurement 
 The color of the sample was performed according to (Muangrod et al., 
2021), with a slight modification. Each jellyfish sample (salted jellyfish, 
sonicated desalted jellyfish, and dried jellyfish powder) (20 g) was filled in 
the glass receptacle and measured using a color meter (ColorQUEST 45/0, 
HunterLab, USA). The measured color was shown as the L* (lightness 0-100), 
a* (+redness, -greenness), b* (+yellowness, -blueness), and the color 
difference (∆E) was calculated according to the following equation (5): 
 
∆E = [(L*0 – L*1)2 + (a*0 – a*1)2 + (b*0 – b*1)2]1/2   (5) 
 
where L*0, a*0, and b*0 = lightness, redness, and yellowness of salted jellyfish 
and L*1, a*1, and b*1 = lightness, redness, and yellowness of sonicated 
desalted jellyfish or dried jellyfish powder. 
 
Texture analysis 
 The texture of salted jellyfish and sonicated desalinated jellyfish were 
analyzed using the texture analyzer (TA-XT2i, Stable Micro Systems, UK) 
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with an HDP/BS* blade set, and pre-test and post-test speeds were set at 2.0 
mm/s (Wongsa-ngasri et al., 2008). The parameter of cutting strength (N/mm) 
was monitored. 
 
Bulk density analysis 
 The dried jellyfish powder (4 g) was added to the measuring cylinder 
(10 ml). The volume of jellyfish powder was measured. The bulk density was 
then calculated according to equation (6): 
 
Bulk density (g/ml) = m / V      (6) 
 
where m = mass of dried jellyfish powder (g) and V = volume of dried jellyfish 
powder (ml) 
 
Proximate analysis 
 The chemical compositions of dried jellyfish samples were determined 
for protein, moisture, ash, and fat content according to AOAC methods 
(AOAC, 2000). 
 
Statistical analysis 
 The data were analyzed by the SPSS program (SPSS 22.0 for 
Windows, SPSS Inc, Chicago, IL USA), and Duncan's multiple range test at 
the significance level was p < 0.05. All samples were performed in triplicate. 
The results were shown as means and ± standard deviations.  
 

RESULTS 
 

Washing yield and washing yield loss after sonication 
 When the salted jellyfish were subjected to the sonication bath for the 
1st, 2nd, and 3rd cycles, the washing yield of ultrasonicated jellyfish decreased 
from 78.59±0.15, 77.83±0.07, and 76.89±0.04, but the washing loss increased 
from 21.41±0.15, 22.17±0.07, and 23.11±0.04%, respectively. 
 
Quality of salted jellyfish and sonicated desalted jellyfish  
 The pH of salted jellyfish, sonicated desalted jellyfish, and wash water 
were measured. Results showed that the pH value of salted jellyfish and 1st, 
2nd and 3rd sonicated desalted jellyfish samples were 3.54±0.03, 4.08±0.01, 
4.31±0.01, and 5.22±0.03, respectively. In addition, the pH value of wash 
water after the 1st, 2nd, and 3rd wash cycles was 4.37±0.15, 5.82±0.02, and 
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6.32±0.03, respectively. The results indicated that at the 3rd cycle of washing, 
the pH of wash water was similar to the tap water (pH 7.01); thereby, the 
remaining salts in the salted jellyfish were minimal.  
 Determination of total soluble solids, conductivity measurement, 
titration method, and atomic absorption spectroscopy are analytical 
approaches to reduce salt remaining in the sonicated desalted jellyfish. The 
total soluble solids of the samples measure all solids that can be solubilized in 
water. In this study, the solids are salts, including sodium chloride, aluminum 
potassium sulfate, and sodium bicarbonate. Results showed the total soluble 
solids of the salted jellyfish were 24.73±0.12%. After sonication for the 1st, 
2nd, and 3rd cycles, the total soluble solids of the desalted jellyfish reduced 
significantly, having the value of 3.2±0.00, 0.60±0.00, and 0.40±0.00%, 
respectively. While, the total soluble solids of drain water from the 1st, 2nd, 
and 3rd cycles of sonication were 2.47±0.12, 0.47±0.12, and 0.27±0.12%, 
respectively. The results indicated that the use of multiple sonication cycles 
can reduce the salts by 98% of the total salt in salted jellyfish.   
 The conductivity of the salted jellyfish was 10.28±0.12 m/s. After the 
1st, 2nd, and 3rd sonicated cycles, the conductivity values of washed jellyfish 
were 3.31±0.01, 1.53±0.01, and 0.08±0.01 m/s, and those values of drained 
water were 1.40±0.03, 0.51±0.01, and 0.09±0.00 m/s, respectively. The results 
also showed that the remaining salts in the product and drain water 
significantly decreased as the washing cycles increased. 
 The results of NaCl content, analyzed by the titration method, showed 
the NaCl content of salted jellyfish was 13.24±0.22% and those contents of 
the 1st, 2nd, 3rd sonicated desalted jellyfish were 2.09±0.12%, 0.72±0.20%, and 
0.50±0.32%, respectively. The reduction values of NaCl were 84. 2 1 %, 
94.56%, and 96.22% observed in the 1st, 2nd, and 3rd sonication cycles. The 
NaCl contents of wash water of the 1st, the 2nd, and 3rd sonication cycles were 
2.86±0.15%, 0.54±0.23%, and 0.54±0.15%, respectively. The NaCl content 
of drain water samples from the 2nd and 3rd cycles of washing was not 
significantly different.   
 Focusing on the sodium (Na+) content, the analysis was measured 
using atomic absorption spectrophotometer (AAS). The results showed that 
the Na+ content of salted jellyfish was 12.98±0.24%. After washing 1st, 2nd, 
and 3rd cycles, the Na+ content of sonicated desalted jellyfish was 1.48±0.19%, 
0.39±0.08%, and 0.02±0.08%. The reduction values of Na+ were 88.60%, 
97.00%, and 99.85%. The Na+ content of drain water from 1st, 2nd, and 3rd 
cycles of sonication was 0.81±0.03%, 0.15±0.01%, and 0.01±0.00%, 
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respectively. Results indicated that the Na+ contents were diluted during each 
sonication cycle and minimally presented in the 3rd round.  
 
Texture and color quality of salted and sonicated desalted jellyfish 
 The elastic crunchy texture of jellyfish food gives the unique 
palatability. In this study, the parameter representing the texture of the 
jellyfish sample was the cutting force. Results showed that the cutting force 
value of the salted jellyfish was 2.67±0.10 N/mm. The cutting force values of 
the 1st, 2nd, and 3rd sonicated desalted jellyfish decreased to 2.09±0.05, 
1.77±0.25, and 1.62±0.38 N/mm, respectively. The reduced cutting force from 
multiple sonications yielded a softened texture. The applied frequency, the 
duration of sonication, and the increased water temperature during operation 
might be essential factors for this problem. In this study, no water temperature 
was controlled. The water temperature in the sonication bath was increased 
from 28 to 31oC after 15 min of sonication.   
 The sonication wash changes the color of desalted jellyfish. The color 
values of the sample showed that the L*, +a*, +b*, and ∆E of salted jellyfish, 
1st, 2nd, and 3rd sonicated desalted jellyfish were significantly different (Fig. 1 
and Fig. 2). The values of L*, a*, b*, and ∆E were increased when the number 
of wash cycles increased. After multiple sonications, the desalted jellyfish was 
found to be slightly pale yellow-brown. When these samples were subjected 
to drying and powdering, the dried sonicated desalted jellyfish showed 
increased brown color according to the reduction in L*, but the increase in a* 
and b* (Fig. 3 and Fig. 4).  
 

 
 
Figure 1. Color of salted jellyfish before and after sonication  

 *Different letters of each parameter on the bar chart indicate
 significant differences (p < 0.05). 

 



 

 
The 34th Annual Meeting of the Thai Society for Biotechnology and International 

Conference “Sustainable Bioeconomy : Challenge and Opportunities” 

 
 

338 November 24–25, 2022, Ambassador Hotel Bangkok, Thailand 
 
 

 
 
Figure 2. The color of salted jellyfish and ultrasonicated jellyfish. ( A) 

salted jellyfish; ( B)  ultrasonicated jellyfish for 1st cycle; ( C) 
ultrasonicated jellyfish for 2nd cycles; and ( D)  ultrasonicated 
jellyfish for 3rd cycles. 

 

 
 

Figure 3. Color of dried salted jellyfish before and after sonication        
*Different letters of each parameter on the bar chart indicate   
Significant differences (p < 0.05). 
 
 

 
 
 
Figure 4.  The color of salted jellyfish and ultrasonicated jellyfish. ( A)

 dried salted jellyfish; ( B)  dried ultrasonicated jellyfish 1st

 cycle; ( C)  dried ultrasonicated jellyfish 2nd cycles; and  ( D)
 dried ultrasonicated jellyfish 3rd cycles.  

 
The bulk density values of dried samples of salted jellyfish, 1st, 2nd, and 

3rd sonicated desalted jellyfish were 0.69±0.00, 0.67±0.00, 0.64±0.00, and 
0.55±0.02 g/ml, respectively. The results indicated that the remaining salt in 
the sample correlates with the high bulk density.  

(A) (D) (B) (C) 

(A) (B) (C ) (D ) 
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 For proximate analysis, the composition of dried salted jellyfish and 
dried sonicated jellyfish protein powders found that the ash content derived 
from salt chemicals used in salting was effectively removed during multiple 
sonications, thereby improving the protein content in the dried desalted 
jellyfish. Results showed that the dried jellyfish prepared from the 3rd 
sonication yielded the highest protein content (80.37%) and a lower fat content 
(1.35%) (Table1). 
 

Table 1. Chemical composition of dried salted jellyfish and sonicated dried 
jellyfish samples (calculated on a dry weight basis) 

The values are the mean and standard deviation (±SD). *Different superscripts 
in the same column are significantly different (p ≤ 0.05). 
 

DISCUSSION 
 

 The salt chemicals (sodium chloride, aluminum potassium sulfate, and 
sodium bicarbonate) have been used in the preservation of jellyfish (Hsieh et 
al.,2001; Hu et al., 2019). However, the high salt content in food has extremely 
caused adverse effects on health. Therefore, it is imperative to reduce salt 
before consumption. Previous research has studied salt reduction in jellyfish 
using the traditional method. After that, the washing machine was applied to 
washing salted jellyfish and found successful in reducing salts 
(Charoenchokpanich et al., 2020, Muangrod et al., 2021). The ultrasonic 
approach was to reduce the salt in salted jellyfish with the benefit of the 
reduction of wastewater and found that 100% of salt was completely removed 
from salted jellyfish when applied at 100 min at a fixed frequency (40 kHz) 
and power (220 W) (Lueyot et al., 2022). In this study, the salted jellyfish was 
subjected to the sonication bath and sonicated for 3 cycles. During sonication, 
the high energy from ultrasonic waves enhances the penetration of water to 
the jellyfish tissue, thereby increasing salt solubilization and denaturalization 

Sample % Moisture % Protein %Fat %Ash 

Dried Salted Jellyfish  2.90±0.05a 27.89±0.31a 0.95±0.01a 68.33±0.34d 

1st sonicated dried 
jellyfish  7.82±0.20b 53.59±0.32b 1.11±0.01b 36.21±0.05c 

2nd sonicated dried 
jellyfish  9.37±0.26c 74.76±0.11c 1.25±0.01c 15.36±0.10b 

    3rd sonicated dried  
jellyfish  9.41±0.27c 80.37±0.32d 1.35±0.01d 10.71±0.43a 
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of jellyfish protein as affected by increased water temperature (Wen et al., 
2018, Inui et al., 2021, Lueyot et al., 2022). According to the results of this 
study, the multiple cycles of sonication showed a significant reduction of salts, 
analyzed by the total soluble solids, conductivity, NaCl, and Na+ content, 
which is quite similar to the results of Charoenchokpanich et al., (2020) and 
Muangrod et al., (2021). However, the sonicated desalted dried jellyfish 
showed a better quality of higher protein content and a slightly brown color 
which is better than the product produced from mechanical wash and drying 
(Muangrod et al., 2021). The values of bulk density of dried products 
decreased when the cycle of sonication increased due to the dilution of salt 
from each sonication cycle. 
 

CONCLUSION 
 

In summary, multiple sonications can be used for the desalination of 
salted jellyfish. The dried desalted jellyfish protein powder derived from a 
preparative washing step of 3 cycles of sonication can be produced having 
80.37% protein and 0.5% sodium chloride with a slight brown color. The dried 
desalted jellyfish protein powder should be further studied for solubility and 
application in food.    
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ABSTRACT 
 

Large amount of mangosteen peel has been discarded as the waste 
every year; however various research showed that mangosteen peel has high 
medical value due to its high level of bioactive compounds.  In this research, 
the mixture of mangosteen peel powder and Thai tea at various ratios (1:2, 
1:1, 2:1, and 1:0) were used to make kombucha and evaluated their color, pH, 
acidity, total soluble solid (TSS), and sensory evaluation.  During the 
fermentation, Mangosteen peel kombucha (MPK) showed the increasing of 
pH, decrasing of acidity and increasing of total phenolic compounds (TPC).  
MPK with 1:1 ratio showed the highest sensory evaluaton score as 7.2.  
However, at the end of fermentation, MPK had pH 2.85±0.03, acidity 
0.19±0.03 g/L, and TPC was 72.91 mg GAE/g sample. Yeast and acetic acid 
bacteria were found in MPK sample. 
 
Keywords: Fermentation, Kombucha, Mangosteen peel, Sensory, Tea.  
 

INTRODUCTION 
 

 A large amount of information has been published concerning the 
effects of tea and its major constituents on human health.  Due to the fast 
lifestyle people prefers to eat healthy foods over exercise to combat weight 
gaining.  Over the years, tea consumption became associated with eating and 
living habits just like coffee without regards to its benefits (Martínez Leal et., 
al., 2018; Dufresne and Farnworth, 2000).  The functional beverage market is 
one of the fastest-growing segments in the functional food market (Kim and 
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Adhikari, 2020) and consumers’ demand for “healthy” food and beverages is 
considered as a driving force behind the growth of the functional foods sector 
(Corbo et., al., 2014). 
 Kombucha or tea fungus is a beverage made by fermenting tea 
(generally black tea or sometimes green and oolong tea) and sugar, with a 
Symbiotic Culture Of Bacteria and Yeast (SCOBY), generally for 7–10 days 
(Basak, 2013; Villarreal‐Soto et., al., 2018; Kapp and Sumner, 2019).  
Kombucha SCOBY is a symbiotic culture of acid-tolerant bacteria both acetic 
acid bacteria (AAB; Komagataeibacter, Gluconobacter, and Acetobacter 
species) (Roos and Vuyst, 2018; Villarreal‐Soto et., al., 2018) and lactic acid 
bacteria (LAB; Lactobacillus, Lactococcus) (Marsh et., al., 2014), and yeast 
strains (Saccharomyces cerevisiae) that cultured in sugary tea (Sreeramulu et., 
al., 2000; Dufresne and Farnworth, 2000).  Its fermentation process also leads 
to the formation of a floating biofilm on the surface of the growth medium due 
to the activity of certain strains of AAB (Villarreal‐Soto et., al., 2018).  An 
optimum fermentation time is required to produce a drinkable Kombucha 
(Sreeramulu et., al., 2000). 
 During kombucha fermentation, many organic acids, such as acetic, 
gluconic, glucuronic, tartaric, malic, and citric acids, are produced with 
ethanol these compounds inhibits pathogenic bacteria or mold (Martínez Leal 
et., al., 2018; Kim and Adhikari, 2020).  Moreover, kombucha also contain 14 
amino acids, vitamins, and some hydrolytic enzymes (Villarreal‐Soto et., al., 
2018) causing the raising popularity of kombucha as multiple functional 
properties such as anti-inflammatory potential and antioxidant activity, the 
reduction of cholesterol levels and blood pressure, reduction of cancer 
propagation, the improvement of liver, the immune system, and 
gastrointestinal functions (Jayabalan et al., 2011; Kapp and Sumner, 2019) 
 Mangosteen (Garcinia mangostana L.) is also called the “queen of 
fruit”.  It can be found in many Southeast Asia countries such as Thailand, 
Malaysia, and Myanmar.  Mangosteen has several positive characteristics 
such as taste, fragrance, nutrition richness and antioxidant strength. However, 
the flesh of mangosteen is eaten fresh as desserts. Consequently, large 
amounts of mangosteen peels are discarded as waste domestically (Suttirak 
and Manurakchinakorn, 2012).  Moreover, the peel and the seed of 
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mangosteen can be used in medical, cosmetic, and health-care applications for 
example drug, soap, shampoo and food supplement.  Due to bioactive 
compounds found in the mangosteen peel, it is beneficial to human body. 
(Moopayak, 2020). 
 Therefore, the aim of this study was to develop mangosteen peel 
kombucha and monitored the physiochemical properties such as pH, color, 
acidity and phenolic changes during the mangosteen kombucha fermentation 
period. 
 

MATERIAL AND METHODS 

 
Materials 
 Kombucha SCOBY was purchased from the U.S.A.  Mangosteen peel 
powder was purchased from Kom Bang Big Farm Community Enterprise, 
Chantaburi, Thailand. Thai tea original was purchased from Makro 
supermarket ChaTraMue brand. 
 
Preparation of Mangosteen peel Kombucha (MPK) 
 Mangosteen peel powder and Thai tea were mixed at 1:2, 1:1, 2:1, and 
1:0.  The mixture of 6 g was infused in 1L hot water at 85-90℃ for 5 minutes.  
Sugar seven% (w/v) was dissolved in the mixture and filtered into a steriled 
jar.  When infused tea was cooled down to 25 to 35℃, 80 mL of previous 
fermented kombucha with 30 g-piece SCOPY was added into infused tea.  The 
jar was covered by steriled sheet cloth and the cultured tea was incubated at 
room temperature for 15 days. 
 
Investigation of the chemical changes and sensory quality of Mangosteen 
peel Kombucha during fermentation  
 MPK samples were sampled at 0, 1, 3, 6, 9, 12, and 15th day of 
fermentation and investigated for pH, and total soluble solid (°Brix). Total 
acidity was determined by titration with a standard solution of sodium 
hydroxide and phenolphthalein as an indicator. Color intensity (L*, a*, b*) 
using colorimeter (MiniscanEZ-4500 spectrophotometer, Hunter Lab, USA), 
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and total phenolic compound using Folin-ciocauteu method were also carried 
out. 

MPK samples at 0, 1, 3, 6, 9, 12, and 15th day of fermentation were 
evaluated for overall acceptability, clarity, color, taste, and aroma using 9-
point hedonic score by 30 panelists.   
 
Determination of total polyphenolic compound (TPC) by Folin-Ciocalteu 
Method 
 MPK with the highest sensory evaluation score and control was 
prepared.  Samples were sampling at 0, 1, 3, 6, 9, 12, and 15th day of 
fermentation.  10 µl Sample or a standard solution of gallic acid (ranging from 
0–500 mg/l) was mixed with 1.58 ml of distilled water and 100 µl of Folin-
Ciocalteau reagent.  The solution was standed at room temperature for 8.5 
minutes and then followed by adding 300 µl of saturated sodium carbonate 
solution.  The mixture was left at room temperature for 30 minutes before 
measured at the absorbance of 765 nm (UNICO S1200, NJ, USA).   
 
Microbiolgical analysis of yeast and acetic acid bacteria 
 MPK with the highest sensory evaluation score was prepared.  The 
isolation and verification techniques were employed to determine yeast and 
acetic acid bacteria in fermented MPK using glucose yeast extract agar 
(GYEA).  Inoculated plate was incubated at room temperature for 48 hours.  
Isolation was carried out on the two different selective media for acetic acid 
bacteria, Glucose yeast extract calcium carbonate medium (GYC) and Carr 
medium.  To isolate yeast, it was carried out by using three different selective 
media; sabouraud dextrose agar, Yeast extract-peptone-detroses agar and 
Hicrome Candida differential agar.  All the inoculated plate was incubated at 
room temperature for 7 days.  For yeast isolation, samples were investigated 
ethanol tolerance test (Guimarães et al., 2006).  Acetic acid tolerance test was 
also performed using acidified media (Kurtzman et al., 2001).  The colony on 
the selective media has been double check by using Gram stain test to check 
the Gram nature of the bacteria.  
 
Statistical analyses  
 The data was analyzed by using SAS program for Pearson correlation 
coefficient (P < 0.05) and significant test by using Randomized Completed 
Block Design with Duncan’s multiple comparison range test. 
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RESULTS AND DISCUSSION 
 
Investigation of the chemical changes and sensory quality of Mangosteen 
peel Kombucha during fermentation  

 

  
        (a)       (b) 
 

 
(c) 

 
Figure 1. Change of MPK colors as L* value (a), a* value (b), and b* 

value (c) during fermentation. A: control or Thai tea 
kombucha, B: 1:2 MPK, C:1:1 MPK, D: 2:1 MPK, and E: 1:0 
MPK. 

 

 As the CIELAB color scale, L* is lightness and the scale runs from 0 
(bottom black) to 100 (white).  The a* and b* value have no specific numerical 
limits.  Positive a* is red.  Negative a* is green. Positive b* is yellow.  
Negative b* is blue (Chang et.al., 2012).  From the Figure 1a to c, L* and b* 
value of all samples gradually increased through fermentation period while a* 
value decreased.  The results implied that the color of kombucha continued to 
get lighter when the fermentation progressed.  Moreover, the increasing of b* 
value and decreasing of a* value interpreted that when kombucha was 
fermented, the decreasing of pH affected the color intensity.  Chu and Chen 
(2006) suggested that the color of black tea was mainly from thearubigins.  
The color became colourless because of the suppression of ionization or 
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destruction of structures.  The decrease of pH and the biological activity of the 
kombucha consortium could be the cause of significant decrease in color 
intensity (Chakravorty et al., 2016; Ghosh et. al., 2020; Tran et. al., 2020).   
 However, in Figure 1b and 1c, the MPK with mangosteen peel and 
Thai tea ratio 1:0 showed the lowest a* and b* value (P<0.05).  This implied 
that MPK made from 100% mangosteen peel showed the highest redness and 
yellow than others.  Because mangosteen peel had anthocyanin as 
predominant pigment and anthocyanin is sensitived to pH changes.  Thus, 
when the fermentation progressed and pH decreased resulting in the 
degradation of anthocyanin.  Moreover, the storage of MPK at room 
temperature with fluctuation promoted of anthocyanin (Chisté et. al., 2010). 
 

 
 

Figure 2. Change of pH of MPK during fermentation. A: control or Thai
  tea kombucha, B: 1:2 MPK, C:1:1 MPK, D: 2:1 MPK, and E:
  1:0 MPK. 

 

 
 

Figure 3. Acidity changes of MPK during fermentation. A: control or 
Thai tea kombucha, B: 1:2 MPK, C:1:1 MPK, D: 2:1 MPK, 
and E: 1:0 MPK. 
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Figure 4. Change of total soluble solid of MPK during fermentation. A: 
control or Thai tea kombucha, B: 1:2 MPK, C:1:1 MPK, D: 2:1 
MPK, and E: 1:0 MPK. 

 
In Figure 2 and 3, the results showed the decreasing of pH value and 

the incrasing of acidity in all systems due to fermentation.  The pH was 
decreased rapidly in the first day, then gradually decreasd.  The pH of MPK 
at the end of fermentation was approximately 2.85±0.03, while the acidity was 
0.19±0.03 g/L.  In 2008, Malbaša et. al. studied kombucha fermentation of 
Indian black tea sweetened with sucrose and molass.  They reported the 
change of pH and acidity that pH values sharply decrease at the first 3 day of 
fermentation, then the decrease becomes slower until the end of fermentation, 
while the acidity showed the opposite with pH value.  The higher the acidity, 
the lower the pH value.  The increased in total acidity that occurs during the 
fermentation process is caused by changes of glucose by bacteria and yeast 
during the fermentation process to produce organic acids, especially acetic 
acid.  This occurs because the acid in the kombucha will release protons (H+) 
so that the pH value decreases (Zubaidah et. al., 2019).  Ahmed et. al. (2020) 
described that the decreasing of pH regarding to the presence of, which 
metabolized into organic acids by bacteria and yeast, led to increasing the 
acidity of the beverage.  The pH level decreases accordingly to increase of 
total organic acids content during fermentation.  The major organic acids 
contributing to kombucha’s taste are acetic acid, gluconic acid, and glucuronic 
acid, whereas the minor ones are lactic acid, malic acid, and succinic acid 
(Blanc, 1996; Chakravorty et al., 2016; De Filippis et al., 2018; Jayabalan et 
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al., 2007; Malbaša et al., 2008; Neffe-Skocińska et al., 2017).  Therefore, the 
ability of acetic acid bacteria to produce organic acid in the kombucha 
resulting to sourness of kombucha, although the contribution of yeast and 
lactic acid bacteria should not be neglected. 

The decreased total soluble solids occured during the fermentation 
process (Figure 4) because sugar was used as a carbon source for the growth 
of microorganism cells, in addition to the metabolic processes that produce 
cellulose and organic acids (Maungma, 2000; Zubaidah et. al., 2019).   
 
Sensory evaluation 
 In Table 1, the results showed that MPK using mangosteen peel: Thai 
tea at 1:1 had the highest score for color, sweetness, and overall linking as 7.7, 
7.2, and 7.3, respectively.  For clarity (7.7), flavor (7.1), and sourness (6.8), 
although those attributes were not the highest score but they had no 
significanly difference from other systems. Therefore, MPK using 
mangosteen peel: Thai tea at 1:1 was selected for further analysis. 
 
Table 1. Sensory evaluations of mangosteen peel kombucha in 9-point
  hedonic score. 
 

Atributes 
MPK  

using various ratios of Mangosteen peel: Thai tea 
1:2 1:1 2:1 1:0 

Color 7.5±0.83a 7.7±0.82a 7.6±0.91a 6.6±0.99b 
Clarity 7.8±0.86a 7.7±0.88a 7.6±0.91ab 7.3±1.1b 
Flavor 6.6±1.4a 7.1±0.92a 7.1±1.46a 7.1±0.99a 

Sweetness 7.0±1.46a 7.2±1.42a 6.8±1.37a 7.0±1a 
Sourness 6.7±1.62a 6.8±1.74a 6.7±1.33a 7.1±1.28a 

Overall Liking 7.0±1a 7.3±0.88a 6.9±1.49a 7.2±0.94a 
Different letters in the same column represent significant difference between MPK 
samples (p<0.05). 
 
Total polyphenolic compound  
 Total phenolic compound (TPC) in Thai tea kombucha (control) and 
MPK with 1:1 (ratio of mangosteen peel and Thai tea) showed the different 
change throughout fermentation.  As the results in Figure 5, even though Thai 
tea kombucha showed the higher TPC than MPK at the beginning of 
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fermentation, TPC of both systems increased with the progress of 
fermentation.  The linearly increasing of TPC through fermentation also found 
in the study of Srihari and Satyanarayana (2012).  Moreover, Lee et.al. (2002) 
reported that black tea contained TPC of 124 mg GAE and Chaovanalikit et.al. 
(2012) revealed that mangosteen pericarp contained TPC of 40-45 mg GAE. 
 

 
 

Figure 5. Change of total phenolic content during MPK fermentation 
 
Microbiolgical analysis of acetic acid bacteria and yeast 
 
Table 2. Characterization of acetic acid bacteria and yeast isolate from
  MPK 
 

Characterization  Results 
Acetic Acid Bacteria 

Gram nature Gram negative short rod 

Carr medium 
Isolate acid producing characteristic color 
change in media observe (form green to yellow 
then green again) 

Yeast extract calcium carbonate 
glucose agar + 

Yeast isolate 
Gram nature Gram positive oval budding yeast 

Sabouraud dextrose agar + 
Ethanol tolerance test 5%,10% 

and 15% 
+ (for all concentations) 

Tolerance to acetic acid test + 
Growth on hicrome candida 

differential agar 
Pink color colony 
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In Table 2, the results for acetic acid bacteria isolation showed Gram 
negative short rod for the gram stain and positive for Yeast extract calcium 
carbonate glucose agar.  For the testing with Carr medium, color of agar 
changed from green to yellow, and then turned to green color again.  This 
implied that the bacteria had produced acid during the incubation at room 
temperature for 48 hours.  Yeast isolation confirmed the stranining Gram 
positive oval budding yeast and the positive result for Sabouraud dextrose 
agar, ethanol tolerance tests 5, 10, and 15% including the tolerance to acetic 
acid test.  Moreover, there were the pink colony growing on Hicrome candida 
differential agar. 
 

CONCLUSION 
 

 The suitable ratio of mangosteen peel and Tahi tea to make 
Mangosteen peel kombucha was 1:1 with the highest sensory evaluaton score 
(7.2).  During kombucha fermentation showed the increasing of pH, decrasing 
of acidity and increasing of total phenolic compounds (TPC).  At the end of 
fermentation, MPK had pH of 2.85±0.03, acidity of 0.19±0.03 g/L, and TPC 
of 72.91 mg GAE/g sample.  As the the microbiolgical analysis, the isolation 
of yeast and acetic acid bacteria showed positive results. 
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ABSTRACT 
Nitrates and nitrites are preservatives, commonly added in the processed 

meats. However, nitrates can also be naturally found in beetroot and red radish. In 
beetroots, there are also betalain (a red-purple substance containing nitrogen), which 
it is water-soluble and can be applied as a coloring agent and food additive. The 
objective of this study was to substitute sodium nitrate in chicken sausages with 
powdered beetroot and red radish. The amount of nitrates in dried powders of beetroot 
and red radish was of 3195.46, 5567.54 mg/kg, respectively, while betalain content 
in beetroot powder was of 12.21% By adding 1% (w/w) of powdered beetroot and 
red radish into chicken sausages, the amount of nitrate was found at 41.94 and 45.22 
mg/kg, respectively, with 0.15% of betalains remained. The chicken sausages with 
powdered beetroot and red radish showed an increase in red color, compared to the 
control, with a* = 10.00, hue = 70.19, and a* = 5.13, hue = 74.87, respectively. 
Although the addition of powdered beetroot and red radish did not significantly affect 
the texture profiles such as springiness and chewiness, they had significant 
differences in hardness values compared to the control. These results are in agreement 
with the sensory evaluation, which the firmness, juiciness and overall acceptance 
score of chicken sausages added beetroot and red radish powder were not different 
compared to control samples. However, chicken sausage added with powdered 
beetroot gave the highest color score. Hence, natural nitrate from beetroot and red 
radish can substituted conventional preservatives in meat products. 
 
Keywords: Betalains; beetroot; nitrate; red radish; sausage 
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INTRODUCTION 
 

Meat and processed meat products contain high source of protein and 
nutrients. Particulary, protein is essential for growth and development of 
human being (Higgs, 2000). Chicken meat is a popular protein food that has 
health benefits and can be processed in various form of ways, such as chicken 
sausages, vietnamese chicken sausage, etc. Chicken meat is easily digestible, 
low-fat content, with pink-white color. The composition of chicken meat is 
63.93% water, 24.68% protein and 12.56% fat. Chicken protein is a complete 
protein that contains essential amino acids that are not synthesized by the body 
(histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine, 
tryptophan, valine, and arginine). However, the development of pigment in 
chicken is still a problem, in fact that chicken meat contains less myoglobin 
than pork and beef. When fresh chicken is cooked, it develops lighter color 
than pork or beef. In general, the solution for color improvement in chicken 
meats requires the addition of colored chemical and nitrate or nitrites.  

Chicken sausage are one of the most popular processed chicken 
products around the world. They are easy to eat, cylindrical in shape and red-
pink. Chicken sausage are often made of chicken breast and seasoned with salt, 
spices and other seasonings. However, the chicken breasts attributes 
toughness, lack of juiciness to the sausage, which must, then, add fat to 
increase juiciness. Generally, sausages products can be classified into five 
categories: cooked sausage, fresh sausage, semi-dry sausage, dry sausage and 
bulk sausage (Heinz and Hautzinger, 2007). At the end of the shelf-life of the 
sausage, they can be spoiled by two main types: chemical reaction or rancidity, 
and spoilage caused by the microorganisms Clostridium botulinum and 
Staphylococcus aureus. Therefore, the spoilage problem meat curing is solved 
by a process to preserve perishable meat food products with the addition of 
salt, nitrites or nitrates and other ingredients such as sugars, phosphates and 
spices are often added to food products. (Parthasarathy and Bryan, 2012; 
Sebranek and Bacus, 2007). The use of nitrates and nitrites as food additives 
has outstanding properties that characterize cured meat products and help to 
develop color and flavor, including prevents fat oxidation and antimicrobial 
(Alahakoon et al., 2015; Sebranek, 2009; Sebranek and Bacus, 2007). Nowadays, 
consumers aware and concern about the chemical sources of nitrates and nitrites in 
processed meats. This is mainly due to health concerns related to the formation of 
nitrosamines which are carcinogenic (Bedale et al., 2016). Vegetable powders or 
natural additives in radish, celery and spinach as a source of natural nitrates, antioxidant 
properties, antimicrobials and development of red color were applied in pork and beef 
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sausages (Jin et al., 2018). From the best of our knowledges, the effect of beetroot and 
radish powder on the charactristics of chicken sausage has never been investigated, 
therefore, the aim of this study was to substitute sodium nitrate with vegetable powder 
and investigate the characteristics and development of pigments in chicken sausages. 
 

MATERIAL AND METHODS 
 
1. Materials 

The raw chicken meat stored at 4 °C (breast and thigh) was purchased from one 
supplier (Bangkok, Thailand). Beetroot and radish, including sausage ingredients used in this 
study were purchased from local markets in Thailand. All chemicals of analytical grade were 
purchased from Sigma-Aldrich Co. Ltd. (St. Louis, MO, USA).  

 
2. Preparation of beetroot and red radish powders  

Beetroot (fiber content = 6.5%) and red radish (fiber content = 10.78%) were 
washed with tap water, peeled, grated into small pieces and dried in a hot air oven at 60 °C 
for 12 h, the dried vegetables were ground into powder by hammer mill until particle size less 
than 0.25 mm particles (60 mesh), and stored at - 20 °C in vacuum packaged bags until the 
analysis. 

2.1 Nitrate contents  
The nitrate content analysis was modified from the method by Martínez-Zamora et 

al., (2021). The sample solution (1 mL) was mixed with 5% solution of salicylic acid in 1 mL 
of sulfuric acid, and reacted by a vortex mixer for 15 min. Ten mL of 4M sodium hydroxide 
was added to the solution and stirred for 20 min. The spectophotometer absorbance was 
determined at 410 nm (UV-Spectophotometer, Shimadzu, UV-1601, Japan). 

2.2 Betalains contents 
Betalains were extracted according to the method by Sawicki et al., (2016). 

Betalains were extracted from the sample solution using a water:methanol:formic acid 
solution mixture at the ratio (84.95:15:0.05, v/v/v). Dried and pulverized samples (1 g) 
of red beetroot and red radish were mixed for 1 min with 50 mL of the above-mentioned 
mixture. Subsequently, the mixture was sonicated for 1 min (GT Sonic, GT Sonic-P20, 
China), again vortexed and sonicated, and centrifuged (high-speed refrigerated 
centrifuge, Ohaus, Frontier FC5515R, USA) for 10 min (10,000 × g at 4 °C). Supernatant 
was collected. The betalains concentration was calculated using equations according to 
the method of Li et al., (2022). 

2.3 Color analysis 
The color of sample surfaces was analyzed for L* (lightness), a* 

(redness), b* (yellowness) and h* (hue angle) by Hunter Lab Colorimeter 
(MiniScan EZ®, Hunter Lab, USA).  
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3. Preparation of chicken sausages  
Chicken sausage preparations and sausage formulation were modified from the 

method by Sallam et al., (2004) and Araújo et al., (2019). The chicken meat was cut into 
small pieces and finely ground to a homogeneous consistency. The formulation was 65% 
Chicken breasts (32.1% of protein content, 3.24% of fat content), 15% of thigh (19.65% 
of protein, 8.01% of fat content) 1.8% of salt, 0.08% coriander, 0.4% garlic, 0.4% onion, 
0.2% white peper, 15% ice, 1.5% of cassava starch, 0.01% sodium nitrate and 0.05% 
sodium erythorbate were mixed. Dried powders of 1% (w/w) beetroot and 1%(w/w) red 
radish were added in each sausage formulation compared to control (without nitrate 
contents). The stuffed artificially casing (collagen) was applied on a sausage stuffer, and 
then the sausages were boiled at 80 °C, until the core temperature of 75 °C around 30 min. 
After cooking, the sausages were kept at 4 °C in vacuum-packaged bags until the analysis  

3.1 Nitrate, betalains content and color analysis of chicken 
sausages. 
 The nitrate, betalains content, and color analysis was followed by the 
method from 2.1, 2.2 and 2.3, respectively. 

3.2 Texture profile analysis (TPA) 
The sausages were subjected to texture profile analysis using a Texture 

analyzer (LLOYD Instrument, TA plus ametek, UK) according to the method by 
Araújo et al., (2019), coupled with a 0.35-mm. stainless steel cylindrical probe. The 
sausages were sliced into cylinders 1 cm in height and 2.3 cm in diameter and were 
tested in triplicate for each treatment. The following conditions were used as the 
conditions for the texture profile analysis: a 2 mm/s rate in the pretest and a 5 mm/s rate 
in the posttest at 5g force and with a 5 s period each cycle, the textural parameters of 
hardness, springiness, cohesiveness, gumminess and chewiness were analyzed. 

3.3 Sensory evaluation 
All sausage samples were heated at 80 °C until the sausage core temperature reached 

at 75 °C for 30 min. Trained panelists were selected for the sensory evaluation of various 
meat products according to the method by Somboonpanyakula et al., (2007). They consisted 
of four graduate students and staff in the Department of Biochemical Technology, King 
Mongkut's university of Technology Thonburi, KMUTT. The cooked samples were 
identified by 3 random digits placed on round discs. The samples were heated in a microwave 
oven for 1 min and served at 50± 5°C. Qualitative Descriptive sensory assessments (QDA) 
were tested by the panelists. The scoring structures were a 5- point linear scale pattern. The 
attributes consisted of color (1 = low, 5 = pink), firmness (1 = low, 5 = firm), elasticity (1 = 
low, 5  =  elasticity), juiciness  
(1 =  dry, 5  =  juicy), flavor chicken (1 = unpleasant, 5  =  pleasant), flavor spice  
(1= unpleasant, 5  = pleasant), overall flavor (1 = low, 5 = intense flavor) and overall 
acceptability (1 = unacceptable, 5 = acceptable). 
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4. Statistical analysis 
 All experiments were designed as a randomized complete block 
( RCBD)  with 3 replicates. The differences among treatment means were 
tested by Duncan's multiple range test by SAS software version 9.0.  
 

RESULTS AND DISCUSSION 
 

1. Physicochemical analysis of beetroot and radish 
The results of the characterization of radish and beetroot powders are presented in 

Table 1. Beetroot and red radish were dried until moisture contents of 4.78% and 13.35%, 
respectively. The nitrate content of beetroot and red radish dried powder was 3195.46 and 
5567.54 mg/kg (dry basis), respectively.  The results were consistent with a report by Ozaki 
et al., (2021) in which red radish contained nitrate contents higher than that of beetroot. 
However, the nitrate content of red radish and beetroot depended on growth conditions, crop 
size, temperature, and season (Bahadoran et al., 2016). 

From the results of betalains content, it was found that beetroot had a betalains 
content of 12.21%. This high concentration of betalain, found in beetroot, has a potential use 
as a natural colorant in food (Ozaki et al., 2021; Elbandy & Abdelfadeil, 2008). 

From the color values L*, a*, b*, and hue, it was found that beetroot 
has higher a* and hue angle value than red radish. At the same time, radish 
has a higher lightness and yellowness value than beetroot. 
 
Table 1. Characterization of radish and beetroot powders. 

Parameters Types of Vegetables 
 Beetroot Radish 

Betalains (%) 12.21±0.068 Not detect 

Nitrate contents (mg/kg) dry basis 3195.46±6.78b 5567.54±87.91a 
Color parameters   

L* 33.22±0.34b 55.90±0.23a 
a* 34.17±0.14a 16.90±0.18b 
b* 7.88±0.09b 15.90±0.1a 

Hue angle 13.0±0.15b 43.24±0.13a 
All values are means±SD.,  
Data analysis using T-test. 
a–b Means within a column with different superscript letters are significantly different 
(p≤0.05),  
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2. Physicochemical properties of chicken sausages 
The betalains content remained in chicken sausages after adding beetroot 

powdered to the ripening process sausages, was at 0.15% (Table 2). The betalains 
reduction was due to the ripening process, which sausage are heated to 80 °C. Betalains 
are easily degraded when heated above 50 - 60 °C, because of instability in the pigment 
structure (Araújo et al., 2020).  

From the nitrates content in chicken sausages after adding 1% (w/w) beetroot 
(nitrate content 31.95 mg/kg) and 1% (w/w) radish powder (nitrate content 55.67 mg/kg), 
it was found that sausages with beetroot and red radish powder still had high nitrate residues 
compared to the control sample (C1, C2 and C3) (Table 2). It might be because the ripening 
process is the initial phase with the highest conversion of nitrates to nitrites from the addition 
of sodium erythorbate, or the oxidation of nitrites to nitrates makes them to high 
concentration in sausages (Ozaki et al., 2021; Hasiak et al., 1984; Lin and Sebranek, 
1979). The increasing of nitrates in sausages with dried beetroot powders (BS) because of 
the addition of sodium erythorbate which reacts with oxygen and forms dehydroascorbate, 
resulting convert nitrites to nitrates. This is agreemnet with previously reported by Honikel, 
(2008) and Ozaki et al., (2021).  

 In general, the current acceptable daily intakes (ADIs) for nitrate of 3.7 mg/kg 
body weight (bw.) per day were established by JECFA, (2002). It implies that chicken 
sausages in this study were safe, however, chicken sausage should not be consumed in 
excess (> 500g of chicken sausage) due to increase the risk of cancer. 

The color values ( L*, a*, b*, and hue angle)  are shown in Table 3.  
The color parameters of the sausage samples adding beetroot and radish before and 
after the ripening process had significantly (p ≤ 0.05) higher red values (a*) and hue 
angle than all the control samples due to containing nitrates and natural red color 
(Betalains). The addition of radish powder (RS) influenced the color of sausages, which 
L* value decreased, and b* values increase. However, BS sausage had the lowest b* 
value. In addition, the sausage without sodium nitrate has higher a* and hue angle 
values than the addition of sodium nitrate, in agreement with Ozaki et al., (2021). 
Because of the absence of nitrate or nitrite, it showed a significant increase of L*, and 
a decrease of a* and b* during the ripening and storage time. This is due to the fact that 
there is no formation of nitrosyl myoglobin. 
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Table 2. Effect of sodium nitrate, beetroot and radish powder on sausages. 
Treatment Betalains (%) Nitrate contents (mg/kg) dry basis 

C1 Not detect 25.34±5.26b 
C2 Not detect 25.56±5.68b 
C3 Not detect 15.95±1.00c 
BS 0.15±0.002 41.94±1.73a 
RS Not detect 45.22±2.27a 

All values are means±SD. 
a–c Means within a column with different superscript letters are significantly different 
(p≤0.05),  
C1 (100 mg/kg NaNO3 + Starch), C2 (100 mg/kg NaNO3 + No Starch), C3 (No NaNO3 + Starch), BS 
(beetroot 1% + Starch) and RS (Radish 1% + Starch) 
 
Table 3. Effect of sodium nitrate, beetroot and radish powder on sausages color. 

All values are means±SD. 
a–d Means within a column with different superscript letters are significantly different 
(p≤0.05).  
C1 (100 mg/kg NaNO3 + Starch), C2 (100 mg/kg NaNO3 + No Starch), C3 (No NaNO3 + Starch), BS 
(beetroot 1% + Starch) and RS (Radish 1% + Starch) 
 
3. Texture profile analysis 

The results of the texture profile of the sausages showed that the addition of red 
radish, beetroot and starch showed significant differences in hardness value  
(p ≤ 0.05). However, the addition of red radish, beetroot and starch did not significantly affect 
springiness and chewiness values (p ≤ 0.05) compared to the control sample without starch. 
The addition of starch affected the hardness value, when processing or heating causes the 
starch granules in the sausage mixture to swell and bind to the protein gel structure making 
the sausage texture harder (Beggs et al., 1997). The addition of red radish powder which has 
a higher fiber content than beetroot, can increase the hardness value (Aydogdu et al., 2018).  
 
 
 
 
 

Treat 
ment 

Color before cooking Color after cooking 

L* a* b* Hue angle L* a* b* Hue angle 

C1 63.1±0.06b 5.23±0.33d 24.13±0.38a 77.78±0.55a 72.12±0.16b 3.24±0.04d 16.47±0.06c 78.86±0.16a 

C2 60.87±1.5b 5.19±0.05d 23.55±0.2a 77.58±0.23a 72.06±0.22b 3.07±0.08e 16.06±0.44d 79.18±0.36a 

C3 64.33±0.52a 5.85±0.09c 23.95±0.16a 76.32±0.12b 72.92±0.28a 3.65±0.03c 15.95±0.11d 77.1±0.18b 

BS 40.44±0.35d 31.39±0.37a 8.64±1.15b 16.51±0.18d 60.86±0.47d 10.0±0.17a 27.75±0.07a 70.19±0.27d 

RS 60.71±0.55c 8.04±0.15b 24.26±0.17a 71.66±0.23c 69.39±0.07c 5.13±0.06b 18.96±0.08b 74.87±0.13c 
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Table 4.  Effect of the starch, beetroot and radish powder on the texture (TPA) 
Treatme

nt 
Hardness Springiness

ns 
Cohesivene

ss 
Gummine

ss 
Chewiness

ns 
C1 51.59±3.52

b 
4.48±1.04 0.42±0.03b 21.85±1.8b 98.73±28.13 

C2 48.89±1.98
b 

4.0±0.43 0.45±0.02ab 21.98±0.32b 99.84±2.07 

C3 53.56±0.92
ab 

3.6±0.64 0.52±0.09a 27.68±4.82a 97.58±6.06 

BS 53.26±6.15
ab 

4.62±0.4 0.45±0.002ab 22.77±0.74b 102.31±7.4 

RS 57.44±4.01
a 

4.37±1.57 0.48±0.03ab 27.43±2.31a 117.77±32.7
8 

All values are means±SD. a–c Means within a column with different superscript letters are 
significantly different (p≤0.05) 
C1 (100 mg/kg NaNO3 + Starch), C2 (100 mg/kg NaNO3 + No Starch), C3 (No NaNO3 + Starch), BS 
(beetroot 1% + Starch) and RS (Radish 1% + Starch). 
 
4. Sensory evaluation 

Sensory evaluation of sausage samples with the addition of sodium nitrate, 
without sodium nitrate, beetroot, red radish and starch is presented in Fig 1. The result 
showed that the firmness scores were high, but juiciness scores were low, which it was 
not significantly different among the samples (p ≤ 0.05). The reason for the high firmness 
and low juiciness was due to the addition of the amylose-containing starch. When heated, 
the starch granules swell to form a strong gel matrix with a water content within the 
structure, they form hydrogen bonds with water, resulting in the ability to water holding 
capacity. During storage, the amylose molecules start to re-associate together leaving less 
space which pushes water molecules out of the gel matrix, then starch starts to 
recrystallize or retrograde (Petracci et al., 2013). Therefore, the addition of starch affects 
the texture of sausage products. However, sausages without starch had high firmness and 
low juiciness scores which it related to the texture analysis because the high protein 
content, low fat content of chicken increases the hardness value as well (Pietrasik, 1999). 
It refers that it is not necessary to add starch into the sausage formulations. Moreover, 
beetroot added to sausage had a significant effect on sausage color (p ≤ 0.05) due to the 
presence of natural colorants (Betalains).  
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Fig 1. Effect of starch, beetroot and red radish on sensory properties of 

sausages. 
 

CONCLUSION 
Nitrates from beetroot and red radish are a suitable substitute for 

synthetic sodium nitrate, especially beetroot. Beetroots contains natural red 
pigment (betalain) can develop a sausage color similar to that of commercial 
sausages. Although sausages added with starch, without starch and vegetable 
powder have a hard texture, springiness and chewiness scores including 
overall acceptance of all sausages were not significantly different. Finally, 
natural nitrate from beetroot and red radish can substituted conventional 
preservatives in meat products. 
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ABSTRACT 
 

Fermented vinegar is commonly used as a seasoning which is an 
additive food. Corn silk contains abundant bioactive compounds which are 
beneficial for health. Therefore, it might be used as new material to produce 
functional fermented vinegar. The objective of this study was to determine the 
quantity and quality of corn silk vinegar fermented in the stirred aeration 
reactor. The amount of acetic acid percentage, phenolic compounds, and 
flavonoids were determined. Xanthine oxidase inhibition that causes gout and 
antioxidant capacity were monitored during incubation period. The corn silk 
(300 g wet wt.) was boiled for 2 L volume in a 5 L reactor and stirred at 120 
rpm. Firstly, Saccharomyces cerevisiae (10%v/v) was inoculated to convert 
glucose into alcohol at 25°C, and Lactobacillus casei (10%v/v) was added for 
a more palatable taste. After 10 days, 12% sucrose was added prior to 
inoculation of 10 % Acetobacter aceti with aeration at 0.5 vvm at 25°C for 50 
days incubation. The results showed that the highest alcohol production of 9 % 
(v/v) was observed after 10 days of incubation. While the highest acetic acid 
production of 8 . 85  % (v/v) was obtained after 45  days of incubation period. 
The phenolic and flavonoid contents of the fermented vinegar were 0.524 
µg/ml and 3,495 µg/ml, respectively. The vinegar had bioactive activities with 
high xanthine oxidase inhibition (80% of 10 fold dilution) and antioxidant 
capacity (IC50 1.2 TE µM and 35.5 BHE µM). The results indicated that corn 
silk could be used to produce vinegar as a functional flavoring agent, and 
possible industrial production. 
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INTRODUCTION 
 

Corn has the third-largest cash crop also the most important producers 
in the world are the United States, France, Hungary, and Canada. In Asia, the 
most important producers are Japan, Taiwan, and Thailand (Erenstein et al., 
2022). In Thailand, corn is grown through the year under low water usage. 
Beneficial nutrients of corn are rich in value such as lipids, carbohydrates, 
proteins, fiber, calcium, iron, phosphorus, vitamin A, vitamin B2, vitamin C 
and antioxidants. In yellow corn, there are lutein and zeaxanthin compounds 
that help slow down macular degeneration problems. Dark violet or black corn 
contains oligomeric pro-anthocyanidins, which helps feed the skin against cell 
degeneration, prevent tumors and cancer cells (Nawaz et al., 2019). 

Corn silk is the pistil that appears a fine line, accounting for 2 
percentage of the fresh cob weight of the whole corn component. It has been 
generally discarded or used as animal feed. According to research study on the 
bioactive compounds and antioxidant activity of corn silk, it was found that 
corn silk contained important phenolic compounds with antioxidant properties 
(Sarepoua et al., 2013). For example, a report from Choi et al. (2014) stated 
that corn silk contained important phenolic compounds that may prevent 
dementia. 

Corn silk possesses high medicinal value due to the presence of diverse 
bioactive phytochemical compounds which contain phenolic compounds, 
polyphenols, flavonoids, anthocyanins, carotenoids, and vitamins of 
biological importance. Due to the presence of these phytochemical 
constituents, corn silk shows diversity in its biological activities which 
highlights its pharmaceutical importance. The bioactive compounds have been 
found to show antioxidant, antimutagenic, antiproliferative, anti-
inflammatory, antihyperglycemic, antidiabetic, antibacterial, antifungal, 
antihyperlipidemic, antidepressant, antihypertensive, antihyperlipidemic, 
antiadipogenic and anti-fatigue activities (Sarepoua et al., 2013). In addition, 
the synergistic effect of corn silk extract could inhibit inflammation and inhibit 
the growth of bacteria Escherichia coli and Pseudomonas aeruginosa 
(Lertkaeo et al., 2021). 

The value of exploring the conversion of corn silks into value-added 
products, especially healhy vinegar, is interesting. Corn silk is a rich source of 
bioactive compounds including natural antioxidants (phenolic compounds and 
flavonoids) (Gwendlin et al., 2015) as well as proteins, carbohydrates, 
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vitamins, alkaloids, tanin and mineral salts. Fermentation of vinegar from corn 
silk was stirred and filled air in a reactor. The corn silk vinegar was analyzed 
for the quantity of bioactive compounds as phenolic compounds and 
flavonoids, including determination of the biological activities such as xanthin 
oxidase inhibitor in cause of gout and antioxidant activity. 
 

MATERIAL AND METHODS 
 
Sample 

The sweet corn silk (Zea mays) variety was “Organic 2” which was 
supported from the National Corn and Sorghum Research Center, Pak Chong 
District, Nakhon Ratchasima Province. The corn silk was washed 2-3 times 
and kept in a polyethylene bag with a vacuum seal and kept at -20°C until 
further use. 
 
Vinegar Fermentation 

The corn silk was cut into a small size of 0.2–0.3 cm and about 300 g 
wet wt. were boiled in 2 L of water for 15 minutes, then it was filterated by 40 
mesh sieves to remove the residual and 20 %w/v of unbleached sucrose was 
added. The boiled extract solution was poured into a 5 liters of reactor 
(B.Braun, Germany). Saccharomyces cerevisiae (LALWIN®, Canada), active 
dried yeast (0.02 %w/v). was used to ferment wine. 

The corn silk wine was fermented by Acetobactor aceti which was 
purchased from Thailand Institute of Scientific and Technological Research 
(TISTR). The starter preparation was carried out by inoculating in 
glucose/yeast extract/peptone (GYP) growth medium containing glucose of 
25 g/L, yeast extract of 3 g/L, peptone of 5 g/L, and ethanol of 0.5%. The 
incubation condition was at 25°C, 320 rpm for 48 h. For vinegar fermentation, 
10% of inoculum was used. The fermentation was carried out under aeration 
rate of 0.5 vvm at 25°C, stirred 120 rpm for 60 days.  
 
Determination of Total Flavonoid Compounds (TFC) in vinegar 

TFC analysis was determined using a modified protocol (Zannou et 
al., 2020). The vinegar from corn silk was placed 174 µL into a microplate 96-
well plate (Flat-Bottle sterile) and added 86 µL of 5 %w/v NaNO2, then left 
in the dark for 5 min. The reaction was stopped by adding 52 µl of 10 %w/v 
AlCl3 and measured absorbance at 510 nm by spectrophotometer (BioTek, 
USA). The TFC was calculated from a calibration curve using qucertin as 
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standard (Y = 0.0068x + 0.0447; R2 = 0.9801). The results estimated as µg 
qucertin equivalents per milliliter (QE ml-1). 
 
Determination of Total Phenolic Compounds (TPC) in vinegar 

The TPC in the corn silk vinegar was determined by the Folin-
Ciocalteu method (Zannou et al., 2020). Vinegar was placed 50  µL into a 
microplate 96-well plate (Flat-Bottle sterile) and added 250 µL of 10% Folin-
Ciocalteu's phenol reagent, then left in the dark for 8  minutes. The reaction 
was stopped by adding 200  µL of 7 . 5  % (w/v) sodium carbonate and left at 
room temperature for 2  h prior to measure absorbance at 7 6 5  nm by 
spectrophotometer (BioTek, USA). The TPC was calculated from a 
calibration curve (Y = 9.9419x + 0.0078; R2 = 0.9846), using gallic acid as a 
standard. The results estimated as µg gallic acid equivalent per milliliter (GAE 
ml-1). 
 
DPPH Radical Cation Scavenging Activity assay 

DPPH ( 1,1- diphenyl- 2- picrylhydrazyl)  free radical scavenging 
activity assay was modified from Zannou et al.  (2020). In the DPPH method, 
vinegar was placed 50 μL into a microplate 96-well plate (Flat-Bottle sterile) 
and added 1 mL of 0.2 mM DPPH (Sigma-Aldrich) in 80 % methanol and left 
in the dark for 30 min prior to measure absorbance at 517 nm. The results 
estimated as mmol butylated hydroxytoluene (Sigma-Aldrich) equivalent per 
mllilter ( mmol BHE ml− 1) .  The percentage of radical scavenging was 
calculated from the equation below. 
 

% Radical scavenging = [1-(Asample/Acontrol)]x100 
 

Asample = sample absorbance 
Acontrol = control absorbance 

 
ABTS Radical Cation Scavenging Activity assay 

The method was modified from Arnado et al. (2001). ABTS, 2,2-
azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (Sigma-Aldrich) radical 
agent was prepared by weight 0.0036 g ABTS into 10 ml distilled water and 
mixed with 0.67 mg potassium persulphate, then left in the dark at room 
temperature for 12-16 h. The sample was placed 50 µl into a 96-well plate 
(Flat-Bottle sterile) and added 100 µl of ABTS solution. After 15 minutes, the 
absorbance was then measured at a wavelength of 734 nm by microplate 
reader spectrophotometer (BioTek, USA).  
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ABTS+ radical cation inhibition against Trolox, which a water-soluble 
analog of vitamin E, was spectrophotometrically measured at 734 nm, and the 
results were expressed as mmol trolox equivalent (mmol TE). The sample was 
then compared with the Trolox standard solution. The percentage of inhibition 
was calculated below equation with 3 replications. 
 

% Inhibition = (Asb of ABTS – Asb of sample) x100 
    (Asb of ABTS – Asb of ref.) 

 
Antioxidant activity calculates a value of IC50 is the concentration of 

substance to inhibit 50 % of fee radical cation. 
 
Xanthine oxidase (XOD) inhibitory activity in vinegar 

The XOD inhibitory activity was determined according to modify 
from de Araújo et al. , (2013) .  Briefly, 60 µl of Phosphate-Buffered Saline 
Solution (Sigma-Aldrich) and 30  µl of 0 . 06  mM xanthine (Sigma-Aldrich) 
solution placed into 96-well microplate (Flat-Bottle sterile). The kombucha 
was added 30  µl which was compared with 0 . 04  mM Allopurinol as a gout 
medicine. The mixture was added 30  µl of 0. 2 U ml− 1 xanthine oxidase and 
mixed gently. The reaction was performed at 37 °C for 2 min and stopped with 
adding 3 0  µl of 0 . 5  M HCI. The reactant absorbance was measured at a 
wavelength of 2 9 0  nm by microplate reader spectrophotometer (BioTek, 
USA). The results calculated the quantification of the xanthine oxidase 
inhibitory activity display of % inhibition below: 
 

% Inhibition = [(A-B)-(C-D)/(A-B)]x100 
 

A = The xanthin oxidase activity: xanthin mixed with xanthin oxidase 
B = The control of “A” is only xanthin. 
C = The xanthin oxidase activity: vinegar or Allopurinol mixed with xanthin

 and xanthin oxidase 
D = The control of “C” is the mixture of vinegar or Allopurinol and xanthin. 
 

One unit of xanthin oxidase is the amount of enzyme that convert 
xanthine to 1 mmol uric acid per minute at 37°C. 
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RESULTS  
 
Acetic Acid Fermentation 
 

 

 
 
Figure 1.  The submerged fermentation of corn silk vinegar under stirred

 aeration reactor for 60 days incubation 
 

The corn silk wine obtained alcohol 9 %(v/v). The corn silk vinegar 
has acetic acid of 8.85±0.15 %(v/v) after 45 days incubation (Figure 1.).  
 
Total Phenolic Compounds and Flavonoid Contents 

The total phenolic compounds and flavonoid contents in corn silk 
vinegar were of 0.540 µg GAE/ml and 3,459 µg QE/ml, respectively (Figure 
2.). 
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Figure 2.  Total phenolic compounds and flavonoid contents in the corn

 silk vinegar fermentation for 45 days 
 
Antioxidant Activities 

The absorbance of a butylate hydroxytoluene (BHT) and Trolox 
standard substances were measured at different concentrations of BHT and 
Trolox. Then, the % inhibition value was calculated in the IC50  value. 
Antioxidant activities by DPPH and ABTS techniques showed that the IC50 of 
the corn silk vinegar were of 36 µM BHE and 1.12 µM TE, respectively 
(Figure 3.). 
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Figure 3.  % Antioxidant activities by DPPH and ABTS methods in the

 corn silk vinegar which were diluted 10 times (df=10) on the
 period of fermentation time 

 
Xanthine Oxidase (XOD) inhibitory activity 

 
Figure 4.  % Xanthine oxidase (XOD) inhibition in the corn silk vinegar

 which was diluted 10 times (df=10) on the period of
 fermentation time 

0
10
20
30
40
50
60
70
80
90

100

0 10 20 30 40 50 60 70

XO
D 

in
hi

bi
tio

n 
(d

f=
10

) (
%

)

Incubation (Day)



 

 
The 34th Annual Meeting of the Thai Society for Biotechnology and International 

Conference “Sustainable Bioeconomy : Challenge and Opportunities” 

 
 

376 November 24–25, 2022, Ambassador Hotel Bangkok, Thailand 
 
 

The percentage of xanthine oxidase inhibition in the corn silk vinegar 
which was diluted 10 times (82.02±9.34%). The activity was compared with 
0 . 01 mM allopurinol (61. 03±14.69 %)  which is a treating gout medicine 
(Figure 4.). 
 

DISCUSSION 
 

The corn silk vinegar contained high bioactive compounds such as 
phenolics and flavonoids gain to functional value as antioxidant capacity and 
inhibition of xanthin oxidase. Their properties confirmed that they are a 
valuable product for growth and activity of yeast resulting in highest alcohol 
level (9 %v/v) after 7 days incubation. After inoculation for 10-30 days, A. 
aceti could produce acetic acid. The corn silk wine was normally semi-
continuous acetified by A aceti. The operation was successfully carried out to 
enhance the demands of increased aeration. The corn silk vinegar inhibited the 
xanthine oxidase of 82 % more than 0.01 mM allopurinol (61.03±14.69 %) 
even the fermented vinegar was diluted 10 times before testing. The study 
found that phenolic compounds could inhibit the xanthine oxidase higher than 
gout drug (allopurinol). The phenolic compounds in corn silk vinegar increase 
during incubation because of enzyme biocatalyst from microoragisms in the 
fermented. Flavonoid contents level was stable around 3,459 µg QE/ml that 
might provide mostly from corn silk. Antioxidant activities were determined 
by DPPH method and ABTS method. The corn silk vinegar has an IC50 value 
of 36 µM BHE and 1.12 µM TE, respectively. These results showed an 
opportunity to improve the corn silk acetification rate in further. 
 

CONCLUSION 
 

Corn silks are a potential source of raw material for production of 
healthy vinegar. The vinegar has bioactive compounds (i.e., phenolic 
compounds and flavonoids compounds) benefits, and their properties 
exhibited as high antioxidant and xanthine oxidase inhibition. Thus, vinegar 
from corn silk could be a healthy food additive. 
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ABSTRACT 
 

Corn silk or pistil has abundant bioactive compounds. The objective 
of this research is to apply corn silk based tea to be a fermented drink as 
kombucha. Dried sweet corn silk at concentration of 12 g/L was boiled for 15 
min. Then 20% sucrose was added. The mixture was inoculated with 20 % 
(w/w) of a symbiotic culture of bacteria and yeast microorganisms (SCOBY) 
and incubated at room temperature for 14  days. The microorganism film 
floating on the top of the fermented was separated and placed in a bottle, which 
was then refrigerated. Samples were tasted for palatability, flavonoid content, 
phenolic content, and bioactivity. Antioxidant capacity and also inhibition of 
xanthine oxidase were determined. The results showed that the total flavonoid 
content and total phenolic content were 0.245 µg QE/ml and 1.464 µg 
GAE/ml, respectively. The antioxidant activity resulted in an IC50 value of 
1.428 mM TE. The percent inhibition of xanthine oxidase was 72.02% 
(p≤0.05). Palatability was evaluated by 32 people, and the resulting mean 
scores for color, aroma, taste, sweetness, sourness, bitterness and 
uncomfortable were 50%, 42%, 46%, 28%, 20%, and 22%, respectively. In 
the methology, the score was 1-5. This research indicated that the kombucha 
beverages could be made from corn silk based tea. These beverages would 
benefit health and might be developed into a commercial product in the future. 
 
Keywords: Corn silk based tea, Health drink, Kombucha. 
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INTRODUCTION 
 

Corn is the third-largest cash crop in the world. The most important 
producers of corn in the world are the United States, France, Hungary, and 
Canada (Nawaz et al., 2019). In Asia, the most important producers are Japan, 
Taiwan, and Thailand. In Thailand, corn can be grown all year round. 

Corn silk is the pistil of the corn flower.  It has of soft, fine, and shiny 
fibers.  Corn silk makes up approximately 2% of the weight of a fresh corn 
cob. It is generally discarded or used as animal feed. According to Sarepoua 
et al. (2013) corn silk contains important phenolic compounds with 
antioxidant properties. Choi et al. (2014) also found that corn silk contaid 
important phenolic compounds that may prevent dementia. 

Corn silk possesses high medicinal values because it contains diverse 
bioactive phytochemical compounds, including phenolic compounds, 
polyphenols, flavonoids, anthocyanins, carotenoids, and vitamins. These 
phytochemical constituents give corn silk with diversity in its biological 
activities, highlighting its pharmaceutical importance. The bioactive 
compounds of corn silk have demonstrated antioxidant, antimutagenic, 
antiproliferative, anti-inflammatory, antihyperglycemic, antidiabetic, 
antibacterial, antifungal, antihyperlipidemic, antidepressant, antihypertensive, 
antihyperlipidemic, antiadipogenic, and anti-fatigue activities (Sarepoua et al., 
2013). In addition, Lertkaeo et al. (2021) found a synergistic effect when 
mixing corn silk extract with silver nanoparticles, a combination that can 
inhibit inflammation as well as the growth of bacteria Escherichia coli and 
Pseudomonas aeruginosa (Lertkaeo et al., 2021). 

Traditional fermented foods such as kombucha have been the focus of 
numerous studies to investigate their potential health beverage. The current 
study aimed to investigate the use of corn silk-based tea for fermenting 
kombucha. The corn silk tea kombucha was analyzed for bioactive 
compounds, such as phenolic content and flavonoid content, including 
determination of biological activities such as xanthin oxidase inhibitor for 
gout and antioxidant activity. In addition, the corn silk-based tea kombucha 
was evaluated for palatability with the possibility of deloping it into a 
commercial product. 
 
 
 
 
 



 

 
The 34th Annual Meeting of the Thai Society for Biotechnology and International 

Conference “Sustainable Bioeconomy : Challenge and Opportunities” 

 
 

380 November 24–25, 2022, Ambassador Hotel Bangkok, Thailand 
 
 

MATERIALS AND METHODS 
 
Materials 

Corn silk of sweet corn (Zea mays) variety “Organic 2” was obtained 
from the National Corn and Sorghum Research Center, Pak Chong District, 
Nakhon Ratchasima Province. The corn silk was washed twice, and dried in a 
hot air oven at 60°C for 12 h. The dried corn silk was kept in a polyethylene 
bag with a vacuum seal and maintained in a desiccator cabinet until use. 
 
Fermentation of the corn silk 

The dried corn silk was cut into small pieces of approximately 0.2–0.3 
cm length, and 6 g were then boiled in 500 ml water for 15 minutes. The fibers 
were separated prior to adding 100 g of unbleached sugar then stirred well. 
The boiled solution was poured into a 2 liters wide-mouthed jar, after cooling 
down to 25–28°C, 1100 ml of SCOBY inoculum (Nature Kombucha®, 
ChaingMai) was added. The jar was covered with a satin cloth, incubated at 
room temperature in dark and dry place for 14 days. 

The black tea (Camellia sinensis) and the mixture between black tea 
and corn silk-based tea was used to compare with corn silk-based tea.  
 
Determination of Total Flavonoid Compounds (TFC) in Kombucha 

TFC was determined using a modified protocol (Zannou et al., 2020). 
Kombucha was used 174 µL into a microplate 9 6 - well plate (Flat-Bottle 
sterile) and added 86 µL of 5 %w/v NaNO2, then left in the dark for 5 min. 
The reactant was added 52 µl of 10%w/v AlCl3 and measured at 510 nm by 
spectrophotometer (BioTek, USA). The TFC was calculated from a 
calibration curve using qucertin as standard (Y = 0.0068x + 0.0447; R2 = 
0.9801). The results estimated as µg qucertin equivalents (QE) ml-1. 
 
Determination of Total Phenolic Compounds (TPC) in Kombucha 

The TPC of Kombucha was determined using the Folin-Ciocalteu 
method (Zannou et al., 2020). Kombucha was used 50  µL into a microplate 
96-well plate (Flat-Bottle sterile) and added 250 µL of 10% Folin-Ciocalteu's 
phenol reagent. The mixture was left in the dark for 8  minutes before adding 
200 µL of 7.5% w/v sodium carbonate and left at room temperature for 2 h. 
The absorbance of reactant was measured at 765  nm by spectrophotometer 
(BioTek, USA). The TPC in each sample was calculated from a calibration 
curve (Y = 3E-05x + 0.0067; R2 = 0.9997), using gallic acid as a standard. The 
results were given as µg gallic acid equivalent (GAE) ml-1. 
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ABTS Radical Cation Scavenging Activity assay 
The method was modified from Arnado et al. (2001). ABTS, 2,2-

azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) radical agent was prepared 
by weight 0.0036 g ABTS into 10 ml distilled water and mixed with 0.67 mg 
potassium persulphate, then left in the dark at room temperature for 12-16 h. 
Prepare 100 µl of ABTS solution followed by 50 µl of sample into a 96-well 
plate (Flat-Bottle sterile). After 15 minutes, the absorbance was then measured 
at a wavelength of 734 nm by microplate reader spectrophotometer (BioTek, 
USA).  

After, ABTS+ radical cation inhibition against Trolox, which a water-
soluble analog of vitamin E, was spectrophotometrically measured at 734 nm, 
and the results were expressed as mmol trolox equivalent ( mmol TE) .  The 
sample were then compared with the Trolox standard solution. To quantify the 
percentage of inhibition of the sample is below equation, the experiment was 
3 replications. 
 

% Inhibition =  (Asb of ABTS – Asb of sample) x100 
    (Asb of ABTS – Asb of ref.) 

 
Antioxidant activity calculates a value of IC50 is the concentration of 

substance to inhibit 50% of free radical. 
 
Xanthine oxidase inhibitory activity in Kombucha 

The XOD inhibitory activity was determined according to modify 
from de Araújo et al. , (2013) .  Briefly, 60 µl of Phosphate-Buffered Saline 
Solution (Sigma-Aldrich) and 30  µl of 0 . 06  mM xanthine (Sigma-Aldrich) 
solution placed into 96-well microplate (Flat-Bottle sterile). The kombucha 
was added 30  µl which was compared with 0 . 04  mM Allopurinol as a gout 
medicine. The mixture was added 30  µl of 0. 2 U ml− 1 xanthine oxidase and 
mixed gently. The reaction was performed at 37 °C for 2 min and stopped with 
adding 3 0  µl of 0 . 5  M HCI. The reactant absorbance was measured at a 
wavelength of 2 9 0  nm by microplate reader spectrophotometer (BioTek, 
USA). The results calculated the quantification of the xanthine oxidase 
inhibitory activity display of % inhibition below: 
 

% Inhibition = [(A-B)-(C-D)/(A-B)]x100 
 
A = The xanthin oxidase activity: xanthin mixed with xanthin oxidase 
B = The control of “A” is only xanthin. 
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C = The xanthin oxidase activity: kombucha or Allopurinol mixed with 
xanthin and xanthin oxidase 
D = The control of “C” is the mixture of kombucha or Allopurinol and xanthin. 
 

One unit of xanthin oxidase is the amount of enzyme that convert 
xanthine to 1 mmol uric acid per minute at 37°C. 
 
Sensory test 

The sensory acceptance of kombucha beverage from corn silk tea was 
assessed in terms of appearance, color, odor, taste, and preference. The 
assessor was mostly a student at Naresuan University, Mueang Phitsanulok 
District, Phitsanulok Province, aged 20  years and over for 32  peoples. The 
general questionnaire was used to accept the kombucha beverage to inform on 
a 5 - point hedonic scale with a score of 1  to 5  and calculated to percentag of 
32 peoples, and statistically assessed by One-way-ANOVA to analyze and 
draw conclusions. 
 
JAR Scales and Penalty Analysis 

Just about Right (JAR) scales are commonly used in consumer 
research to address these questions. JAR scales measure the appropriateness 
of the level of an attribute. Usually after rating overall liking, the respondent 
is asked to give their opinion of the intensity of specified product attributes in 
relation to their JAR level. 

The JAR scales are usually category type scales with 5 points with the 
anchors as below: 

1. Not sweet enough 
2. Slightly not sweet enough 
3. Just about right 
4. Slightly too sweet 
5. Too sweet 

 
Ethics Approval 

The experimental procedures involving human research ethics were 
approved by the Institutional Review Board of Naresuan University 
(Phitsanulok, Thailand) for the project number of IRB No. P1-0014/2565. 
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RESULTS 
 

Total phenolic contents 
 

 
Figure 1.  Total phenolic content in kombucha; A (corn silk-based tea), B

 (black tea), C (corn silk-based tea mixed with black tea) 
 
The total phenolic content in kombucha from corn silk-based tea, black 

tea and their mixture were of 1.461, 1.668 and 1.292 µg GAE/ml, respectively. 
 
Total flavonoids contents 
 

 
 

Figure 2.  Total flavonoids content in kombucha; A (corn silk-based tea),
 B (black tea), C (corn silk-based tea mixed with black tea) 

 
Total flavonoids content in kombucha from corn silk-based tea, black 

tea and their mixture were of 0.248, 0.246 and 0.248 µg QE/ml, respectively. 
 

a 
b 

b 

a 
a a 
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ABTS Radical Cation Scavenging Activity assay 
 

 
 

Figure 3.  Antioxidant activity (%); A (corn silk-based tea), B (black tea),
 C (corn silk-based tea mixed with black tea) 

 
The absorbance of a Trolox standard substance was measured at 

different concentrations of Trolox. Then, the % inhibition value was 
calculated in the IC50value. Antioxidant activity by ABTS technique showed 
that the IC50 of kombucha from corn silk-based tea, black tea and the mixture 
were of 1.428 µg TE/ml, 2.343 µg TE/ml and 3.294 µg/ml, respectively. 
 
Xanthine oxidase inhibitory activity 
 

 
 

Figure 4. Xanthine oxidase inhibition (%); A (corn silk-based tea), B 
  (black tea), C (corn silk-based tea mixed with black tea) 

a 
b 

b 

a 
b 
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The percentage of xanthine oxidase inhibition in kombucha from corn 
silk-based tea, black tea and the mixture were of 72.02±2.63%, 74.22±23.38% 
and 95.35±14.29%, respectively. Their activity was compared with 0.04 mM 
allopurinol (69.07±3.54%) which is a treating gout medicine. 
 
Sensory test 

The sensory test of the kombucha beverage aspect to use the 5 -points 
hedonic scale with 32 subjects is shown in Table 1 to 3. 
 
Table 1.  Sensory test scores by 5-point Hedonic scale and JAR scale in

 terms of Sweetness, Sourness, Bitterness, Acrid, Perfumed,
 Transparency, and Color of kombucha beverage products from
 corn silk incubated for 2weeks (n=32). 

 

Attributes Mean 
  ±

Number of people (%) 
Net 

effect 
(%) 

Just about right (JAR) scale 
Much 

too 
little 

Too 
little 

Just 
about 
right 

Much 
too 

much 

Too 
much 

Sweetness 2.3 ± 
1.4 

13 
(40.63) 

5 
(15.63) 

8 
(25.00) 

3 
(9.38) 

3 
(9.38) 37.50 

Sourness 1.4 ± 
0.7 

23 
(71.88) 

5 
(15.63) 

4 
(12.50) 

0 
(0.00) 

0 
(0.00) 87.51 

Bitterness 1.0 ± 
0.0 

32 
(100.00) 

0 
(0.00) 

0 
(0.00) 

0 
(0.00) 

0 
(0.00) 

100.0
0 

Acrid 1.1 ± 
0.2 

30 
(93.75) 

2 
(6.25) 

0 
(0.00) 

0 
(0.00) 

0 
(0.00) 

100.0
0 

Perfumed 2.1 ± 
1.0 

11 
(34.38) 

11 
(34.38) 

6 
(18.75) 

4 
(12.50) 

0 
(0.00) 56.26 

Transparency 2.9 ± 
1.1 

3 
(9.68) 

9 
(29.03) 

8 
(25.00) 

9 
(29.03) 

2 
(6.25) 3.43 

Color 2.5 ± 
0.9 

3 
(3.98) 

13 
(40.63) 

12 
(37.50) 

4 
(12.50) 

0 
(0.00) 32.11 

Net effect (%) = % total too much – % total too little 
 

After the respondents had tested the product, their opinions obtained 
about the fit direction of the kombucha on the various attributes were 
sweetness, sourness, bitterness, acrid, perfumed, transparency, and color. The 
kombucha beverage from corn silk was lightly considered the direction of 
improvement by setting a fit level of 70% and net effect ≥ 20%. The results of 
the test showed that characteristics need to be improved are sweetness, 
sourness, bitterness, acrid, perfumed, and color. However, these tastes, the net 
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effect were high 37 %, 87%, 100%, 100%, 56% and 32% which are a bit little 
sweet, sour, bitter, acrid, perfumed and color, respectively (Table 1.). Such 
characteristics must be adjusted in accordance with consumer demand. The 
feature that does not need to be improved is transparency. Considering the net 
effect value is less than 20%, there is no need to improve this feature. 
 
Table 2.  Sensory test scores by 5-point Hedonic scale and JAR scale in

 terms of Sweetness, Sourness, Bitterness, Acrid, Perfumed,
 Transparency, Color of kombucha beverage products from
 black tea incubated for 2 weeks (n=32). 

 

Attributes Mean ± 
 

Number of people (%) 
Net 

effect 
(%) 

Just about right (JAR) scale 
Much 

too 
little 

Too 
little 

Just 
about 
right 

Much 
too 

much 

Too 
much 

Sweetness 1.9±1.1 16 
(50.00) 

7 
(21.88) 

6 
(18.75) 

2 
(6.25) 

1 
(3.13) 62.50 

Sourness 4.0±1.0 0 
(0.00) 

2 
(6.25) 

10 
(31.25) 

6 
(18.75) 

14 
(43.75) 56.25 

Bitterness 1.0±0.0 32 
(100.0) 

0 
(0.00) 

0 
(0.00) 

0 
(0.00) 

0 
(0.00) 100.0 

Acrid 1.4±1.0 25 
(78.13) 

3 
(9.38) 

2 
(6.25) 

1 
(3.13) 

1 
(3.13) 81.25 

Perfumed 2.7±1.2 5 
(15.63) 

10 
(31.25) 

9 
(28.13) 

5 
(15.63) 

3 
(9.38) 21.87 

Transparency 3.6±0.9 1 
(3.23) 

2 
(6.25) 

8 
(25.81) 

17 
(54.84) 

3 
(9.68) 55.04 

Color 2.2±1.0 10 
(31.25) 

7 
(21.88) 

12 
(37.50) 

3 
(9.38) 

0 
(0.00) 43.75 

Net effect (%) = % total too much – % total too little 
 

The kombucha beverage from black tea was lightly considered the 
direction of improvement by setting a fit level of 70% and net effect ≥ 20%. 
The results of the test showed that characteristics need to be improved are 
sweetness, sourness, bitterness, acrid, transparency and color. However, these 
tastes, the net effect were high 62.5 %, 100%, 81.25%, and 43.75% which are 
a bit little sweet, bitter, acrid, and color, respectively. While, the net effect was 
high 56.25% and 55.04% which are much sour and transparency, respectively 
(Table 2.). Such characteristics must be adjusted in accordance with consumer 
demand. The feature that does not need to be improved is perfumed. 
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Considering the net effect value is about 20%, there is no need to improve this 
feature. 
 
Table 3.  Sensory test scores by 5-point Hedonic scale and JAR scale in

 terms of Sweetness, Sourness, Bitterness, Acrid, Perfumed,
 Transparency, and color of kombucha beverage products from
 corn silk mixed with black tea incubated for 2 weeks (n=32). 

 

Attributes Mean ± 
 

Number of people (%) 
Net 

effect 
(%) 

Just about right (JAR) scale 
Much 

too 
little 

Too 
little 

Just 
about 
right 

Much 
too 

much 

Too 
much 

Sweetness 2.3±1.3 12 
(37.50) 

12 
(37.50) 

7 
(21.88) 

4 
(12.50) 

2 
(6.25) 40.63 

Sourness 3.5±1.3 4 
(12.50) 

2 
(6.25) 

7 
(21.88) 

12 
(37.50) 

12 
(37.50) 56.25 

Bitterness 1.0±0.0 32 
(100.00) 

0 
(0.00) 

0 
(0.00) 

0 
(0.00) 

0 
(0.00) 

100.0
0 

Acrid 1.5±1.0 22 
(68.75) 

5 
(15.63) 

3 
(9.38) 

2 
(6.25) 

0 
(0.00) 78.13 

Perfumed 3.0±1.2 5 
(15.63) 

4 
(12.50) 

14 
(43.75) 

5 
(15.63) 

4 
(12.50) 0.00 

Transparency 3.7±0.8 0 
(0.00) 

2 
(6.45) 

11 
(35.48) 

13 
(41.94) 

5 
(16.13) 51.62 

Color 2.2±1.0 9 
(28.13) 

12 
(37.50) 

7 
(21.88) 

4 
(12.50) 

0 
(0.00) 53.13 

Net effect (%) = % total too much – % total too little 
 

The kombucha beverage from corn silk mixed with black tea was 
lightly considered the direction of improvement by setting a fit level of 70% 
and net effect ≥ 20%. The results of the test showed that characteristics need 
to be improved are sweetness, sourness, bitterness, acrid, transparency and 
color. However, these tastes, the net effect were high 40.63 %, 100%, 78.13%, 
and 53.13% which are a bit little sweet, bitter, acrid, and color, respectively. 
While, the net effect was high 56.25% and 51.62% which are much sour and 
transparency, respectively (Table 3.). Such characteristics must be adjusted in 
accordance with consumer demand. The feature that does not need to be 
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improved is perfumed. Considering the net effect value is less than 20%, there 
is no need to improve this feature. 
 

DISCUSSION 
 

The consumption of the health drink kombucha has increased over the 
past several decades, because of the recognition of the benefits for this reason, 
it has become an increasingly industrialized beverage. The development of a 
health drink kombucha from corn silk increases the nutritional value and 
bioactivity of the compound, including phenolic and flavonoid content, 
antioxidant activity and inhibition of xanthine oxidase in kombucha products. 
A satisfaction assessment of a total of 32 panelists aged 20-21 were conducted. 
The results indicated that corn silk kombucha had a total phenolic compound 
content and the total flavonoid compound content were 1.464 µg GAE/ml and 
0.248 µg QE/ml, respectively. This results from the action of bacteria and 
yeast in an acidic environment in a hydrolysis reaction. There are phenolic 
compounds with smaller molecular weights in corn silk which could increase 
the concentration of (total) phenolic compounds in kombucha (Voidarou et 
al., 2021). The xanthine oxidase inhibitory activity of corn silk kombucha 
health beverage products after 14 days of fermentation was significantly 
different (p<0.05). The enzyme xanthine oxidase is inhibited because 
xanthine oxidase is a flavoprotein that catalyzes the oxidation of 
hypoxanthines to uric acid with xanthine as the substrate (Sahgal et al.,2009). 
Assessment of consumer satisfaction on characteristics of kombucha from 
corn silk, where consumers accept a test score of 2.5 from 5 or low-medium 
level, indicated that the product should be improved. 
 

CONCLUSION 
 

The results of the study provides basic information about the corn silk 
kombucha health drink product that had xanthine oxidase inhibitory activity 
and contained phenolic and flavonoid compounds which had antioxidant 
properties. This beverage product received a low-medium overall rating and 
is popular for its transparency. Therefore, corn silk kombucha health beverage 
product must be improved for its taste and make it more attractive. Thus, 
kombucha corn silk health drink will be a new alternative for consumers to 
substitute traditional favorite beverage products. 
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ABSTRACT 
 

Durian fruit, one of the most popular fruit in Thailand, is an excellent 
source of various nutrients such as minerals and vitamins; it is also rich in 
phenolic compounds. Development of new products from durian fruit is 
challenging to satisfy consumer’s lifestyle. Functional beverage’s trend is on 
the rise since consumer’s demand includes improvement of overall health and 
availability in convenient formats. Therefore, the objectives of this research 
were to study effect of milk addition on stability of antioxidant properties 
(total phenolic compound, antioxidant activity by DPPH and FRAP assay), 
color value (L*, a*, b*) and microbial properties (total plate count and yeast 
and mold count) of durian drink during cold storage at 4°C for 15 days. 
Samples were pasteurized (90°C, 5 min) before stability experiment. The 
results showed that total phenolic compound and antioxidant activity of durian 
drink samples decreased with the increased storage time. However, addition 
of milk in sample provided an increase in antioxidant properties of durian 
drink compared to no milk addition. Furthermore, L*, and b* values tended to 
decrease while the increasing trend of a* value was found. According to 
microbial properties during storage, total plate count and yeast and mold count 
increased approximately 2 logs at the end of storage. This study could be used 
as a fundamental information for the development of functional drink from 
durian. However, more studies should develop to increase the bioactivity and 
the shelf life these products.   
 
Keywords: Antioxidant, Durian, Total phenolic compound. 
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INTRODUCTION 
 

Fruits are a vital food source that are loaded with healthy vitamins and 
minerals. Durian is referred to as the "King of the Fruits," and the Monthong 
durian (Durian zibethius Murray), one of the most widely cultivated durian 
varieties in Thailand, is the top export for sale abroad. As a result, many 
farmers are expanding their durian plantings and adding processing to raise 
the value of their harvests. According to reports, durian, which is well-liked 
in Asia and America, was the most popular fruit product exported in 2021. 
Due to its sweet flavor and distinctive aroma, durian pulp also has a high 
nutritional value and is very energizing. Monthong durian has been shown to 
be a rich source of vitamins, minerals, and various biologically active 
compounds, such as polyphenols and antioxidants, which protect against free 
radical damage and fight disease. An earlier investigation revealed that 
animals fed with Monthong durian showed higher antioxidant activity and 
lower cholesterol in their blood. (Currently, the functional drinks made from 
fruits has gained a lot of interest due to the increased awareness of benefits of 
products. Beverages that are made from fruits or contain milk as ingredient 
products are highly nutritional because fruits and milk are rich sources of 
bioactive compounds and antioxidant. This study evaluated the storage 
stability of durian drink (DD) and durian drink with milk (DM) after 
pasteurization (90°C, 5 min) by comparing bioactive compounds (total 
phenolic compound), antioxidant activity (by DPPH and FRAP assay), color 
values and microbial analysis (total plate count, yeast and mold count) for 15 
days at 4°C. 
 

MATERIAL AND METHODS 
 
Materials 

The ripe freeze-dried Monthong durian pulp (Durian zibethius 
Murray) were obtained from Chanthaburi (Thailand). Pasteurized freash milk 
from conveineice stores. 

 
Preparation of durian drinks 

The ripe freeze-dried Monthong durian pulp (Durian zibethius 
Murray) were obtained from Chanthaburi (Thailand) with size uniformity 
ground into a powder and sifted through a 50-mesh sieve. Weigh 15 g of durian 
powder mixed with 85 ml of distilled water (DD, 15% w/w) and 15 g of durian 
powder mixed with 35 mL of distilled water and 50 mL of milk (DM, 15% 
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w/w) were blended with a blender for 1 min until getting homogenous. The 
pasteurization was accomplished using a water bath. Durian drink and durian 
drink with milk was poured into each sterile glass bottle, which were placed 
in a water bath had been prepared to 90°C for 5 min and chilled to room 
temperature before stored at 4 °C and the results were analyzed every 3 days 
for 15 days. 
 
Analytical methods 
1. Determination of antioxidant properties 

Total phenolic compounds (TPCs) 
The total phenolic compound was measured using the Folin-

Ciocalteau method at the absorbance of 765 nm with spectrophotometer 
(GENE-SYSTEM 20 Visible, Thermo Fisher Scientific, USA). The result was 
expressed as mg gallic acid equivalent (GAE)/100 mL.  

Antioxidant activity by DPPH scavenging assay 
Antioxidant activity was determined by the DPPH (2,2-diphenyl-1-

picryhydrazyl) free radical scavenging method, according to. The absorbance 
was performed at the wavelength of 515 nm with spectrophotometer (GENE-
SYSTEM 20 Visible, Thermo Fisher Scientific, USA) by using methanol as a 
blank. The results were expressed as %inhibition 

Antioxidant activity by FRAP assay 
FRAP determination, the absorbance of sample was determined at 593 

nm with spectrophotometer (GENE-SYSTEM 20 Visible, Thermo Fisher 
Scientific, USA) by using distilled water as a blank. The result was expressed 
in mM Trolox/100 mL. 
2. Color values 

The color characteristics of durian drink and durian drink with milk 
were analyzed by using a chroma meter (Minolta, Model CR-300 series, 
Japan) and CIE LAB system (L*, a*, and b*) where L* represents lightness 
and darkness, a* redness and greenness and b* yellowness and blueness. 
3. Microbiological analyses 

Total plate count and yeast and mold count were performed. All media 
were prepared and autoclaved at 121°C for 15 min. After serial dilutions, 
samples were plated onto plate count ager in duplicate for total plate count, 
for yeasts and molds using a standard spread plate method in duplicate using 
potato dextrose agar. The plates were incubated at 37°C for 48 h for the total 
plate count and 30°C for 48h for yeast and mold count. 
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4. Statistical analysis 
 The experiment design was conducted using a completely randomized 
design (CRD) with analysis of variance (ANOVA) by SPSS software version 
28.0.0.0 (SPSS Inc., Chicago, IL, USA) and the average was compared with 
Turkey’s (HSD) multiple comparison test at the 95% of confidence level. 
 

RESULTS  
 
Total phenolic content (TPCs) and Antioxidant activity by 2,2-diphenyl-
1-picryhydrazyl (DPPH) and by ferric ion reducing antioxidant power 
(FRAP) assay of durian drink 
 The total phenolic content and antioxidant activity were determined 
using the Folin-Ciocalteau, DPPH and FRAP method, as shown in Table 1 
and Figure 1. The total phenolic content of DD during the storage period 
between Day 0 to Day 15 were in the range 3.08±0.07 and 2.35±0.01 mg 
GAE/100 mL. Antioxidant activity, DPPH inhibition (%) were in the range 
29.05±0.68 and 17.54±0.26, and FRAP were in the range 286.81±1.81 and 
180.40±2.27 mM Trolox/100 mL. Futhermore, DM had total phenolic content 
in the range 3.62±0.46 and 2.46±0.02 mg GAE/100mL. Antioxidant activity, 
DPPH inhibition (%) were in the range 30.01±0.72 and 20.41±0.62, and FRAP 
were in the range 307.88±0.34 and 198.03±5.21 mM Trolox/100 mL. When 
comparing DD and DM, more total phenolic content and antioxidant activity 
were reported for DM. The result could be due to that fact that casein is the 
major protein of bovine milk that can inhibit lipoxygenase-catalyzed lipid 
oxidation, primary structure of casein molecules acts as a scavenger and whey 
protein have antioxidant activity due to the chelation of transition metals and 
scavenging of free radical. In addition, there are also has ß-carotenoids are 
regarded as preventive antioxidants that act as scavengers of singlet oxygen 
and peroxyl radicals. 
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Table 1. Antioxidant properties (total phenolic compound, antioxidant 
activity by DPPH and FRAP) of durian drink during storage at

 4 °C 
 

Treatment Storage 
day 

Antioxidant properties 
TPC  
(mg 

GAE/100 
mL) 

DPPH 
inhibition 

(%) 

FRAP 
(mM Trolox 

equivalent/100 
mL) 

Durian 
drink 
(DD) 

0 3.08±0.07a 29.05±0.68a 286.81±1.81a 

3 2.86±0.04a 28.10±0.24a 278.16±2.27b 

6 2.76±0.18a 26.24±0.90a 256.60±1.68a 
9 2.40±0.04b 22.91±0.79a 202.28±2.38a 

12 2.53±0.10a 19.78±0.95a 196.51±2.61b 
15 2.35±0.01b 17.54±0.26b 180.40±2.27a 

Durian 
drink with 

milk 
(DM) 

0 3.62±0.46a 30.01±0.72a 307.88±0.34a 
3 2.87±0.13a 29.79±0.72a 284.33±3.29a 

6 2.86±0.26a 27.98±1.02a 273.11±1.92a 
9 2.58±0.04a 24.22±1.94a 217.82±2.38a 

12 2.56±0.08a 21.85±0.35a 203.16±4.99a 

15 2.46±0.02a 20.41±0.62a 198.03±5.21a 
Remark: mean ± SD (from 3 replicates) 
Values in the column of each sample with different lowercase (a,b) were significantly 
different (P≤0.05). 
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(b) 

 
Figure 1.  Varying antioxidant activity by DPPH assay (a), and FRAP 

assay (b) of durian drink (DD) and durian drink with milk 
(DM) during the storage period at 4°C. 

 
Color values 
 The color of drinks is important food characteristic for consumer as an 
indicator of quality. Color values of durian drink and durian drink with milk 
were significantly different (P>0.05). When comparing the color values (L*, 
a* and b*) between DD and DM the results found that L* values of both 
samples were decreased by retention time because of the heat from 
pasteurization and non-enzymatic browning from Maillard reaction. The 
reaction between amino acids and reducing sugar in durian and milk darkened 
the color. In addition, a* values of both samples had a slightly increasing trend 
during storage. However, L*, a* and b* values of DM were higher than DD 
due to the mixture of milk and durian made the color lighter and brighter. 
According to color values, DD and DM had light yellow to greenish-yellow 
color. 
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Table 2. Color values of durian drink during storage period. 

Values in the column of each sample with different lowercase (a,b) were 
significantly different (P>0.05). 
 
Microbiological analyses 

The presence of microorganisms can have a negative effect on 
beverage product in term of quality, color, odor and flavor which if eaten, may 
adversely affect the consumer’s health. Total plate count (TPC) of DD and 
DM were increased from 1.48±0.01 to 3.34±0.02 and 1.30±0.03 to 3.58±0.05 
log CFU/mL from days 0 to days 15. The yeast and mold (YMC) count was 
increased from 1.30±0.05 to 3.21±0.03 and 1.58±0.01 to 3.26±0.01 log 
CFU/mL which was more for DM than DD (Table 3) due to milk as a 
considered as a source of nutrients appropriate for growth of microorganisms 
that may cause product deterioration such as changes in color, taste, smell or 
texture that lead to coagulation or separation of drink.  
 
 
 
 
 
 
 
 
 

Treatment Storage day Color measuring 
L* a* b* 

Durian 
drink 
(DD) 

0 43.36±0.17b -0.99±0.02a  10.57±0.31b 
3 43.99±0.32b -0.93±0.13a 11.13±0.32b 
6 42.90±0.35b -0.91±0.19a 10.18±0.30b 
9 42.26±0.33b -0.85±0.13a 11.25±0.19b 
12 41.56±0.38b -0.51±0.08a 11.99±0.40a 
15 40.49±0.60b -0.48±0.10a 10.94±0.48b 

Durian 
drink with 

milk 
(DM) 

0 50.18±0.54a -0.79±0.07a 13.04±0.17a 
3 49.61±0.53a -0.69±0.21a 12.63±0.25a 
6 49.04±0.38a -0.66±0.03a 11.89±0.02a 
9 48.58±0.37a -0.63±0.01a 12.02±0.20a 
12 48.49±0.43a -0.47±0.04a 11.35±0.31a 
15 47.74±0.43a -0.32±0.02b 11.97±0.23a 



 

 
The 34th Annual Meeting of the Thai Society for Biotechnology and International 

Conference “Sustainable Bioeconomy : Challenge and Opportunities” 

 
 

398 November 24–25, 2022, Ambassador Hotel Bangkok, Thailand 
 
 

Table 3. Microbiological changes of durian drink during storage period 
at 4°C. (TPC: total plate count; YMC: yeast and mold count) 

 

 
DISCUSSION 

 
Durian drink and durian drink with milk have an antioxidancr 

properties with different quantity. due to there are different of beverage 
ingredient which durian mixd with milk has better antioxidant efficiency than 
durian drink and when the retention perios has passed reducing sugar react 
with amino acid causing the Mailard reaction that color od drian drink with 
milk has change Because milk is a very nutritious drink that in cluding natural 
antioxidant from milk but also a source for growth of microorganisms as well 
that can easily to producdeterioration. 
 

CONCLUSION 
 

The development of beverages to enhance nutritional values that are 
useful for consumption. In this experiment, the effect of milk addition on 

stability of bioactive compounds and antioxidants in durian drinks with 
different ingredients during cold storage at 4°C for 15 days were evaluated. 
The finding revealed substantial variations in total phenolic content, 
antioxidant activity, and color values (L*, a* and b*) between durian drink 

Treatment Storage day Microorganism’s count 
TPC (log 
CFU/mL) 

YMC 
(CFU/mL) 

Durian drink 0 1.48±0.01 1.30±0.05 
3 1.54±0.03 1.88±0.01 
6 2.16±0.02 2.24±0.04 
9 2.28±0.01 2.63±0.02 

12 3.01±0.02 3.14±0.03 
15 3.34±0.02 3.21±0.03 

Durian drink 
with milk 

0 1.30±0.03 1.58±0.01 
3 1.69±0.02 2.02±0.01 
6 2.25±0.01 2.27±0.04 
9 2.74±0.01 2.85±0.02 

12 3.11±0.04 3.20±0.03 
15 3.58±0.05 3.26±0.01 
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(DD) and durian drink with milk (DM). The addition of milk could enhance 
the antioxidant properties (total phenolic compound and antioxidant activity). 
However, the milk addition could support the growth of microorganisms 
during storage. Therefore, other technologies should be added into the 
production process to create highly-quality drink, such as sugar reduction 
technology, shelf-life extension technology and nutritional fortification 
technology that should be practical for customer’s convenience and beneficial 
to health. 
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ABSTRACT 
 

Encapsulation/ entrapment of avogado oil in heat-moisture treated 
(HMT) and swollen HMT cassava starch granules by absorption under various 
treatments and different incubation conditions was investigated. The 
microcapsules were basically prepared by incubating 100 g of starch with 10 
g of avogadro oil, washing with petroleum ether to remove excess oil, and then 
drying to get dried oil powders. The oil loading of HMT was 1.99%, g/ 100 g 
microcapsules and encapsulation efficiency (EC) was 23.41%. Swollen HMT 
cassava starches were prepared by controlled heating of starch suspensions at 
sub-gelatinization temperatures; subsequently, freezing was conducted to 
stabilize the structure of the swollen HMT. The EC of swollen HMT starch 
was increased to 28.85%. In addition, freezing of the swollen starch at -18 ºC 
for 3 h prior to drying could increase the EC to 44.60%. Incubation condition 
also affected the EC, i.e., warming the oil to 50 °C before kneading with starch 
and incrasing the incubation temperature to 50 º C can raise the oil loading to 
5.88% and the EC to 69.91%. The microcapsules were pale-yellowish 
powders and appeared to be highly humid as compared to the native starch. 
 
Keywords: Encapsulation, Heat-moisture treated starch, Oil powder, Starch 
granule, Unsaturated fatty acid. 
 

INTRODUCTION 
 

Avocado oil is one of the vegetable oils that has attracted growing 
interest in terms of human nutrition mainly because the lipid content is rich in 
monounsaturated fatty acids, which could exert many cardiovascular system 



 

 
The 34th Annual Meeting of the Thai Society for Biotechnology and International 

Conference “Sustainable Bioeconomy : Challenge and Opportunities” 

 
 

402 November 24–25, 2022, Ambassador Hotel Bangkok, Thailand 
 
 

benefits and anti-inflammatory effects (Carvajal-Zarrabal et al., 2014). It is 
known that oils that contain high amount of unsaturated fatty acids (UFA) can 
become rancid when maintain for a long time, due to easily be oxidized nature 
of UFA double bonds. The oxidation reaction can be accelerated faster by light 
and heat. The final products of oxidation are aldehydes, ketones, organic acids, 
and alcohols and the presence of these products can cause unpleasant odors 
and losing useful fatty acids. The common means to preserve these fatty acids 
are the addition of antioxidants and storing oil in closed and opaque containers 
such as in soft gelatin gel capsule.  Another attractive approach that gained 
much attention is the encapsulation technique, by which the oils can be 
protected by the surrounding encapsulating agent. 

Starch granules, the energy reserving microparticles synthesized and 
stored in many organs of plants, are considered as one of the promising 
carriers for oil absorption.  Starch granules have varying size ( 1 to 150 m) 
and shapes depending on source of starch.  Inside the granules, there are two 
types of polysaccharides, amylose and amylopectin, packing in ordered 
(crystalline region) and unordered (amorphous region) structures. Water and 
small molecules can penetrate the granules especially the amorphous regions 
and the pore/  hole/  cavity existing in the granules.  Absorption of water/ 
solution into starch granules is simply demonstrated by disappearance of water 
from the mixture of raw starch and water when kneaded to get dough.  

To improve absorption capacity, many attempts have been done to 
increase the porosity/ void volume of starch granules. Starch granules can be 
made more porous/ more void volume by controlled hydrolysis with amylase 
enzymes (Jung et al., 2017; Sujka and Jamroz, 2007), hydrolysis with acid 
(Kim and Huber, 2013), ultrasonic modification (Sujka, 2017), ball milling 
(Liu et al., 2011).  The increase of void space in starch granules by simple 
heating in access water have been recently reported by Fang et al. (2020) and 
Li et al. (2018).  Honeycomb-like granules with 2–4 μm pores on the surface 
have been prepared by heating potato starch suspensions in water at the 
pasting temperature.  The total pore area of the treated granules was 0. 668 
m2/g, porosity was 73.4%, and mean particle size was 154.3 μm.  The water 
and oil adsorption of honeycomb- like granules were about 1. 5 and 2. 4 times 
those of native starch, respectively (Fang et al., 2020).   

Cassava starch, a starch isolated from cassava ( Manihot esculenta 
Crantz)  root, is widely used as a thickener and stabilizer in food processing. 
Native cassava starch granules have a round or truncated shape with granule 
sizes of 4– 24 μm. When cassava starch suspension is heated, the starch 
granules begin to swell and the densely packed amylose and amylopectin 
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inside the granules become loosen. Thus, controlled heating of cassava starch 
to a limited extent (not to destroy the granules) can increase the void space in 
the granules.  Onset gelatinization temperature of cassava starch determined 
by a differential scanning calorimeter was reported to be around 67–75 C 
Exceeding cooking can cause breakage of the granules. To control swelling of 
cassava starch efficiently, starch granules can be strengthened by heat-
moisture treatment ( HMT) .  As reported by Watcharatewinkul et al. (2009), 
canna starch granules modified by HMT when cooked in a rapid visco 
analyzer (heated from 40 to 92.5 C at the rate of 3 C/min, maintained at 92.5 
C for 15 min, and then cooled to 40 C) still remained in granular form with 
multiple times swelling.  

We hypothesize that controlled heating followed by freezing can 
provide swollen starches which have improved water and oil absorption 
capacities.  The starch suspensions were heated to the sub- gelatinization 
temperature to gain the highly swollen starches without disruption of the 
granules. Freezing the starch gels before drying is a strategy to fix the structure 
of the swollen granules.  Swollen starch granule powders obtained under 
different treatment conditions were tested for their avocado oil loading and 
encapsulation efficiencies. The microcapsules obtained were also analyzed for 
morphology. 
 

MATERIAL AND METHODS 
 
Materials 
 Commercial cassava starch consisting of 92.8% starch, 0.2% protein, 
0. 2%  lipid, 0. 3%  ash, and 18. 3%  amylose on a dry weight basis ( E. T.C. 
International Co., Ltd, Bangkok, Thailand) was purchased at a local market in 
Bangkok. 100% pure avocado oil (Chosen Foods, Costco business center) was 
purchased at a supermarket in Bangkok. All other chemicals were of analytical 
grade. 

 
Preparation of heat-moisture-treated (HMT) starch 

Briefly, 200 g of cassava starch was soaked in 800 mL of water with 
constant stirring at 25 °C for 24 h. Excess water in the equilibrated slurry was 
drawn out by vacuum suction to obtain a cake with a moisture content around 
40%. The starch cake was then air-dried to allow the moisture content to drop 
to 25%. The starch sample was then placed in a 200-mL screw-capped bottle, 
heated at 100 °C for 16 h, and dried at 40 °C for 24 h with a 12% moisture 
content. 
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Pasting properties of HMT starch 
The pasting properties of the starch slurry at a concentration of 8% 

( w/w)  were determined using a Rapid Visco Analyzer ( RVA- 3D, Newport 
Scientific, Narrabeen, Australia) with a paddle rotating at a fixed speed of 160 
rpm. A programmed heating and cooling cycle was set for 13 min, wherein it 
was first held at 50 °C for 1 min, heated to 95 °C at an increasing rate of 
12 °C/min, maintained at 95 °C for 2.5 min, then cooled to 50 °C at the same 
rate and held at 50 °C for 1 min. 

 
Preparation of swollen HMT starch 

Fifty g of HMT starch was suspended in 500 ml of DI water. The 
suspension was heated in water bath until the temperature raised up to 60 °C, 
after that 1  mL of suspension was taken at 5 , 10 , 15 , 20, 25, 30 , 40 min, 
respectively. Morphology of starch granules in suspensions was observed 
under a light microscope and the pictures were taken. The optimal heating 
time was determined by the time that provides the large sized swollen starch 
granules with minimal disruption. 

Stabilization of swollen starch was performed by cooling the swollen 
starches at 4 °C or freezing at -18 °C for 3 h. Then, the treated suspensions 
were taken out and left until their temperature raised up to 25 °C, before 
vacuum suction filtration with Whatman’s filter paper No. 4, and drying at 
40 °C for 24 h with a 12% moisture content. The dried sample was ground to 
get fine powders and kept in zip-locked plastic bag before use.  

 
Microcapsule preparation 

The microcapsules were prepared using a ratio of avocado oil to starch 
powder at 10: 100 (g/ g). Firstly, 10 g of oil was weighed and put into an 
aluminum bowl of a blender (MFQ40304, BOSCH, Germany) and 25 g of 
starch powder was added. The mixture was stirred continuously for 10 min 
using a kneading hook blade. The steps of adding starch and kneading were 
repeated 4 times. The dough was moved to a beaker, covered with plastic 
wrap, and incubated at 25 °C for 24 h. The excess oil was washed out twice 
by adding 50 ml of 95% v/v petroleum ether and stirring for 5 min. The 
vacuum suction filtration through Whatman filter paper no. 4 was used to 
separate oil in liquid phase. The washed starch cake was dried at 40 oC for 24 
h in a hot air oven, ground to get fine powders and kept in zip-locked plastic 
bag. Weight of encapsulated product was recorded and used for “yield” 
calculation.  
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푌푖푒푙푑 (%) =
푀푖푐푟표푐푎푝푠푢푙푒푠 푎푓푡푒푟 푤푎푠ℎ푖푛푔 (푔)

푀푖푐푟표푐푎푝푠푢푙푒푠 푏푒푓표푟푒 푤푎푠ℎ푖푛푔 (푔) × 100 

 
Oil loading and encapsulation efficiency 

The dried powders ( microcapsules)  were analyzed for oil content by 
Soxhlet extraction method (AOAC, 1990). The oil loading capacity and 
encapsulation efficiency (%) were calculated as follows. 

 

푂푖푙 푙표푎푑푖푛푔 (%) =
푂푖푙 푖푛 푚푖푐푟표푐푎푝푠푢푙푒푠 (푔)

푀푖푐푟표푐푎푝푠푢푙푒푠 (푔) × 100 
 
 

퐸푛푐푎푝푠푢푙푎푡푖표푛 푒푓푓푖푐푖푒푛푐푦 (%) =
 푂푖푙 푖푛 푚푖푐푟표푐푎푝푠푢푙푒 (푔)

퐼푛푖푡푖푎푙 표푖푙 (푔) 100 
 

RESULTS AND DISCUSSION 
 
Morphology of swollen starch granules 
 The prominent characteristic of HMT starch is that the modified starch 
has higher stability to heat and shear, it can swell to a certain extent without 
braking (Chatpapamon et al., 2019).  The suitable heating temperature for 
HMT cassava starch was identified from the RVA pasting profile.  As shown 
in Figure 1, HMT cassava starch displayed more stability compared to the 
native starch as indicated by broader peak during holding at 95 °C and much 
lower breakdown value. However, the pasting temperature was similar to that 
of the native starch.  Therefore, a temperature at 60 °C was chosen for 
preparing the swollen HMT cassava starch.  Morphologies of HMT cassava 
starch granules before and after heating at 60 oC for different periods of time 
are shown in Figure 2. Size of HMT starch granules increased with increasing 
heating times. At heating time of 20 min, most of the granules still be in intact 
granules.  However, extending the heating time to 25– 40 min resulted in 
significant destruction of the granules.  Accordingly, heating at 60 oC for 20 
min was chosen for swollen starch preparation from HMT cassava starch. 
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Figure 1  Viscosity profile of native and HMT cassava starches at a
 concentration of 8% (w/w). 

 

 
 

Figure 2.  Light micrographs at 400X magnification of HMT cassava
 starch granules before and after heating at 60 oC for different
 periods of time. 
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Morphology of frozen swollen HMT starch granules 
Light micrographs and SEM images of nonheated, swollen, and frozen 

swollen HMT cassava starches are shown in Figure 3. Size and shape of 
swollen HMT starch powders were quite similar to those of the nonheated 
starch, while the frozen swollen HMT starch granules had visibly larger size 
and their surface was rougher. When the starch powders were stained with I2 
solution and observed under a light microscope, it was found that the granules 
of swollen and frozen swollen HMT starches were significantly larger than 
that of the nonheated HMT starch. Appearances of swollen and frozen swollen 
HMT starches were similar to each other.  

 

 
 
Figure 3. SEM images (1000X) and Light micrographs (400X) of 

nonheated, swollen, and frozen swollen HMT cassava starches. 
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Avocado oil absorption capacities of treated HMT cassava starches 
The results of oil loading and encapsulation efficiency of HMT starch 

are shown in Table 1. Oil loading of nonheated HMT starch (1.99 g/ 100 g 
microcapsules) was about 2 times of that of native starch (0.99%, g/ 100 g 
microcapsules). Oil loadings of swollen starch (2.39%) and frozen swollen 
starch (3.72%) were also increased significantly almost 2 times, indicating the 
increase of internal void space by HMT. Encapsulation efficiencies were also 
increased significantly but still lower than 50%. Product yields of 
microcapsules using all treated starches were more than 97%.   
 
Table 1. Avocado oil loading, encapsulation efficiency and yield of 

encapsulated products using HMT cassava starches prepared 
under different conditions. 

 

Starch 
Oil loading (%, g/ 

100 g 
microcapsules) 

Encapsulation 
efficiency (%) Yield (%) 

Native 0.99 ± 0.04 11.87 ± 0.52 97.15 ± 0.62 
HMT 1.99 ± 0.05 23.41 ± 0.73 97.84 ± 0.50 
Swollen HMT 2.39 ± 0.08 28.85 ± 0.92 98.25 ± 0.27 
Frozen swollen HMT 3.72 ± 0.08 44.60 ± 1.14 98.94 ± 0.60 
The swollen starch to oil ratio was 10:1 then continue incubating at 25 oC for 24 h. 
 
Improvement of encapsulation efficiency by optimizing absorption 
conditions 
 
Effect of dough incubation temperature 

Increase of dough incubation temperature from 25 oC to 50 oC resulted 
in the increase of oil loading from 3. 72 % to 4. 37%, and encapsulation 
efficiency from 44. 60 % to 52. 48% ( Table 2).  The increase of oil loading 
might be caused by the higher ability of oil to penetrate starch granules due to 
its lower viscosity and /  or the further swelling of starch granules at higher 
temperature, thus the granules could absorb more oil. 
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Table 2.   Avocado oil loading, encapsulation efficiency and yield of
 encapsulated products using frozen swollen HMT starch and
 dough incubation temperatures of 25 and 50 oC. 

 

Dough incubation 
Temperature (°C) 

Oil loading 
(%, g/ 100 g 

microcapsules) 

Encapsulation 
efficiency (%) 

Yield 
(%) 

25 3.72 ± 0.08 44.60 ± 1.14 98.94 ± 0.60 
50 4.37 ± 0.14 52.48 ± 1.83 99.02 ± 0.48 

The swollen starch to oil ratio was 10:1 (wt/wt) 
 
Effect of oil temperature 

As the previous study, the increase of dough incubation temperature 
could improve absorption efficiency, therefore, oil warming before kneading 
with starch was also thought to be a means to increase oil absorption.  As 
shown in Table 3, increase of oil temperature before kneading from 25 oC to 
50 °C could significantly increase oil loading ( from 4. 37%  to 5. 88% )  and 
encapsulation efficiency (from 52.48% to 69.91%). However, increase of the 
oil temperature to 70 °C had severe negative effect on loading capacity and 
encapsulation efficiency. The obvious reduction of oil loading was likely due 
to the destruction of frozen swollen starch granules by the high temperature. 
Weirong and Huiyuan (2002) found that porous starch was capable to adsorb 
a number of materials, i. e. liquids such as water, oils, and ethanol as well as 
gaseous flavor compounds. The adsorptive capacity of porous starch for 
coffee oil was saturated when contacting starch and coffee oil at 70 °C for 30 
min, while the adsorbed coffee flavor could be released entirely when heating 
at 130 °C for 10 min. 
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Table 3.  The oil loading, encapsulation efficiency and yield of frozen
 swollen HMT starch which warming of the oil before
 kneading with starch at the dough incubationtemperatures of
 50 °C. 

 

The swollen starch to oil ratio was 10:1 
 
Properties of microcapsules 

The frozen swollen HMT starch was prepared by kneading starch with 
avocado oil (50 °C) at a ratio of 10:1 for 5 min, then incubating the dough at 
50 °C for 24 h before washing and drying.  Properties of microcapsules 
obtained were examined for appearance, morphology, functional groups, and 
thermal properties. 

 
Appearances of starch and microcapsules 

Appearances of native cassava starch, frozen swollen HMT cassava 
starch and avocado oil microcapsules are shown in Figure 4.  Native cassava 
starch appeared as fine, light, silky-smooth, and very white powders. Smooth 
texture was perceived when rubbing it with hands.  Frozen swollen HMT 
starch also showed white color and powdery.  The particles were coarser and 
looked heavier, compared to the native starch.  On the other hand, the 
microcapsule with avocado oil loading at 5. 88% was very pale- yellowish 
powders.  The particles are finer and lighter than that of the frozen swollen 
HMT starch but looked quite humid. 
 
 
 

Oil temperature 
 (°C) 

Oil loading  
(%, g/ 100 g 

microcapsules) 

Encapsulation 
efficiency (%) Yield (%) 

25 4.37 ± 0.14 52.48 ± 1.83 99.02 ± 0.48 
50 5.88 ± 0.17 69.91 ± 1.80 98.05 ± 0.28 
70 1.95 ± 0.11 23.66 ± 1.49 98.71 ± 0.49 
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Figure 4. Appearances of native cassava starch, frozen swollen HMT 

cassava starch, and avocado oil microcapsules. 
 
Morphologies of starch and microcapsules 

The SEM images of native cassava starch, frozen swollen HMT 
cassava starch and avocado oil microcapsules are shown in Figure 5. Most of 
HMT cassava starch granules had round, oval or truncated shape with a 
medium size ranging from 5–20 µm. Surface of the granules are quite smooth, 
and the dent (s) at the ends of round/ oval shaped granules or on cutting edge 
of truncated granules were observed. The frozen swollen HMT cassava starch 
had significantly larger size, i. e. , the diameter of starch granules was around 
2– 3 times ( 10– 60 µm)  larger than that of HMT starch.  The surface was 
rougher and some fine particles and melted areas on the granule surface were 
observed.  The microcapsules, on the other hand, showed distinctive features. 
The microcapsule powders had irregular shape with very rough surface. Their 
size was larger than that of the frozen swollen HMT cassava starch. 
 

 
 

Figure 5. SEM images of native cassava starch, frozen swollen HMT 
cassava starch and the avocado oil microcapsules. 
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CONCLUSION 
 

In summary, the findings obtained in the current study showed that 
cassava starch modified by heat-moisture treatment and subjected to heating 
and freezing treatments showed higher ability to absorb avocado oil than the 
nonheated HMT starch. The best condition for oil encapsulation by cassava 
starch from this study were as follows; HMT cassava starch to oil ratio = 10:1, 
oil is warmed at 50 °C before kneading with starch, and the dough obtained is 
kept at 50 °C for 24 h before washing and drying. Under this condition, oil 
loading capacity and encapsulation efficiency were 5.88 g/ 100 g 
microcapsule and 69.91 %, respectively. Adding dried starch powder to the 
kneaded starch before incubation might also reduce the oil loss. Quality of oil 
in microcapsule in relation with storage time should be studied. This 
absorption technique is a simple method, no need extreme conditions or 
advanced instruments; therefore, it can be applied to both small-scale as well 
as factory scale for oil power production. 
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ABSTRACT 
 

Three factors, i.e., soy protein isolate (SPI) concentration (15, 17.5 and 
20% w/w), incubation time (0, 5, 10 and 15 minutes) and transglutaminase 
(TG) concentration (0.1, 0.2 and 0.3% w/w) were used to investigate their 
effects on texture characteristics of the SPI gel. The results showed that 
increase of SPI concentrations resulted in significant increase of hardness, 
adhesiveness and cohesiveness (p<0.05) whereas incubations time showed no 
significant effect on all texture parameters (p>0.05). SPI at concentration of 
17.5% w/w provided gel which its texture characteristics were similar to those 
of the commercial imitation crab stick. Therefore, it was subjected to further 
TG treatment. It was found that TG significantly improved texture quality of 
SPI gel. Nevertheless, higher enzyme concentration resulted in insignificant 
difference in preference scores (p>0.05). Based on the experimental results, 
the suitable condition for SPI gel preparation was using SPI and TG at 
concentration of 17.5% w/w and 0.1% w/w, respectively. The gel from 
aforementioned condition showed hardness, adhesiveness, cohesiveness, and 
springiness values of 7.18±0.51 N, -0.47±0.14 N sec, 0.88±0.00 and 
95.58±0.43 % respectively. The sample gel was slightly shiny with light 
yellow. Its surface was smoother than that of the control sample (without TG 
treatment).  Sensorial results indicated that the texture of the SPI gel was 
moderately firm and elastic like imitation crab stick and it was slightly like by 
the panelists.  
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Keywords: Imitation crab stick, Plant-based food, Soy protein gel, Soy 
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INTRODUCTION 
 

Crab stick is a popular food all over the world. It is made from crab 
flavored surimi. However, a shift in consumer habit has led the research and 
development towards more plant-based food production. This is because it 
offers potential for a health-promoting composition and is more sustainably 
produced compared to animal products. In addition, increase of chronic 
lifestyle disorders and sensitivity to animal protein are the key factors driving 
the growth of plant-based food research. Soy protein isolate (SPI) is an 
alternative raw material for plant-based products due to its properties of 
gelation, emulsifying, foaming and water absorption (Utsumi, Matsumura & 
Mori, 1997). It is the most commonly used ingredients for sausage-, burger- 
and meat muscle-like meat analogues (Lin et al., 2017; Wild et al., 2014). 
Nevertheless, there is no research done on imitation crab analogue.  

Transglutaminase (TG) is an enzyme that catalyzes the covalent bond 
between two peptide strands at the site between the amino acids. Yasir et al. 
(2007) studied the impact of TG on soy proteins and tofu. They found that the 
fractionated proteins were a good substrate for TG and the addition of TG in 
tofu resulted in the formation of fine-stranded networks with a more 
homogeneous structure.  

In this study, SPI concentration and incubation time on gel 
characteristics were investigated. In addition, the effect of TG concentration 
on the improvement of gel texture was also studied. The results from the 
experiment will be further used in develop imitation crab stick analogue. 
 

MATERIAL AND METHODS 
 
Materials 

Soy protein isolate (SPI) was purchased from Krungthepchemi Co., 
Thailand. Transglutaminase was purchased from Ajinomoto Co., Inc., 
Thailand.  

 
Preparation of SPI gel 

Three concentration of SPI (15, 17.5 and 20% w/w) and three 
incubation period (5, 10 and 15 min) were used to investigate the SPI gel 
characteristics. SPI gel was prepared by mixing SPI into distilled water. The 
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mixture was heated with constant stirring in water bath until its central 
temperature reached 80oC, then incubated at this temperature for 
aforementioned period. The obtained samples were kept at 4+2oC for 12 h to 
allow proper setting before textural analysis. The suitable condition was 
devised based on textural characteristics which closed to the commercial 
imitation crab stick.  
 
Preparation of SPI gel + TG 
 The concentration of SPI and incubation time from the previous 
experiment were used to investigate effect of TG on SPI gel characteristics. 
The SPI mixture was prepared and divided into 3 portions. Different TG 
concentrations of 0.1, 0.2 and 0.3% w/w were incorporated into each portion. 
The SPI mixtures were heated with constant stirring to 50oC in water bath and 
held at this temperature for 1 h. Then they were resumed heating until its 
central temperature reached 80oC and further incubated at this temperature. 
The incubation time was the same as the previous experiment. The gel samples 
were kept at 4+2oC for 12 h before analysis.  
 
Determination of texture profile analysis 

Texture profile analysis was determined by a TA-XT Plus texture 
analyzer (Stable Micro Systems, England) equipped with 25 kg of load cell. A 
cylindrical probe (P/36R) was utilized to compress to 50% of the original 
height at a speed of 2.0 mm/s two times (Zhang, Yang and Acevedo, 2020). 
Multiple variables include hardness, cohesiveness, adhesiveness and 
springiness were reported. All samples were analyzed with 3 replications. 
 
Sensory evaluation 

Sensory evaluation was performed by 10 semi-trained undergraduate 
students from Food Science and Technology Program, KMUTT. The samples 
were placed in small plastic cups marked with a random three-digit sample 
number. Texture quality was evaluated using 5-Point Scoring (1 = soft and 
watery like soft tofu and 5 = smooth, firm and bouncy) and 5- Point Hedonic 
scale (1 = dislike extremely and 5 = like extremely). 
 
Statistical analysis  

The experiment data were analyzed using one-way ANOVA at 95 % 
of confidence level to compare the mean values for each parameter between 
the treatments; data was further analyzed using Duncan’s new multiple range 
test when means were considered different (P < 0.05). 
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RESULTS  
 
Effect of SPI concentrations and incubation times on gel characteristic 
 The experimental results indicated that texture characteristic of gel 
prepared from SPI at a concentration of 15% w/w was similar to a pudding, 
while at 17.5% w/w and 20% w/w, they resembled a soft tofu and a banana 
dessert, respectively (results not shown). The results were consistent with the 
texture profile analysis results. From Table 1, the gel hardness, adhesiveness, 
cohesiveness and springiness were significantly increased (p ≤0.05) by 
increasing the SPI concentration from 15 % w/w to 17.5 % w/w after that 
increase of SPI concentration did not affect cohesiveness but decreased 
adhesiveness. The incubation time had no significant effect on textural 
characteristics of the SPI gel (p >0.05). This indicated that heating until the 
center temperature of the sample was 80 °C was sufficient to cause the SPI 
protein to denature without the further incubation. The texture characteristic 
of gel prepared from SPI concentration of 17.5% w/w was similar to that of 
the commercial sample. Therefore, SPI at this concentration was used for 
further enzymatic effect study. 
 
Table 1.  Textural characteristics of SPI gel as affecting by SPI 

concentrations and incubation times 
 

SPI 
(%w/w) 

Incubation 
time (min) 

Hardness* 
(N) 

Adhesiveness* 
(N sec) Cohesiveness* Springiness* 

(%) 
15 0 3.23a±0.70 -0.26bc±0.07 0.75b±0.06 95.16cd±0.80 

5 3.09a±0.43 -0.55abc±0.03 0.79bc±0.04 92.08a±0.88 
10 3.37a±0.53 -0.51abc±0.16 0.81de±0.01 92.02a±1.70 
15 3.19a±0.28 -0.44abc±0.17 0.81de±0.02 92.56ab±2.54 

17.5 0 5.48b±0.55 -0.45abc±0.20 0.84de±0.02 95.51cd±1.29 
5 5.70b±0.90 -0.50abc±0.13 0.85e±0.00 94.75bcd±1.63 

10 6.07b±0.84 -0.56ab±0.19 0.85a±0.02 93.36abcd±1.23 
15 6.31b±0.71 -0.65a±0.28 0.85cd±0.01 94.18abcd±0.19 

20 0 9.47c±1.67 -0.48abc±0.19 0.86e±0.01 95.68d±0.34 
5 9.76c±0.70 -0.36abc±0.10 0.84de±0.01 94.91bcd±1.31 

10 9.26c±1.20 -0.28bc±0.02 0.86e±0.01 93.54abcd±0.88 
15 9.30c±0.63 -0.26c±0.02 0.85de±0.02 93.02abc±1.29 

Commercial 5.56b±0.21 -0.41abc±0.16 0.59a±0.01 94.47abcd±0.75 
Note: In each column, different superscripts represent significant differences  
(p  0.05). 
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Effect of transglutaminase concentration on gel characteristics 
Transglutaminase (TG) had effects on SPI gel appearance and textural 

qualities. Figure 1 illustrates that SPI gels from each TG concentrations were 
slightly shiny with light yellow. Their texture appearance was more silky or 
smoother as compared with the control (SPI gel without TG treatment).    

 

 
 
Figure 1.  Appearance of SPI gel using transglutaminase at 0.1-

 0.3 %w/w. 
 

Table 2 shows that TG could improve textural quality of SPI gel. In 
addition, increase of the TG concentration from 0.1% w/w to 0.3% w/w 
resulted in a significant increase in gel hardness, adhesiveness and 
cohesiveness values from 7.18±0.51 N, -0.47±0.14 N sec and 0.88±0.01 to 
8.75±0.19 N, -0.08±0.14 N sec and 0.91±0.00, respectively (p<0.05). Though 
springiness of SPI gels tended to increase with TG concentration, they were 
not significant affected by the enzyme concentration (p>0.05). 

Sensorial results by scoring test indicated that there was significant 
difference in texture quality between SPI gel (control sample) and all SPI gels 
treated by TG (p<0.05) (Table 3). Application of TG resulted in the change 
of texture from soft and watery gel like soft tofu to moderately firm and elastic 
which was very close to imitation crab stick. The experimental results were 
consistent with the results from hedonic test which indicated that all SPI gels 
treated by TG were rated between neither like nor dislike to like slightly 
whereas the control sample was slightly dislike by the panelists. Since the 
texture and preference scores of all SPI gels treated with different enzyme 
concentrations were not significantly different (p>0.05), the suitable condition 
for gel preparation of plant-based imitation crab stick was using SPI and TG 
at concentration of 17.5% w/w and 0.1% w/w, respectively. 
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Table 2. Effect of TG concentrations on texture profiles of gel prepared
  from SPI at concentration of 17.5% w/w  
 

Transglutaminase 
(% w/w) Hardness* 

(N) 
Adhesiveness* 

(N sec) Cohesiveness* 
Springiness 

ns 
(%) 

0.0 5.48a±0.55 
-0.45a±0.20 0.84a±0.02 95.51±1.29 

0.1 7.18b±0.51 -0.47a±0.14 0.88b±0.00 95.58±0.43 

0.2 8.42c±0.33 -0.36a±0.02 0.90c±0.00 96.33±1.23 

0.3 8.75c±0.19 -0.08b±0.01 0.91c±0.00 97.17±0.45 

Note: In each column, different superscripts represent significant (p < 0.05). 
 
Table 3. Textural characteristic of SPI gel by sensory evaluation. 
 
Transglutaminase 

(% w/w) 
Scoring test* Hedonic test* 

0.0 1.70a±0.93 2.87a±1.14 
0.1 3.26b±0.92 3.52b±0.73 
0.2 3.13b±1.14 3.91b±0.95 
0.3 3.74b±1.14 3.61b±0.66 

Note: In each column, different superscripts represent significant (p < 0.05). 
 

DISCUSSION 
 

Nowadays plant-based diets are relatively low in protein. Therefore, 
determination of the highest protein ratio that produces a gel with good texture 
is important. Increase of SPI concentration not only increased the solid content 
of gel, but also made the gel network harder or firmer. However, continually 
increasing SPI concentration resulted in a decrease in the amount of water 
which was a main factor in gel formation of protein. This was a reason why 
gel prepared from SPI at concentration of 20 % even demonstrated the highest 
hardness, it was crumbly. In this study, incubation time did not affect gel 
texture profile. This could be explained that glycinin and beta-conglycinin, 
which are the main proteins in SPI, denatured at about 80 and 70oC, 
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respectively (Utsumi, Matsumura & Mori, 1997) which meant that when the 
sample temperature reached 80oC, its proteins underwent denaturation and 
already formed gel. Therefore, the gel incubation time was not necessary in 
this case. Improving the gel properties of the protein was achieved by TG. 
Increasing the enzyme concentrations resulting in increase of hardness and 
cohesiveness. This was because TG catalyzed intra- molecular crosslinking 
reaction of protein hence forming a stronger gel with changing water retention 
and elasticity (Imm, Lian & Lee, 2000). 
 

CONCLUSION 
 

Gel prepared from soy protein isolate at concentration of 17.5% w/w 
and transglutaminase of 0.1% w/w showed hardness, adhesiveness, 
cohesiveness, and springiness values of 7.18±0.51 N, -0.47±0.14 N sec, 
0.88±0.00 and 95.58±0.43 % respectively. The sample gel was slightly shiny 
with light yellow. Its surface appearance was smoother than that of the control 
sample. Sensory evaluation indicated that the texture of the SPI gel was 
moderately firm and elastic which was close to that of the imitation crab stick 
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ABSTRACT 
 

Thai duckweed (Wolffia arrhiza) is currently considered as one of the 
highly interesting plants for a source of nutritious proteins and novel 
functional ingredient. However, duckweed contains high moisture of up to 
95%, a practical processing for production of the duckweed proteins (DP) is 
therefore challenging. In this study, ultrasonication was applied to assist 
alkaline extraction of proteins from fresh and hot-air dried duckweed. Effects 
of duckweed/water extraction ratio (1/6-1/20) and ultrasound-assisted 
extraction (UAE) on extraction yield, protein content and protein recovery of 
the DP were investigated. Besides, DP’s water holding capacity (WHC), oil 
holding capacity (OHC) and emulsifying properties were examined. Fresh 
duckweed was hot air-dried at 52±1C to obtain dried duckweed with a 
moisture content of 5.5±0.5%. The dried duckweed was ground to fine powder 
(250 µm). Alkaline extraction of DP was carried out at pH 8.5 and 
precipitated at pH 4.2, then freeze-dried to obtain dried DP. For sample 
prepared with UAE applied, the duckweed was ultrasonicated before the 
alkaline extraction. The results showed that UAE significantly improved the 
extraction yield, protein content and protein recovery. Increasing 
duckweed/water ratio did not affect extraction yield; but it helped facilitate 
protein extraction in alkaline, thereby increasing protein content and protein 
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recovery of the DP. DP’s protein recovery produced from fresh duckweed was 
higher than that prepared from dried duckweed. UAE affected WHC, OHC 
and emulsifying properties of the DP. Fresh/hot air-dried duckweed had the 
effects on the WHC and OHC, but not on the emulsifying properties. 

 
Keywords: Alternative proteins, Duckweed, Food functional properties, Plant 
proteins, Ultrasound-assisted extraction. 
 

INTRODUCTION 
 

Duckweed is an aquatic plant that has high potential for a source of 
novel nutritious alternative/plant proteins. This is attributed to it’s many 
benefits, including a high protein content with an excellent composition of 
essential amino acids, allergen-free, rapid growth rate, floating growth, 
asexual reproduction, a short life-cycle, as well as a small cultivating field 
need. (Yang et al., 2021). In general, duckweed has five genera available 
worldwide, i.e., Spirodela, Landoltia, Lemna, Wolffiella and Wolffia. Wolffia 
is the most common genus in Thailand. W. arrhiza is the most abundant 
species; it is composed of 33.6-34.5% protein, 3.5-3.9% fat, 10.5-25.2% crude 
fibers, and 9.7-18.0% ash. (Nieuwland et al., 2021; Yu et al., 2011). Recent 
studies found that duckweed has a good protein quality in terms of protein 
digestibility corrected amino acid score (PDCAAS). (Appenroth et al., 2017). 
Moreover, WHO records that the amino acid content of duckweed is high 
enough to meet the recommended daily requirements for preschool children 
(Appenroth et al., 2018). In addition, the wax cuticles layer on the surface of 
the duckweed body contains high amount of phytostorols which have a great 
potential for scavenging UV-generated radicals and decreasing human blood 
cholesterol (Borisjuk et al., 2018).   

Though duckweed has excellent nutritional benefits, research on the 
fabrication of duckweed proteins as a technofunctional food ingredient is 
limited. The large amount of water present in duckweed (up to 95-97%) is one 
of the important issues of duckweed protein processing, which causes an 
extremely high transportation and processing charges. Hot air drying is a cost-
effective method widely applied for agricultural product drying. However, 
proteins are generally susceptible to heat denaturation, leading to the poorer 
functionalities of the proteins. Unfortunately, the effect of the hot-air drying 
of duckweed on it’s protein functionalities have not been yet reported. 
Besides, plant protein extraction via conventional methods such as ethanol and 
heat precipitation significantly compromise protein functionalities and yield 
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proteins with low protein content. Isoelectric precipitation is a widely used 
technique for protein extraction from biomaterials in industrial scale. 
Ultrasound has been noted as an efficient method to promote protein 
extraction through disrupting/breaking plant cells. The functionalities of the 
extracted proteins were reported to be affected by the ultrasound treatment 
(Rahman & Lamsal, 2021; Wang et al., 2020). The recent study of Nieuwland 
et al. (2021) showed that gel strength of duckweed proteins concentrates 
extracted from Lemna gibba was close to albumen gel and was significantly 
better than soy protein gel. Unfortunately, the protein functions in foods 
including emulsifying, foaming, solidification, binding, and thickening 
properties were not investigated. An extremely high-water content in 
duckweed (up to 97%) compromises potential fabrication of duckweed as a 
technofunctional ingredient.  

In this study, duckweed proteins were produced from fresh and dried 
duckweed using UAE to promote protein extraction. Effects of hot air drying 
and UAE on extraction yield, protein recovery, and functional properties of 
the duckweed proteins (DP) were investigated.  

 
MATERIALS AND METHODS 

 
Materials 

Fresh duckweed (Wolffia arrhiza) was purchased from Areeya’s 
duckweed farm (Kalasin, Thailand). It was cultured in a closed hydroponic 
farming system. The sample was collected and cleaned using tap water to 
remove the residues, then drained and packed. The sample was kept and 
maintained at a controlled temperature of 0-4 °C in a cold storage during 
transportation from the farm to the lab. For fresh duckweed sample, it was 
used in next day. For dried duckweed sample, the fresh duckweed was dried 
in the same day of arrival. Sample was dried in a rotating hot air dryer at a 
controlled temperature of 50±2 °C for 8 h to obtain a final moisture content of 
5.5±0.3% (dry basis, d.b.). The dried duckweed was ground using an ultra-
centrifugal mill (Retsch, ZM200, Haan, Germany) with a ring sieve size of 
250 µm to obtain dried duckweed powder. The chemical composition of the 
dried duckweed is shown in Table 1. 
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Table 1. Proximate composition of dried duckweed 

Composition Amount (g/100g dry) 
Protein  31.421.57 
Total dietary fiber 28.880.47 
Ash  18.550.32 
Carbohydrate 14.770.53 
Lipid   6.380.09 

 
Cell disruption and protein extraction  
Cell disruption 
  The cells of the ground duckweed were broken by ultrasonication to 
assist protein extraction (UAE). An ultrasonicator (Sonics & Materials, VCX-
750 vibra-cell, Oxon, UK) with a 25-mm diameter titanium alloy tip was used. 
The duckweed was treated at an operating condition of 20 kHz and with a 
power of 675 W for 18 min. The ultrasonication was operated in cycle pattern 
in which each cycle consists of 30-s ultrasonication and 10-s stopping. The 
operating pattern was used in order to prevent overheating of the sample. 
Protein extraction 

Duckweed protein extraction was carried out via pH-shift method. The 
duckweed was mixed with distilled water at a duckweed/water weight ratio of 
1/6, 1/12, 1/15 and 1/20 and stored at 4°C for 15 h to fully rehydrate the 
samples. The rehydrated duckweed was then subjected protein extraction 
process, UAE was or was not applied depending on the experiment. For pH-
shift method, sample’s pH was adjusted to 8.5 by using 1.0 and 0.5 M NaOH, 
the mixture was stirred for 2 h at room temperature to extract proteins. The 
alkaline mixture was centrifuged at 16,500 g at 4 °C for 15 min. The mixture 
was filtered through two-layer cheesecloth to collect supernatant that it’s pH 
was then adjusted to 4.2 by using 1 and 0.5 N HCl. The acidified sample was 
stirred for 30 min at room temperature, then centrifuged at 16,500 gf at 4 °C 
for 15 min. The precipitated proteins were collected, washed with DI water, 
and freeze-dried at −40 °C (Christ, Alpha 1-4 LSCPlus, Germany). 
 
Chemical composition of duckweed  
Proximate analysis  

Protein content of the sample is evaluated referred to the study of 
Grossmann et al. (2018) and Nieuwland et al. (2021). The sample is measured 
based on nitrogen combustion technique using Dumas nitrogen analysis 
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method (LECO's 828 series Carbon/Nitrogen Analysis method (LECO, 
CN828, USA). Calibration curve was prepared using EDTA with a known 
nitrogen content of 9.58%. Crude protein contents are calculated using a 
nitrogen-to-protein conversion factor of 6.25 (Duangjarus et al., 2022). The 
other compositions including lipid, dietary fibers, ash and carbohydrate are 
examined according to the methods of Grossmann et al. (2018), Nieuwland et 
al. (2021) and Yu et al. (2011). 
 
Functional property examination  
Water holding capacity (WHC) and oil holding capacity (OHC)  

WHC and OHC were determined by using the method of Stone et al. 
(2015) with some modification. Duckweed protein extract (0.1 g) was mixed 
with 10 mL of distilled water or soybean oil in a pre-weighed centrifuge tube 
and vortexed at a high speed for 30 s. The sample was then incubated at room 
temperature for 30 min. Next, the resulting sample was then centrifuged at 
3000 g for 20 min. Supernatant was gently decanted, the precipitate was 
collected and weighed. WHC and OHC were calculated using Eq. 2 and Eq. 
3, respectively. 
 

WHC  = ,

,
  (2) 

 
Where 푤 ,  and 푤 ,  are weights of duckweed protein extracts (g) in wet 
basis and dry basis, respectively. 푤  is the weight of the water held precipitate.  
 

OHC  = ,

,
  (3) 

 
Where 푤′ ,  and 푤′ ,  are weight of duckweed protein extract (g) in wet basis 
and dry basis, respectively. 푤′  is the weight of the oil-held precipitate 
 
Emulsifying activity (EA) and emulsifying stability (ES) 

EA and ES were determined according to the method of Tan et al. 
(2014). Briefly, 0.1 g of sample was mixed with 10 ml of distilled water in a 
beaker. Then, protein suspension was homogenized by using a high shear 
homogenizer (Ultra-Turrax IKA, T25, Staufen, Germany) for 2 min at room 
temperature. After the homogenization, 10 ml of soybean oil was added into 
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beaker and again homogenized by using the high-shear disperser for 2 min at 
room temperature. Slurry was put into falcon tube and centrifuged at 1200 g 
for 5 min. The height of emulsion layer was recorded, and the emulsion 
activity was determined by using Eq. 4. 

 

EA (%) =    
    

× 100  (4) 

 
In order to determine the ES value, the samples were heated at 80 °C for 30 
min, then centrifuged at 1200 g for 5 min. The ES value was determined by 
using Eq. 5. 
 

ES =     
    

× 100 (5) 
 

Statistical analysis 
Protein extraction of duckweed are carried out in triplicates. All 

property analyses of each batch of protein extract are performed in duplicate. 
The experimental data is reported as X±SD. The experimental data analysis is 
performed using ANOVA and with Tukey’s range test to analyze the 
significant differences of the means Using SPSS software. The significant 
difference among the means is indicated at a confidential level of 95% 
(p0.05). 
 

RESULTS AND DISCUSSION 
 

Preliminary study to determine the UAE time of duckweed 
 A preliminary study was conducted to determine the UAE time (6-18 
min). Microstructure of cell disruption was examined by using a light 
microscope. As shown in Figure 1(A), the fresh duckweed cells were almost 
completely destroyed at the treatment time of 18 min, whereas the dried 
duckweed cells were completely damaged after 15 min. In addition, protein 
concentration in aqueous phase increased up to 50% for fresh duckweed and 
40% for dried duckweed (data not shown). Both for fresh and dried du, the 
UAE time was set for 18 min.  
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(A) (B) 

 

 

Figure 1. (A) Microstructure of fresh and dried duckweed treated with
  ultrasound at 675 W for 6-18 min. The microimages were taken
  by light microscopy at the magnification of 4× and 10×. (B)
  Microstructure of ground dried-duckweed (duckweed powder)
  taken by scanning electron microscopy at a magnification of
  200×. 

Effects of duckweed/water ratio on the extraction yield, protein content 
and protein recovery of duckweed protein extracts  

As shown in Figure 2, increase of dried duckweed powder/water ratio 
from 1/6 to 1/15 resulted in the increase of protein content of the DP from 61 
to 65% and protein recovery from 38 to 42%. However, the further increase 
of extraction ratio to 1/20, protein content and protein recovery tend to 
decrease.  Extraction yield of DP obtained from all extraction ratios were in a 
range of 18.5-19.5%; interestingly, the extraction yield was found to be not 
affected by the extraction ratio. The results indicated that using higher water 
ratio resulted in higher protein purity but not affect the extraction efficiency. 
We analyzed the effect of extraction ratio and found that it played an important 
role in protein purification via promoting a separation-out of the non-protein 
components in alkaline extraction and acidic precipitation steps (data not 
shown). In other sense, it likely suggested that the process condition of UAE 
and pH-shift used for duckweed protein extraction were efficient enough to 
extract most of the protein components from the duckweed. We therefore 
proved the explanation by measuring the protein content in the pellet residue 
after alkaline extraction and in the acidified aqueous residue after protein 
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precipitating at pI. It was found that protein contents of the former and latter 
residues were less than 2 and 0.1%, respectively. Therefore, the study 
indicated that all extraction ratio used in this study were sufficient to 
completely extract protein component from the duckweed. As 
aforementioned, the higher extraction ratio might help improve protein 
content and protein recovery of the extracts by promoting separation of the 
non-protein components from the duckweed extracts. It is noteworthy to note 
that although the use of higher water ratios for protein extraction promoted 
higher protein recovery and protein content of the extracts; however, using a 
material/water ratio higher than 1/10 is normally unfavorable for commercial 
production due to the high cost of waste management process. The 
duckweed/water ratio of 1/6 was thus used to produce duckweed proteins in 
subsequent studies. 
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Figure 2. Effect of duckweed/water extraction ratio on extraction yield
  and protein recovery of duckweed extracts 
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Extraction yield, protein content, and protein recovery of duckweed 
proteins extracted from fresh and dried duckweed with/without using 
UAE 
  Extraction yield, protein content and protein recovery of the DP 
extracted from fresh and hot air-dried duckweed with/without using UAE are 
shown in the Table 2. The results exhibited that UAE significantly helped 
improve extraction yield, protein content and protein recovery of DP. With 
applying UAE, protein content of DP produced from fresh and dried 
duckweed were 67% and 64%, respectively.  Protein recovery was 
enhanced by 5 times for fresh duckweed and 2 times for dried duckweed. From 
the results, UAE helped improve extraction yield, protein content and protein 
recovery in fresh duckweed more than did in dried duckweed. In other words, 
dried duckweed exhibited fairly high extraction yield, protein content and 
protein recovery compared to fresh duckweed. The result might be explained 
that the cellular structure of dried duckweed was substantially broken in the 
grinding step. Therefore, the subsequent UAE had little effect on protein 
extraction. 
  Compared to the study of Nieuwland et al. (2021) and Duangjarus et 
al. (2022), the extraction yield obtained in this work was relatively high; 
however, protein content and protein recovery were slightly lower than the 
two reports. This could be because the UAE condition could severely damage 
the duckweed cells, the other main non-protein components (e.g., dietary and 
fibers, carbohydrate) comprising in duckweed cells were hence extracted to 
the aqueous phase. The co-extracted components are underway analyzed; 
then, a proper technique will be applied to further purify the DP 
 
Table 2. Extraction yield, protein content and protein recovery of DP 

extracted from fresh and dried duckweed with/without using UAE. 
 

Duckweed 
Extraction yield (%) Protein content (%) Protein recovery (%) 
without 
UAE 

with 
UAE 

without 
UAE 

with 
UAE 

without 
UAE 

with 
UAE 

Fresh 13.490.01 20.561.06 60.800.30 67.080.48 8.491.47 42.781.48 

Dried 21.011.02 24.801.52 73.520.55 63.620.40 17.081.04 30.771.00 
All values were calculated and presented based on dry basis 
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Effects of hot air drying and UAE on functional properties of DP  
 Functional properties including WHC, OHC, emulsion capacity and 

emulsion stability of the proteins produced from fresh and dried duckweed 
and with or without using UAE are shown in Figure 3. In case of the extraction 
without applying UAE, OHC of the DP produced from dried duckweed was 
relatively higher than that of DP produced from fresh duckweed. However, in 
case of using UAE, WHC of the proteins produced from dried duckweed 
powder was higher than that produced from fresh duckweed. For both 
extraction with ultrasound and without ultrasound applied, the emulsifying 
properties of DP produced from fresh and dried duckweed powder were not 
significantly different.  

 For the effects of UAE on the DP’s functional properties, the results 
showed that in case of fresh duckweed UAE significantly improved OHC and 
emulsifying capacity. In case of the dried duckweed powder, OHC of DP was 
decreased when UAE was applied. In addition, Emulsion stability of the DP 
produced with UAE had lower emulsion stability than those  

 Normally, the use of UAE to facilitate protein extraction, the ultrahigh 
energy creating during UAE can break down proteins leading to an increase 
of number of shorter peptide chains. The peptides are unfolded in subsequent 
alkaline treatment. This promotes protein solubility and also induces the 
exposure of hydrophobic groups, thereby promoting adsorption of protein 
molecules at oil-water interface.  As a result, OHC and emulsifying capacity 
of the proteins increased. 
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Figure 3.  Functional properties of DW proteins extracted from fresh and
 dried duckweed and with/without using UAE 

 
CONCLUSION 

 
  Overall, this study exhibited that extraction yield, protein content and 
protein recovery of the duckweed protein were significantly improved when 
ultrasound was applied. Moreover, the study showed that increasing extraction 
ratio of duckweed/water from 1/6 to 1/20 did not affect extraction yield, but it 
helped facilitate protein extraction in alkaline and precipitation at pI; as a 
result, protein content and protein recovery of the protein extracts were 
increased. Protein recovery of DP obtained from fresh duckweed was higher 
than that produced from dried duckweed powder. UAE treatment affected 
WHC, OHC and emulsifying properties of the DP. Fresh and dried duckweed 
only had the effects on the WHC and OHC properties of DP, but had no 
significant effects on the emulsifying properties. The duckweed proteins 
produced in this study has a high potential used as a functional ingredient to 
improve emulsifying properties and OHC of foods such as sausage, sandwich 
spread. 
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ABSTRACT 
 

This research aimed to study the effect of fermentation on 
antiglycation and antioxidant capacities, including total phenolic and total 
flavonoid contents of black mung bean as tempeh by Rhizopus oligosporus. 
The black mung bean was fermented for 0, 24, 48, and 72 hours. All of the 
samples were extracted with 70% ethanol and then analyzed for their 
antiglycation, antioxidants, total phenolic, and total flavonoid content. The 
ability to inhibit the formation of advanced glycation end products (AGEs) or 
antiglycation was greatest at 24 h in both bovine serum albumin (BSA)-glucose 
and BSA-methylglyoxal (MGO) models (2.0 and 1.6 folds, respectively, 
compared with unfermented black mungbean). At 24 h of fermentation, the 
phenolic content of fermented black mung beans was 1.3 times that of 
unfermented beans, while the flavonoid content was 1.1 times that of 
unfermented beans. ABTS radical scavenging and DPPH radical scavenging 
abilities at 24 h were also found to be greater than unfermented by about 1.3 
and 1.1, respectively. In addition, the total phenolic content, total flavonoid 
content, ABTS radical scavenging capacities, and DPPH radical scavenging 
capacities of R. oligosporus-fermented black mung bean increased over time. 
Based on the results, black mung bean tempeh would be a good candidate for 
further development as a functional food. 
 
Keywords: Antiglycation, Antioxidants, Black mung bean, Rhizopus 
oligosporus, Total phenolic. 
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INTRODUCTION 
 

Diabetes mellitus (DM) is a chronic metabolic disease characterized by 
high blood sugar levels (hyperglycemia) and glucose intolerance resulting 
directly from decreased insulin secretion or insulin resistance which affects 
537 million people in the world (IDF, 2021). Type 2 diabetes mellitus (T2DM) 
is the most prevalent form of diabetes in the world. T2DM is associated with 
insulin secretory defects and insulin resistance, resulting in hyperglycemia 
caused by diet and lifestyle changes (Galicia-Garcia et al., 2020). Chronic 
insulin resistance in T2DM is related to obesity, physical inactivity, and 
ageing, and it causes several problems. In the long term, macrovascular and 
microvascular complications affecting T2DM patients are primarily 
responsible for the high morbidity and mortality rate in these patients (Dal 
Canto et al., 2019; Ling et al., 2020). This is the result of presistenly high 
blood sugar levels and an increase in free radicals that damage the function of 
organs. The high amount of glucose in the blood can bind with proteins in 
organs and cells to form a substance called advanced glycation end-products 
(AGEs). High levels of AGEs in the body result in abnormal cross-linking of 
extracellular and intracellular proteins, disrupting their normal functions and 
structures (Fishman, Sonmez, Basman, Singh, & Poretsky, 2018).   

The correlation between consuming plant foods rich in bioactive 
compounds and good health is currently well established. Black mung beans 
are plant species of Fabaceae with high levels of polyphenols, especially 
vitexin and isovitexin (Gan, Wang, Lui, Wu, & Corke, 2016; F. Wang et al., 
2021). These flavonoids can scavenge free radicals and reduce the formation 
of AGEs that result in the management of diabetes and its complications 
(Abdulai et al., 2021; He et al., 2016; Ni, Song, Pan, Gong, & Zhang, 2021; Peng 
et al., 2008b). 

Fermentation is a process of creating or modifying food through the 
growth and metabolic activity of microorganisms, including bacteria, yeasts, 
and mycelial fungi. Several biochemical reactions occur in the food matrix 
during fermentation, which can transform the nutritional, anti-nutritive, 
bioactivity, and digestibility. Transformation of compounds during 
fermentation may be caused by microbial enzymes that degrade the food cell 
wall structure and promote the release of bound bioactive compounds (Melini 
& Melini, 2021; Polanowska, Grygier, Kuligowski, Rudzińska, & Nowak, 
2020). Tempeh is a well-known Indonesian fermented food and an important 
functional source of protein and nutrition, typically made from soybeans and 
other beans fermented with Rhizopus species (Polanowska et al., 2020). 
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Rhizopus oligosporus is typically used to produce tempeh and plays an 
important role in fermentation (Ahnan-Winarno, Cordeiro, Winarno, Gibbons, 
& Xiao, 2021).  

In this study, the effect of Rhizopus oligosporus fermentation on the 
phenolic and flavonoid profiles, antioxidant and antiglycation properties of 
black mung bean tempeh were investigated. 
 

MATERIAL AND METHODS 
 
Materials 

Black mung beans were purchased from a wholesaler in Thailand. 
Rhizopus oligosporus was received from Chiang Mai University, Thailand.  

 
Tempeh fermentation of black mung bean with Rhisopus oligosporus 

Cooked black mung beans were inoculated with 0.1% (w/w) of R. 
oligosporus and fermented at 30 °C for 0, 24, 48, and 72 h.  

 
Extraction of fermented black mung bean  

The fermented black mung beans were ground and extracted with 70% 
ethanol extraction (1:5 w/v) using ultrasonication for 1 h. The extracts were 
subsequently filtered and centrifuged, and the supernatant was concentrated 
under vacuum using a rotary evaporator prior to analysis. 
 
Determination of total phenolic content by Folin-Ciocalteu colourimetric 
method 
 The method was modified from (Ainsworth & Gillespie, 2007). The 
samples (25 µL) were added to a 96-well plate containing 125 µL of diluted 
Folin-Ciocalteu reagent, followed by the addition of 100 µL of 7.5% (w/v) of 
sodium carbonate solution and gentle mixing. The reaction mixture was kept 
in the dark at room temperature for 60 min. The absorbance at 765 nm was 
measured using a spectrophotometer. The total phenolic content by Folin-
Ciocalteu colorimetric method expressed as mg Gallic acid equivalent (GAE) 
per g of sample.  
 
Determination of total flavonoids content by Aluminum chloride methods 
 The samples were evaluated according to aluminium chloride methods 
(Chang, Yang, Wen, & Chern, 2002) with minor modifications. The sample 
(50 µL) was added with distilled water (100 µL), and 7.5 µL of 5% NaNO2 
was mixed. After 6 min, 10% AlCl3.6H2O solution (7.5 µL) was added and 
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incubated for another 6 min. The mixture was incubated for 15 min after 
adding NaOH (100 µL). The absorbance at 510 nm was measured using a 
microplate reader. The total flavonoid content was expressed in mg Catechin 
equivalent (CE) per g of sample. 
 
Determination of antioxidant activity by DPPH radical-scavenging 
activity assay 
 The DPPH free radical-scavenging activity was used with minor 
modifications (Brand-Williams, Cuvelier, & Berset, 1995). The sample 
solution of 10 µL of each extract was placed into a 96-well plate. Then, the 
290 µL of 0.1 mM methanolic solution of DPPH (1, 1-diphenyl-2-
picrylhydrazyl) was added. The reaction mixture was mixed and kept in the 
dark at room temperature for 30 min. The absorbance at 515 nm was measured 
using a microplate reader. Ascorbic acid was used as a standard substance. 
The DPPH assay for radical scavenging activity was calculated as µg Ascorbic 
acid equivalent (AAE) per g of sample.  
 
Determination of antioxidant activity by ABTS radical-scavenging 
activity assay 
 The ABTS free radical-scavenging activity was determined according 
to (Re et al., 1999) with minor modifications. The ABTS reagent was prepared 
by combining 7.0 mM ABTS solution and 2.45 mM potassium tetrathionate 
in equal volumes. The 290 µL of ABTS reagent was added to a 96-well plate. 
The 10 µL of the sample solution was then added and mixed. After 10 min 
initial mixing, the absorbance of samples was measured at 734 nm using a 
microplate reader. Trolox was used as a standard substance. The ABTS radical 
scavenging activity showed mg Trolox equivalent (TE) per g of sample. 
 
Determination of antioxidant activity by Ferric reducing antioxidant 
power (FRAP) assay 
 According to (Benzie & Strain, 1996), the FRAP was determined with 
minor modification. FRAP reagent was freshly prepared by mixing the 
following solutions in a volume ratio of 10:1:1(v/v/v): 300 mM acetate buffer 
(pH 3.6), 10 mM TPTZ in 40 mM HCl, and 20 mM FeCl3.6H2O. Then 10 µL 
of the sample was added into a 96-well microplate containing 90 µL of FRAP 
reagent and mixed well. After 4 min of initial mixing, the sample was 
measured with a microplate reader to measure the absorbance at 593 nm. 
Trolox was used as a standard substance. The ABTS radical scavenging 
activity was indicated mg Trolox equivalent (TE) per g of sample. 
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Analysis of anti-glycation activity by BSA-glucose model  
 This assay was adopted from (Peng et al., 2008a). The mixture solution 
was prepared by combining 50 mg/mL of bovine serum albumin or BSA with 
0.8 mol of D-glucose. In a 96-well plate, 200 µL of mixture solution was added 
to use as a negative control. As a test sample, the mixture solution (100 µL) 
and the sample (100 µL) were added. For a positive control, the mixture 
solution of 100 µL and aminoguanidine 100 µL was added. Then, 100 µL of 
NaN3 was added to all wells and incubated at 37°C for 7 days before being 
measured with a microplate reader in a fluorescence mode (excitation at 330 
nm and emission at 410 nm). The percentage of inhibition was calculated 
following the equation. 
 

%inhibition = [(F0-Ft)/F0] x 100 
 
 When  F0 is the fluorescence of the solution without an inhibitor 
  Ft is the fluorescence of the solution with an inhibitor 
 
Analysis of anti-glycation activity by BSA-methylglyoxal model 
 This assay was modified from the previous research (Peng et al., 
2008a). The mixture solution consisted of 40 mg of Bovine serum albumin or 
BSA and 31 µL of methylglyoxal or MG. As a negative control, 200 µL of the 
mixture solution was added to a 96-well plate. As a test sample, the mixture 
solution (100 µL) and the sample (100 µL) were added. 100 µL of the mixture 
solution containing 100 µL of aminoguanidine was added as a positive control. 
Then, 100 µL of NaN3 was added to all wells, and the plates were incubated 
at 37°C for 7 days and measured using a microplate reader with the 
fluorescence mode (excitation at 330 nm and emission at 410 nm). The percent 
inhibition was calculated following the previous equation of the BSA-glucose 
model. 
 
Statistical analysis 
 All experiments were repeated three times, and the data were 
expressed as mean ± standard deviation. The data was analyzed by One-Way 
ANOVA with Tukey’s post hoc test (p < 0.05) using IBM SPSS statistic 
subscription (IBM Co., USA). 
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RESULTS  
 
Quantitative phenolic and flavonoid contents 

The toal phenolic content (TPC) and total flavonoid content (TFC) of 
fermented black mung bean by R. oligosporus increased over the fermentation 
time. The highest total phenolic content was found in the fermentation at 72 
h, with a significant (p<0.05) 3.43 mg gallic acid equivalent (GAE) per g 
sample, which was 2.8 times the unfermented mungbean. The flavonoid 
content was significantly greater (p<0.05) in the 48-h and 72-h fermentation, 
with 0.69 mg catechin equivalent (CE) per g sample, which was 1.15 times 
greater than in the 0-h fermentation (Fig. 1). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 1.  Total phenolic and flavonoid contents of black mung bean 

tempeh. Results showed mean  standard deviation. Data 
labelled with different characters are significantly different 
(p0.05). 
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Antioxidant capacities 
Figure 2 shows the antioxidant capacities of fermented black mung 

bean as assessed by the DPPH and ABTS radical scavenging capacities and 
ferric-reducing antioxidant power (FRAP) assays. The results showed that 
during fermentation, ABTS radical scavenging capacities increase 
straightforwardly. The greatest ABTS capacity was found at 72 h of 
fermentation with 5.66 mg TE per g sample (p<0.05). Unlike DPPH 
antioxidants, fermentation time was not directly correlated with DPPH 
antioxidant. Nevertheless, the maximum value for DPPH was also achieved at 
a 72-h period with a significant (p<0.05) 0.60 mg Ascorbic acid equivalent 
(AAE) per g sample. For FRAP, the fermentation at 48 h had the highest 
capacity (p<0.05), 0.86 mg TE per g sample. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
Figure 2.   Antioxidant capacities of black mung bean tempeh. Results

 showed mean  standard deviation. Data labelled with different
 characters are significantly different (p0.05). 
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Antiglycation activity 
 The effect of R. oligosporus-fermentation on the antiglycation activity 
of black mung bean in bovine serum albumin (BSA)-glucose and BSA-
methylglyoxal (MGO) models revealed that a fermentation time of 24 h 
resulted in the greatest percent inhibition in both models. The BSA-glucose 
model had a glycation inhibition of 94.34 percent per 0.25 g sample, which 
was 2.0 times that of unfermented black mung bean. BSA-MGO was 
significantly (p<0.05) higher by 1.6 times compared to non-fermentation with 
76.85 percent per 0.25 g sample. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Antiglycation activity of black mung bean tempeh. Results

 showed mean  standard deviation. Data labelled with different
 characters are significantly different (p0.05). 

 
DISCUSSION 

 
The results of this study showed that the antiglycation and antioxidant, 

total phenolic, and total flavonoid contents were elevated when black mung 
beans were fermented with R. oligosporus to produce tempeh. AGE inhibition 
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was found to be maximally increased at 24 h of fermentation (2.0 times for 
BSA-glucose and 1.6 times for BSA-MGO models), whereas TPC, TFC and 
antioxidant abilities, especially DPPH and ABTS, increased over fermentation 
time, and FRAP was maximally increased at 48 h. For antiglycation, Handoyo 
& Moita's (2006) who studied fermented soybeans using R. oligosporus for 
protease production reported that R. oligosporus produced the highest protease 
enzyme at 24 h of fermentation, particularly glutamate decarboxylase (7.9 
times, compared with non-fermentation), which can synthesize -amino 
butyric acid or GABA. This bioactive compound also showed antiglycation 
ability. Other proteases may lead to the formation of bioactive peptide with 
the ability to inhibit AGE. This is consistent with a report by Chilukuri, 
Kulkarni, & Fernandes (2018) who stated that small peptides derived from 
proteolytic enzyme treatment may provide a greater antiglycation activity than 
larger peptides. In addition, antiglycation was correlated with the amount of 
vitexin and isovitexin which are the main flavonoids corresponding to 
antiglycation activity. Both vitexin and isovitexin contain a carbohydrate 
moiety that may be hydrolyzed by glycosidase and result in a decrease in 
antiglycation 24 h later. TPC and TFC exhibited higher amounts over 
fermentation time. Numerous studies reported that the bioconversion of 
phenolic compounds from their linked or conjugated form to their free form 
(Acosta-Estrada, Gutiérrez-Uribe, & Serna-Saldívar, 2014; Bhanja Dey, 
Chakraborty, Jain, Sharma, & Kuhad, 2016; C.-Y. Wang, Wu, & Shyu, 2014). 
The arrangement of some phenolic structures following self-polymerization 
processes, which are stimulated by the acidic fermentation conditions, is 
responsible for a decrease in total phenolic content (Adebiyi, Obadina, Adebo, 
& Kayitesi, 2017; Taylor & Duodu, 2015). The effect of fermentation on 
DPPH and ABTS scavenging abilities is believed to be due to a group of 
enzymes capable of breaking glycosidic bonds or glycosidases, including α-
amylase, β-glucosidase, esterase, protease endo-glucanase, exo-glucanase, 
produced by R. oligosporus to convert glycone to aglycone form, which 
resulted in greater antioxidant and antiglycation activities (Xiao et al., 2016). 
Therefore, analysis of phytochemical profiles, particularly flavonoids that 
respond to antioxidant and antiglycation, is required to select the fermentation 
time for further using black mung bean tempeh as a functional ingredient or 
in functional foods. 
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CONCLUSION 
 

In summary, our findings indicated that R. oligosporus contributed to 
the fermentation process by causing an increase in total phenolic and total 
flavonoid contents, which subsequently enhanced antiglycation and 
antioxidant capacities. Antiglycation and antioxidant activities were also 
affected by the fermentation time. The highest level of AGEs inhibition was 
detected at 24 h of fermentation in the BSA-glucose and BSA-MGO models. 
Additionally, fermentation for 72 h resulted in the highest antioxidants of 
DPPH and ABTS radical scavenging capacities. Therefore, fermented black 
mung bean with R. oligosporus could be a promising candidate for further 
development as a functional food. 
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ABSTRACT 
 

Nowadays, industrial waste products have become a central issue of 
public debate throughout the world. Bagasse is a waste product from 
sugarcane which is produced from sugar processing and alcohol production. 
The objective of this study was to provide value-added bagasses to produce 
microcrystalline cellulose (MCC) by treatment with cellulase enzymes and a 
low concentration of H2SO4 without bleaching to avoid the formation of 
chemical waste in order to produce greener MCC. The parameters of the 
treatment were, E1 (1,000 U of cellulase, incubation for 48h), E2 (100 U of 
cellulase, incubation for 48h), E3 (1,000 U of cellulase, incubation for 24h) 
and E4 (100 U of cellulase, incubation for 24h). All E1-E4 samples were 
further treated by 5% H2SO4. The E1-E4 samples provided non-uniform 
morphology, erosion and roughened surfaces. There were no differences 
between the bagasses treated with H2SO4- only (control) and E1-E4 samples 
indicating that cellulase did not affect the functional groups of the samples. 
With regard to color, the E1-E4 samples provided significantly higher 
lightness value, oil and water absorption capacity compared to that of control. 
However, there were no significant differences in the effect of cellulase 
dosages and incubation times on the changes of structural and physical 
properties of the E1-E4 samples. Hence, the optimum conditions for 
production of MCC bagasses were using 100 U of cellulase, incubation for 
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24h and treatment with 5% H2SO4 which provided the cheapest production 
costs. Overall, the MCC obtained showed effective structural and physical 
properties for use as food ingredients. 
  
Keywords: Bagasses, Cellulase, Green technology, Microcrystalline 
cellulose. 
 

INTRODUCTION 
 

Bagasse is a waste product from sugarcane in sugar processing and 
alcohol production. Thailand is one of the leading producers of sugar due to 
its use of 105.96 tons of sugarcane or equivalent for a sugar output of 11.34 
million tons and numerous waste products from sugar production, estimated 
at 14 million tons per annum (Sangnarka and Noomhorm, 2003; Bunjongsiri 
et al., 2020). Because of the structure of sugarcane bagasse, it can be used in 
paper production, post-fermentation products, additives, sugars (xylitol), 
cellulosic derivatives, and as reinforced fibers in composite materials 
(Katakojwala and Mohan, 2020). Bagasse is composed of 40-45% cellulose, 
30-35% hemicellulose, 18–25% lignin, and small amounts of minerals, wax, 
and ash (Katakojwala and Mohan, 2020). Cellulose, a crystalline structure 
with linear polymer, contains three hydroxyl groups of different reactivities as 
C-2 and C-3 secondary –OH groups while a primary –OH can be found at C-
6 position (Mahmud and Anannya, 2021).  

Microcrystalline cellulose (MCC), which consists of purified and 
partially depolymerized cellulose, achieved renown in various industrial 
applications due to its rheological, extruding, physical, and mechanical 
properties (Katakojwala and Mohan, 2020). MCC can be produced by 
hydrolysis by various methods for the extraction of cellulose from plants 
followed by neutralization, washing and drying (Trache, et al., 2016). These 
techniques isolated highly purified MCC from plant cell walls using several 
methods, such as acid and alkali hydrolysis, steam explosion, extrusion and 
radiation-enzymatic treatment (Trache, et al., 2016). Using acid hydrolysis 
depends on the acid concentration and the hydrolysis time to transform 
materials to the micro or nanoscale scale (Aprilia et al., 2021). However, 
enzymatic hydrolysis offers several advantages over acid hydrolysis such as 
less formation of undesirable by-products without the need for corrosion 
resistant processing equipment, which results in less acid waste, and the 
potential for almost complete conversion (Wahlström and Suurnäkki, 2015). 
Enzymatic cellulose hydrolysis is catalyzed by cellulases by hydrolysis of the 
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1,4-β-glycosidic bonds by means of three cellulase activities: endoglucanases, 
cellobiohydrolases (exoglucanases), and β-glucosidases (Wahlström and 
Suurnäkki, 2015). Various researchers studied combinations of the reaction 
between chemical hydrolysis and enzymatic hydrolysis such as HCl extraction 
of cellulose to produce MCC from sweet sorghum and rice straw (Luo et al., 
2019). The different methods used and the cellulose hydrolysis levels are 
important for MCC characteristics and its applications in the food industry. 
Thus, the purpose of this study was to provide value-added bagasses obtained 
from the waste products from sugar-cane production. The α-cellulose of 
bagasses was treated with cellulase and a low concentration of H2SO4 without 
bleaching to avoid the formation of chemical waste in order to produce greener 
MCC. 
 

MATERIALS AND METHODS 
 
Materials 

Bagasses were obtained from a local sugar-cane entrepreneur in Tha 
Muang district (Kanchanaburi, Thailand). Cellulase was given freely by 
Amano Enzyme Asia Pacific Co., Ltd. (Pathum Thani, Thailand). Enzyme 
activity units of cellulase were given by Amano Enzyme Asia Pacific Co., Ltd. 

 
Preparation of raw bagass powder 

The bagass waste products from sugar cane production were washed 
and cleaned to obtain the cotton part of the bagasses. The cleaned bagasses 
were dried at 60oC for 24 h in a tray dryer. The dried bagasses were pulverized 
to fine powder and sieved through a 100-μm filter. The powder obtained was 
kept in a zipped plastic bag for further modification. 
 
Extraction of cellulose from raw bagasses 
 The fine powder of raw bagasses was treated with an alkali solution in 
a round bottle flask. NaOH (4% wv-1, bagasses to NaOH ratio 1:20) was used 
to purify the cellulose by elimination of lignin and hemicellulose from the raw 
bagasses. The mixture was produced at reflux temperature for 2 h. The solid 
obtained was filtered and washed with distilled water until the water reached 
neutral pH (Johar, et al., 2012). 
 
Preparation of bagasse treated with cellulase and H2SO4 
 The cotton of the bagasses was subjected to cellulase and acid 
hydrolysis according to the method of Baruah et al., (2020) with slight 
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modification. For the E1 sample, the dry bagasses cotton powder (10% w/v) 
was prepared in an erlenmayer flask with 0.05 M, pH 4.5 sodium acetate 
buffer. Cellulase (1,000U/g powder) was added and incubated at 55oC, at 150 
rpm for 48 h in a shaking incubator. The reaction was stopped by heating at 
100oC for 30 min. The sample was filtrated, with a diameter of 42.5 mm. The 
retentate was collected and treated with 5% H2SO4 at 50oC for 120 min 
(bagasses to acid ratio 1:15). The finished product was filtered and washed 
with distilled water until the water reached neutral pH. The sample was then 
dried in a hot air oven at 60oC for 10 h until it reached a constant weight. The 
dried sample was kept in a desiccated state for further analysis. With regard 
to the E2-E4 samples, the parameters of treatment were: E2 used 100 U of 
cellulase followed by incubation for 48h and was treated with 5% H2SO4, E3 
used 1,000 U of cellulase followed by incubation for 24h and was treated with 
5% H2SO4 and E4 used 100 U of cellulase followed by incubation for 24h and 
was treated with 5% H2SO4. 
 
Scanning electron microscopy (SEM) 

The microstructure morphology of all the samples were observed with 
field emission scanning electron microscopy (FESEM) (JEOL JSM-7800F, 
Japan).  
 
Fourier transforms infrared (FTIR) spectroscopy 

The fine powder of all samples was prepared and mixed with KBr at 
the ratio of sample:KBr equal to 1:99. The range of 4,000-400 cm-1 of mid-IR 
spectra were recorded with 64 co-added scans, at a resolution of 4 cm-1 by 
using Fourier transform infrared spectroscopy (Spectrum GX, Perkin Elmer, 
Massachusetts, USA).  
 
Color value 
 The color value was measured by using the HunterLab ColorQuest XE 
colorimeter (ColorQuest XE spectrophotometer, Hunter lab, USA) with CIE 
Lab color parameters. The results are shown in the Hunter system and 
rectangular coordinates. The average recorded results were calculated. L* 
indicates lightness, a* is the red/green coordinate, and b* is the yellow/blue 
coordinate. 
 
Viscosity  
 The viscosity of the samples at 25oC was determined by using a 
viscometer (VT iQ Air, HAAKE, Thermo Fisher Scientific, Massachusetts, 
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USA). Ten grams of the sample were dissolved in 25 mL of distilled water 
and transfered to the sample cup. The viscosity was analyzed by using a 
HAAKE RheoWin Data Manager. 
 
Water absorption capacity (WAC) 
 Water absorption capacity was determined by the method of Brishti, 
et al, (2017) with slight modification. Sample (1.5 g dry basis) was completely 
stirred with 25 mL of distilled water in pre-weighed centrifuge tubes. All 
samples were centrifuged at 3,000xg for 30 min. The supernatant was gently 
decanted and the centrifuge tubes were re-weighed. Water absorption capacity 
was calculated as grams of water absorbed per gram of sample. The WAC was 
calculated by using the following equation: 
 
  WAC (g water) = ((W2-W1)/W0) x 100 
 
where  W1 = Weight of the tube with dry sample (g), W2 = Weight of tube 
with the precipitate (g), W0 = Weight of the dry sample (g) 
 
Oil absorption capacity (OAC) 
 Oil absorption capacity was analyzed by following the method of 
Brishti et al, (2017) with slight modification. The sample (1 g dry basis) was 
mixed with 10 mL of corn oil in a pre-weighed 15 mL centrifuge tube. The 
tubes were vortexed for 5 min to obtain complete dispersion. All soaked 
samples were incubated at 30°C for 30 min, and centrifuged at 3,000xg for 30 
min. The clear supernatant was gently decanted and the tubes were inverted 
for 30 min to drain the excess oil before re-weighing. The oil absorption 
capacity is expressed in grams of oil absorbed per gram of sample. The OAC 
was calculated by using the following equation: 
 
  OAC (g oil) = ((O2-O1)/O0) x 100 
 
where  O1 = Weight of the tube with dry sample (g), O2 = Weight of tube with 
the precipitate (g), O0 = Weight of the dry sample (g) 
 

RESULTS  
 
Microstructured morphology by SEM 

The microstructure of commercial MCC and bagasses treated with 
cellulase and H2SO4 by different procedures under a field emission scanning 
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electron microscope are shown in Figure 1. The commercial MCC were round 
in shape with a relatively rough surface and slightly damaged as a result of the 
production process. There were no differences between the bagasses treated 
with H2SO4 and the set of bagasses treated with cellulase and H2SO4. All 
cellulase and samples treated with acid showed some small holes, erosion and 
a roughened surface due to the exocorrosion of enzymes or the acid reaction 
(Figures 1E0-E4). Moreover, the samples also showed non-uniform 
morphology and shape which could have been caused by enzymatic and 
chemical cleavage of the glycosidic bonds of cellulose. The microstructured 
morphology of E1 and E2 which were treated with cellulase for 48 h displayed 
a more porous structure compared to those of the E3 and E4 samples (24 h of 
incubation time). 

 

 
 

C E0 

E1 E2 

E3 E4 
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Figure 1.  Scanning Electron Microscopy of commercial MCC and 
bagasses treated with cellulase and H2SO4 with 500x 
magnification. C: Commercial MCC, E0: 5% H2SO4, E1: 1,000 
U of cellulase + 48h + 5% H2SO4, E2: 100 U of cellulase + 48h 
+ 5% H2SO4, E3: 1,000 U of cellulase + 24h + 5% H2SO4 and 
E4: 100 U of cellulase + 24h + 5% H2SO4. 

 
Molecular structure by FTIR 

The FTIR spectra of commercial MCC and bagasses treated with 
cellulase and H2SO4 are displayed in Figure 2. The broad peak in the range of 
3600-3000 cm-1 represents a stretch vibration of O-H bonds originating from 
a vibration of C-H bonds and peaks at 3000-2800 cm-1. The commercial MCC 
displayed the sharp peak at 2915 cm-1 and 2860 cm-1 which represents the 
vibration of C-H. Moreover, it also displays a sharp peak at 1730 cm-1 

indicating that there was some hemicellulose in the commercial MCC 
composition. The sharp peak around 1061 and 1104 cm-1 represents a stretch 
vibration of C-O-C bonds. There were no differences between the bagasses 
treated with H2SO4 and the set of bagasses treated with cellulase and H2SO4. 
All cellulase and acid treated-samples showed broad peaks in the range of 
3600-3000 cm-1 and a sharp peak around 1061 and 1104 cm-1. 
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Figure 2.  FTIR spectra of A) commercial MCC, B) bagasses treated with

 H2SO4, C) E1: bagasses-treated with cellulase 1,000 U of
 cellulase + 48h + 5% H2SO4, D) E2: 100 U of cellulase + 48h
 + 5% H2SO4, E) E3: 1,000 U of cellulase + 24h + 5% H2SO4
 and F) E4: 100 U of cellulase + 24h + 5% H2SO4. 

 
Color value 

The color values of commercial and bagasses MCC are shown in Table 
1. The commercial MCC exhibits the highest lightness value (L*, 92.45) when 
compared to the bagasses treated with H2SO4 and the set of bagasses treated 
with cellulase and H2SO4 (E1-E4). In addition, the set of bagasses treated with 
cellulase and H2SO4 (E1-E4) provided the highest lightness value (L*, ranging 
from 89.96-90.50) when compared to the bagasses treated with H2SO4. 
However, there were no effects of cellulase dosage and incubation time on the 
change of L* and b*. 
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Table 1. Color value of commercial and bagasses MCC. 
  
Sample Color value 

L* a* b* 
Commercial MCC 92.45±1.03a 1.01±0.00d 7.46±0.08c 
Bagasses + 5% H2SO4 88.46±0.05c 1.62±0.02a 12.49±0.05a 
E1 89.96±0.38b 1.28±0.04b 12.63±0.16a 
E2 90.41±0.45b 1.10±0.02c 12.74±0.06a 
E3 90.50±0.06b 0.91±0.02ef 12.57±0.04a 
E4 90.21±0.41b 0.76±0.11g 12.43±0.10ab 

E1: 1,000 U of cellulase + 48h + 5% H2SO4,  
E2: 100 U of cellulase + 48h + 5% H2SO4,  
E3: 1,000 U of cellulase + 24h + 5% H2SO4 and  
E4: 100 U of cellulase + 24h + 5% H2SO4. 
 
Viscosity, water and oil absorption capacity  

The viscosity, water and oil absorption capacity were showed in Table 
2. The viscosity of commercial MCC exhibited the significant lowest value 
(115.43 mPas) while the bagasses treated with H2SO4 showed the significant 
highest value (130.70 mPas). However, the set of bagasses treated with 
cellulase and H2SO4 (E1-E4) showed the viscosity value inbetween the 
commercial MCC and the bagasses treated with H2SO4 (123.15-127.90 mPas). 
For the oil absorption capacity, commercial MCC displayed the significant 
lowest value (226.58 g oil/ g sample) while the E4 showed the significant 
highest value (1,917.42 g oil/ g sample). For the water absorption capacity, 
the set of bagasses treated with cellulase and H2SO4 (E1-E4) provided an 
significantly high value of water absorption capacity (2158.95-2367.81 g 
H2O/ g sample) as compared to the commercial MCC (486.50 g H2O/ g 
sample) and the bagasses treated with H2SO4 (415.25 g H2O/ g sample). 
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Table 2.     Viscosity, water and oil absorption capacity of commercial 
MCC and bagasses treated with cellulase and H2SO4.  

 

Sample 
Viscosity at 
25oC 
(mPas) 

Oil absorption 
capacity  
(g oil/ g sample) 

Water 
absorption 
capacity 
(g H2O/ g 
sample) 

Commercial MCC 115.43±4.32c 226.58±45.91e 486.50±25.91b 

Bagasses + 5% 
H2SO4 

130.70±3.16a 1,654.55±71.07d 415.25±8.16b 

E1 123.15±6.55b 1,735.34±74.03c 2367.81±128.92a 

E2 125.85±4.75b 1,815.23±36.77b 2281.53±93.96a 

E3 127.90±2.40b 1,746.48±19.02c 2158.95±172.35a 

E4 124.20±4.50b 1,917.42±155.40a 2183.22±161.73a 

E1: 1,000 U of cellulase + 48h + 5% H2SO4,  
E2: 100 U of cellulase + 48h + 5% H2SO4,  
E3: 1,000 U of cellulase + 24h + 5% H2SO4 and  
E4: 100 U of cellulase + 24h + 5% H2SO4.  
 

DISCUSSION 
 

Alpha-cellulose from bagasses which consists of the waste products 
from sugar-cane production was treated with cellulase and a low concentration 
of H2SO4 without bleaching to avoid the formation of chemical waste in order 
to produce greener MCC. The microstructured morphology by SEM of the 
bagasses treated with H2SO4 and the set of bagasses treated with cellulase and 
H2SO4 (E1-E4) show the erosion, porous and roughened surface due to the 
exocorrosion of enzymes or acid reaction (Figure 1E0-E4). The E1-E4 
samples exhibit a rough surface and irregular flake-like shapes that are similar 
to MCC obtained from S. spontaneum, a type of grass, which was produced 
by NaOH treatment, H2O2 bleaching and by 5% H2SO4 based acid hydrolysis 
(Baruah et al., 2020). The microstructured morphology of E1 and E2 which 
were treated with cellulase for 48 h (long time) displayed more porous 
structure as compared to that of E3 and E4 samples (24 h of incubation time). 
This result may be explained by the fact that a long incubation time with 
cellulase could be enhanced by enzyme activity to hydrolyze the β-1,4 
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glycosidic bonds of bagasses α-cellulose. This result supports evidence from 
previous observations of Suryadi, et al., (2018) who prepared MCC powder 
from α-cellulose of water hyacinths by cellulase treatment and the SEM results 
showed that it exhibited a rough surface and irregular flake-like shapes.  

In the infrared spectrum, the broad peak in the range of 3600-3000 cm-

1 represents a stretch vibration of O-H bonds, with the peak at 3000-2800 cm-

1 originating from a vibration of C-H bonds and the peak at 900-800 cm-1 
representing β-glycosidic bonds (Suryadi, et al., 2018). The commercial MCC 
displayed a sharp peak at 1730 cm-1 which corresponds to the acetyl groups of 
hemicellulose (Rasheed et al., 2020) indicating that there was hemicellulose 
left in the commercial MCC. All samples showed sharp peaks around 1052, 
1163 and 1434 cm-1 which represent a stretch vibration of C-O-C bonds which 
can be assigned to the skeleton of C-O-C pyronose ring structure present in 
cellulose (Baruah et al., 2020). Moreover, there were no differences between 
the bagasses treated with H2SO4 and the set of bagasses treated with cellulase 
and H2SO4 (E1-E4) indicating that the cellulase was not affected by the 
functional groups of E1-E4. Based on the - peak configurations described 
above, the functional group of the bagasses treated with H2SO4 and the set of 
bagasses treated with cellulase and H2SO4 (E1-E4), it was found that these 
were different from commercial MCC.  

The set of bagasses treated with cellulase and H2SO4 (E1-E4) provided 
a higher lightness value (L*, ranging from 89.96-90.50) compared to that of 
bagasses treated with H2SO4. A possible explanation for this might be that 
cellulase could have hydrolyzed the α-cellulose structure and formed small 
molecules that the light might have absorbed from those small molecules, 
which later re-radiates the light in different directions resulting in an increase 
in the lightness value (L*) (Fan et al., 2014). However, to comfirm this, a 
particle sized distribution should be performed for this study. In addition, there 
were no effects from the cellulase dosage and incubation time on the changes 
of L* and b*.  

In the case of physical properties, the viscosity of commercial MCC 
exhibited the lowest value compared to bagasses treated with H2SO4. 
However, the set of bagasses treated with cellulase and H2SO4 (E1-E4) 
showed that the viscosity value was in between the commercial MCC and the 
bagasses treated with H2SO4. This result may be explained by the fact that 
cellulase could have effectively hydrolyzed the α-cellulose structure and 
formed small molecules resulting in the moderate viscosity of the E1-E4 
samples. The oil absorption capacity of commercial MCC displayed the 
lowest value while E4 showed the highest value. These results may be 
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explained by the fact that the incubation of α-cellulose with low cellulase 
dosages and a short incubation time could have generated a hydrophobic 
sponge-like microstructure which would provide excellent oil adsorption. 
These results reflect those of Zhao et al., (2020) who also found that the 
hydrophobic modified cellulose-based aerogel has certain adsorption 
properties which can perform effective adsorption treatment of oil stains. The 
water absorption capacity of the set of bagasses treated with cellulase and 
H2SO4 (E1-E4) provided a significantly higher value of water absorption 
capacity compared to commercial MCC and the bagasses treated with H2SO4. 
A possible explanation for this might be that the incubation of α-cellulose with 
cellulase could also create a hydrophilic-like microstructure due to the -OH 
group in the MCC structure which would provide water adsorption capacity. 
This also accords with earlier observations, which showed that the water 
absorption of samples increased in accordance with the amount of MCC due 
to the -OH group in the MCC structure (Chuayjuljit, et al., 2008). 
 

CONCLUSION 
 

In summary, bagasse α-cellulose which is the waste product from 
sugar-cane production was treated with cellulase and a low concentration of 
H2SO4 without bleaching to avoid the formation of chemical waste. The 
findings obtained in the current study showed that the MCC from α-cellulose 
bagasses provided non-uniform morphology and shape, small holes, erosion 
and roughened surfaces due to the exocorrosion of enzymes or acid reaction. 
The research has also shown that there were no differences between the 
bagasses treated with H2SO4 and the set of bagasses treated with cellulase and 
H2SO4 indicating that the cellulase enzyme did not affect the functional groups 
of the -samples treated. The set of bagasses treated with cellulase and H2SO4 
provided the significantly higher lightness value (L*), and oil and water 
absorption capacity compared to that of bagasses treated with H2SO4. 
However, there were not any significantly different effects from cellulase 
dosage and incubation time on the changes in the structural and physical 
properties of the set of bagasses treated with cellulase and H2SO4. Hence, the 
optimum conditions for production of bagass α-cellulose MCC are to use 100 
U of cellulase followed by incubation for 24h and then treatment with 5% 
H2SO4 which will provide the cheapest production costs. Overall, the MCC 
from bagasses treated with cellulase and H2SO4 showed effective structural 
and physical properties for use as a food ingredient. 
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ABSTRACT 
 

 The vigor of cassava stem cutting is an important factor that affects 
spouting ability, vegetative growth of plant and tentatively final root yield. It 
has been shown that quality of stem cuttings is associated to their position in 
the mother stem, for which only the middle part of stem is recommended for 
plantation. To exhaustively utilize mother stem for yield effective plantation, 
we explored the possibility of using volume density (VD) as an indicative 
factors for cutting quality assessment. Here, KU50 stem cuttings with varying 
VD were characterized based upon growth potentials (i.e., percentage of 
sprouting, total height of shoot, and relative growth rate), photosynthetic 
ability, and plant biomass development and storage root yield. For a mother 
stem, the cuttings were divided into 3 groups based on VD, Group I: VD < 0.6, 
Group II: 0.6 < VD < 0.9, and Group III: VD > 0.9 g/cm3. The results showed 
that stem cutting with VD about 0.6-0.9 g/cm3 had high growth potential and 
root yield, whereas that with VD less than 0.6 g/cm3 showed poor growth 
ability and some died after a month of planting. While the photosynthetic 
capabilites were found comparable for all plants, the stem cutting with VD 
above 0.6 g/cm3 had high ratio of storage root to shoot, suggesting higher 
tendency of root bulking. Taken together, this study highlighted the 
association of volume density to the potential of stem cutting, which will later 
be exploited for cutting quality assessment in cassava plantation.  
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Keywords: Cassava, Plant growth and development, Stem cutting, Stem 
cutting quality, Volume density. 
 

INTRODUCTION 
  

Cassava (Manihot esculenta Crantz) is the fifth most important staple 
crops for the world population. It is prominent over the other top-running crop 
species, i.e. wheat, corn, rice and potatoes, in terms of carbohydrate 
production per unit of land use. For Thailand, cassava is a high potential 
economic crop that brings income to the country at least 697 million dollars 
yearly (The Observatory of Economic Complexity, 2020) As a low domestic 
demand producer, Thailand has become the leading cassava exporter that 
holds almost one third of overall cassava trading in world market (The 
Observatory of Economic Complexity, 2020).  

Cassava is simply propagated with 5-10 multiplicative numbers from 
a stem of mother plant (Murray and Cohen, 2021). Farmers, typically, use the 
entire length of a mother stem, cutting into 15-20 cm long for plantation to 
maximize the number of plants. However, the recent reports showed that crop 
yield and total production do not fully rely on plant numbers, but are highly 
influenced by quality of stem cuttings and proper plant spacing (Eke-Okoro et 
al., 2001; Silva et al., 2013; Anikwe and Ikenganyia, 2018). It is found that 
quality of a stem cutting is associated to its position in the mother stem. Stem 
cuttings of 15-30 cm long from the middle part of a mother stem showed better 
germination rate and giving higher final yield (Agronomy and Renewable 
Energy Crops Research Institute, 2020). While only a part of mother stem is 
recommended for using as an effective planting material, the stem usage must 
be maximized not only to achieve high profit but also in response to the 
shortage of disease-free stem cuttings. The circumstance has motivated the 
research on qulity stem assessment. In 1987, the quality of stem cutting was 
firstly quantified by their volume density (VD) (Oka et al., 1987). The study 
showed that the cuttings with VD ≥ 0.8 g/cm3 have high survival rate (80%). 
The findng exhibited the possibility of using VD as an indicator for the cutting 
quality assessment, but there is no formal characterization in the aspect.  

Here, we investigated the quality of stem cutting (SC) based on its 
volume density (VD) and examined the possibility of being used as an 
indicator for yield-effective stem cutting. First, variation of volume density 
was investigated in stem cuttings obtained from the different positions of a 
mother stem. These varying-VD stem cuttings were determined their quality 
according to plant growth capacity and storage root yield. The characteristics 
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of stem cutting were finally analyzed against their volume density to show the 
reflectiveness of the indicative factor. 
 

MATERIAL AND METHODS 
 
Plant materials and cultivation  
 Three mother plants of Kasetsert 50 (KU50) cassava cultivar were 
grown in pots with commercial soil mixes in semi-closed greenhouse for 6 
months, from May 2021 to November 2021, at King Mongkut's University of 
Technology Thonburi (Bangkhuntian).  Stems of individual plants were cut 
into 15-cm long from the stem emergence point upwards to the top position. 
All stem cuttings were soaked in thiamethoxam, mancozab and white oil 
before planting in plastic bags. Plants were cultivated in the semi-closed 
greenhouse with drip irrigation throughout the study (November 2021 to May 
2022). 

 
Volume density measurement  

Volume density (VD) is the specific mass by volume, which was 
calculated based on fresh weight (g) and the geometric volume of the stem 
cuttings. Equation 1 showed the calculation of VD by assuming a truncated 
cone shape of stem cutting.  

 
푉퐷 =  

 ∗  ∗  ∗ ( ²   ∗   ²) 
  ,  (1) 

 
where m is fresh weight (g), L is total length (cm), r is a radius at the uppermost 
stem cutting, and R is a radius at the lowermost stem cutting. 

 
Plant growth analysis  

Growth of cassava plants propagrated from the stem cuttings with 
varying VD was non-invasively measured by (1) the number of sprouts per 
total buds, (2) total height of emerging stems, and (3) the relative growth rate 
based on the total height. The number of sprouts per total buds was was 
determined at 5, 7, 9, 13, 21, 35, 74, 99, 120, 148, and 174 days after planting 
(DAP). The total height of emerging stems was the collective growth of new 
plants from stalk. Height of the individual stems was measured from their 
emergence point to shoot tips. The relative growth rate was calculated based 
on the total height of plants to demonstrate growth effectivemess of each 
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individual stem cutting. It was determined according to the modified equation 
of Hastwell and Facelli (2003) (Equation 2) 

 
푅푒푙푎푡푖푣푒 푔푟표푤푡ℎ 푟푎푡푒 (푅퐺푅) =        , (2) 

 
where H1 and H2 are total height at time t1 and t2, respectively. 
 
At the final harvest (6 MAP), all plants were collected and weighted to 
determine the total biomass production. The samples were oven-dried at 80°C 
until weight unchanged. The measurement was performed for the separated 
aboveground shoot and underground roots parts.   
 
Photosynthetic capability measurement  

Photosynthetic capability was determined based on net photosynthetic 
rate (PN) in a similar manner to Chiewchankaset et al (2022). The 
measurement was carried out at the central lobe of mature leaves during 09:30 
to 13:00 every month from 3 MAP using a portable gas exchange system (LI-
6800, Li-Cor Inc., Lincoln, NE, United States). All PN were measured at 400 
μmol CO2 mol-1 air CO2 concentration, 30 °C leaf temperature, and 1,500 
μmol photons m-2 s-1 light intensity. 
 

RESULTS AND DISCUSSION 
 
Variation of volume density along height of cassava stems  

The total of 38 stem cuttings from 3 mother plants (replicates) were 
investigated the variation of VD with their position in the cutting stems. The 
number of cuttings were different by height of plants, for which 15, 12 and 11 
cuttings were obtained from mother plant no. 1, 2, and 3, respectively. Figure 
1 showed that VD of stem (cuttings) varied along height, from low values at 
topmost to high values at bottom positions. Volume density of the 6-month 
old green-house plants was in range of 0.47−1.03 g/cm3. According to the 
distribution profile of VD along stem height, stem cuttings can be divided into 
3 groups by the changes of VD at the position; Group I: VD = 0.4 - 0.6 g/cm3 
(>140 cm in height), Group II: VD = 0.6 - 0.9 g/cm3 (50 - 140 cm in height, 
and Group III: VD = 0.9 - 1.0 g/cm3 (< 50 cm in height). The classified groups 
of stem cuttings by VD were corresponding to previous studies that suggested 
the quality stem cuttings from the middle part of mother stem are usually about 
50 cm from the base, and that possess VD about 0.8 g/cm3 (Agronomy and 
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Renewable Energy Crops Research Institute, 2020; Oka et al., 1987). The 38 
stem cuttings with varying VD were further employed to examine the 
relationship of their VD and quality of the cuttings. 
 

 
 

Figure 1.  Distribution of volume density along the height of mother
 stems 

 
Growth of cassava plants from stem cuttings with varying volume density   

Plants were grown from the 38 stem cuttings to examine the 
relationship of their VD and the quality of cuttings according to growth and 
yield of the new plant. In this study, growth of plants was non-invasively 
monitored by 3 measurements; (1) percentage of sprouting, (2) total height of 
emerging stems, and (3) relative growth rate based on total plant height 
(Figure 2). The analysis of VD and capacity of new plant growth was 
considered for each individual developmental stages; (i) early sprouting (5-9 
DAP), (ii) late sprouting period (13-21 DAP), (iii) shoot and root development 
(35-174 DAP). It is noteworthing that four plants with VD lower than 0.5 
g/cm2 sprouted slowly and died after one month of planting, therefore, only 
34 plants in total for further investigation. 
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Figure 2.  Growth and development of cassava plants grown by stem

 cuttings with varying volume density (n = 34) (●: 5, ◻ : 7, ✕:
 9, △: 13, +: 21, ◆: 35, ◻ : 74, −: 99, ✕: 120, ○: 148, ◇: 174
 DAP). 

 
The percentage of sprouting reflects germination ability and shoot 

sustainability of plants. The results showed all plants had high germination 
rate during early development (9-21 DAP) and later declined after 1 month of 
planting (MAP). Stem cuttings from Group II showed the highest percentage 
of sprouting (≥ 80%), whereas that of Group I showed the lowest percentage 
of sprouting (< 50%) (Figure 2a-c). Total height of the emerging stems and 
the associated RGR reflect shoot development of plant. Plants quickly 
developed shoot during late sprouting period (13-21 DAP) corresponding to 
the high RGR and low total height at the early sprouting period (5-9 DAP) 
when plants tended to invest more carbon to root development (Figure 2d-i). 
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During 13 and 21 DAP, rates of total height of Group II and III were higher 
and more correlated with VD (R2 = 0.5 and 0.6, respectively, Figure 2e). After 
a month of planting, plants have photosynthestic leaves and their growth 
seemed to rely on carbon from photosythsis rather than that from mother stem 
(Figure 2i). Similar to the percentage of sprouting, total height of plants from 
VD < 0.6 were very low throughout growing period. The results suggested that 
the stem cuttings with VD < 0.6 were likely having poor shoot development, 
consistent with plants grown from the near-tip cuttings in previous report 
showing very weak and highly stress-sensitive (Chan et al., 1981). The 
association of VD to final plant biomass was also analyzed based on cassava 
plants at 6 months old. Three representative plants of the distinct VD groups 
demonstrated phenotype of plants grown from varying stem cutting quality 
(Figure 3). Plants from cuttings in Group I was obviously smaller with lower 
biomass production and accumulation than that from the other two. 
Aboveground biomass of plants tended to linearly increase with VD of the 
stem cuttings, while storage root yield followed the trend only at the relarively 
low to medium VD (Group I and II) and no longer increased after a certain 
high VD value (Group III) (Figure 3b). These results were corresponding to 
the previous study that found the stem cuttings from upper position showed 
poorly aboveground development (Esa and Tan, 2012). 
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Figure 3  Final biomass yield of cassava plants grown by stem cuttings

 with varying volume density, (a) The three representative
 plants at 6 MAP from Group I - stem cutting (SC) no.10 (left),
 Group II - SC no.6 (center), and Group III - no.2 (right). Scale
 bars indicate 20 cm length, and (b) aboveground biomass (left)
 and storage roots (right). All data were measured from 6-
 months old KU50 plants. Statistical significance, based on two-
 sided student’s t-test, is denoted by *(p < 0.05) or **(p < 0.01). 

 
Physiological characters of cassava plants from stem cuttings with 
varying volume density 

Cassava plants grown from distinct stem cuttings were investigated the 
linkage of their proporties (VD) to plant growth physiology. Net 
photosynthetic rate (PN) was measured monthly after 3 months of planting to 
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observe the relation between VD and photosynthetic capability. Figure 4 
showed that PN of almost all plants was comparable, which was ranging from 
12 to 26 umol m-2 s-1 as a typical PN of a KU50 cassava plant (Santanoo et al., 
2019). The quality of stem cuttings by VD may not affect photosynthetic 
capability, but would indirectly impact total photosynthesis through limiting 
growth of plant canopy. 

 

 
 

Figure 4.  Net photosynthetic rate of cassava plants grown by stem
 cuttings with varying volume density. The measurements were
 from 3-6 months old KU50 plants. Statistical significance,
 based on two-sided student’s t-test, is denoted by *(p < 0.05)
 or **(p < 0.01). 

 

To investigate the relationship of stem cutting quality and storage root 
bulking, the variation of VD was analyzed with root-to-shoot ratio. Figure 5 
showed plants from the higher VD cuttings had the higher root-to-shoot ratio. 
It suggested that quality of stem cuttings likely affected carbon allocation for 
root bulking and that with VD ≥ 0.6 (Group II and III) may be required for 
storage root formation. Four plants grown from low quality stem cutting (VD 
< 0.5) died after one months of planting, and ones from VD < 0.6 showed low 
root-to-shoot ratio with highly dispersive (Figure 5b) and finally giving little 
storage root yield (Figure 3).  
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In summary, this work showed that VD could be an effective indicator 
of stem cutting quality in aspects of germination rate, plant growth and 
development, and final biomass yield. While the use of VD to quantify stem 
cutting quality is highlighted here, larger sample size and more genetic 
varieties may be needed to verify and strengthen the prospect. 
 

 
 

Figure 5.  Carbon partitioning ratio in cassava plants grown by stem
 cuttings with varying volume density, a) scatter plot and b) box
 plot of storage root-to-shoot ratio with volume density. All data
 were measured from 6-months old KU50 plants. 

 
CONCLUSIONS  

 
In summary, volume density of a stem varied along its height. By using 

variation of VD, stem cuttings from one mother stems could be classified into 
3 groups. The plants with VD ≥ 0.6 (Group II and III) showed high growth 
potential and better biomass development, while plants with VD < 0.6 (Group 
I) grew slowly and some (VD < 0.5) died shortly after planting. Plants from 
all VD did not show difference in photosynthesis capability, but ones with VD 
above 0.6 were found higher root bulking potential as shown greater storage 
root-to-shoot ratio. Overall, this work demonstrated that VD is a promising 
factor for quantifing stem cutting quality that would enable the exhaustive use 
of mother stems for yield effective cassava plantation. 
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ABSTRACT 
 

Microorganisms living within and on a plant provide myriad benefits 
to the health of their host. Harnessing plant- associated microbiota is a 
promising alternative to reduce agricultural chemical inputs for the future of 
sustainable agriculture.  In this work, microbiome- based screening targeting 
beneficial bacteria under the phylum Actinobacteria was performed and its 
plant growth-promoting activities were verified in vitro and in vivo using 
maize as a plant model. In addition, the bacterial profile of inoculated-maize 
rhizosphere in the pot experiment was studied using 16S rRNA-based 
amplicon sequencing. The in vivo assessment of plant growth-promoting 
activity in maize demonstrated that the selected consortium (GYM-I2) could 
enhance the cumulative height and root and shoot dry weight of inoculated 
plants in comparison with the control. The microbiome analysis revealed that 
bacterial diversity significantly increased in the maize rhizosphere from week 
0 to week 4 after inoculation, and a distinct bacterial profile was observed 
according to the time. The co-occurrence network showed that many hub 
taxa were identified as Actinobacteria and Proteobacteria, implying their 
impor t an t  r o l e  i n  t he  communi t y.  Altogether, the results support the 
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application of a microbiome-based screening approach on synthetic microbial 
communities’ selection that could enhance plant growth and development. 
 
Keywords: Maize, Plant growth-promoting, Plant microbiome, Sugarcane, 
Synthetic microbial communities. 
 

INTRODUCTION 
 

Bacteria that colonize in and on a plant and promote the growth and 
health of their host are referred to as plant growth-promoting bacteria (PGPB). 
A  trend in applying PGPB in the form of biofertilizer or biopesticide to 
sustainably enhance crop growth and productivity has gained prominent 
attention in the last decade as a result of increased demand for organic and 
healthy foods to feed the continuously growing world population (Canfora et 
al., 2021). Among these PGPB, Actinobacteria, a group of well-known 
antibiotic-producing bacteria, have become more commonly used in 
agricultural practices in recent years, owing to their potential as PGPB and 
their ubiquitous repartition in plants (Boukhatem et al., 2022). In addition to 
PGPB activities, many Actinobacteria are effective plant root colonizers due 
to their antagonistic and competitive traits in comparison to other soil 
microorganisms. Also, members of this phylum play an important role in 
recycling organic matter by enhancing soil organic matter and nitrogen 
content, as well as essential macro and micro-elements, which improves plant 
growth and yield (AbdElgawad et al., 2020). Therefore, with all these features, 
harnessing Actinobacteria as a synthetic microbial inoculant seems to be a 
promising alternative to replace agrochemical inputs. 

In this work, microbiome-based screening to target beneficial 
microbial communities was performed by specifically enriching members of 
Actinobacteria on designed media based on the Known Media Database 
(KOMODO) (Oberhardt et al., 2015). The abilities of screened community to 
promote plant growth, as well as its composition and dynamic change in the 
rhizosphere habitat were evaluated using maize as a plant model. 
 

MATERIAL AND METHODS 
 
Microbial community enrichment 
 Sugarcane roots were collected from a sugarcane field at Rai Pramote, 
Photharam District, Ratchaburi (13°44′34.2′′N 99°54′16.6′E). The roots were 
washed to eliminate loose soil particles and blended in sterile water. The 
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suspension was then filtered through a filter paper and applied as an inoculum 
in a GYM streptomyces medium (10 g malt extract, 4 g yeast extract, 4 g D-
glucose, and 2 g CaCO3 per liter, pH 7.2: KOMODO). Subsequently, 1 ml of 
the filtered root suspension was inoculated in 100 ml of GYM Streptomyces 
medium and incubated at 25°C with shaking at 150 rpm for 7 days. The 
successfully enriched community was defined as GYM-I2. 
 
In vitro plant growth-promoting activities 

Inorganic phosphate (P) and Potassium (K) solubilization activities of 
GYM-I2 were determined by spotting on Pikovskaya (PVK) (HiMedia, India) 
and Aleksandrov (ASD) (HiMedia, India) agar medium, respectively. After 
incubation at 28°C for 7 days, the clear zone around the colonies was 
considered a positive result. 

Nitrogen (N) fixation activity was examined on N-free bromothymol 
blue medium (Nfb). The medium color change    from green to blue as a result 
of ammonia production suggested the potential for nitrogen fixation (Baldani 
et al., 2014) 
 
In vivo plant growth-promoting activities with maize as a plant model 

The commercial maize seeds (Zea mays L.) genotype Pac789 (PAC) 
were surface sterilized. Surface-sterilized seeds were properly arranged in 
sterile filter papers and air-dried in a biosafety cabinet. Maize seeds were 
planted in 15 x 10 cm pots in height and diameter filled with 200 g of two-
times autoclaved soil. Plants were maintained by well-watering with 100 ml 
of sterile water every 3 days.  

Bacterial inoculum was prepared by centrifuging the GYM-I2 
community at 9,000 rpm for 10 min to harvest the cells. The cells were washed 
with sterile water twice before resuspension in sterile water, which was used 
as plant inoculum. The final concentration of microbial inoculation was 106 
CFU/g soil. 

The experiment was carried out in a controlled growth room (2,100 
lux light intensity for 16 hours, 28±5°C temperature, and 60±10% humidity). 
Maize plants were harvested at the 4th week after planting and evaluated for 
their cumulative height and root and shoot dry weight. 

 
Statistical analysis of plant phenotypic observation 

Statistical analysis of plant phenotypes was carried out using the R 
program v.4.2.1 (R Core Team, 2022). Particularly, comparisons between 
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GYM-I2 inoculated maize with control in terms of shoot and root dry weight 
and cumulative plant height were calculated using t-test. 
 
DNA extraction and sequencing 

A total of 0.25 g of maize’s rhizosphere soil was extracted using the 
DNeasy® PowerSoil® Pro kit (QIAGEN) according to the manufacturer’s 
instructions. Total genomic DNA samples were qualitatively and 
quantitatively measured by using gel electrophoresis and a NanoDrop 
spectrophotometer, respectively. The genomic DNA was then subjected to 
Illumina sequencing using the 515F-806R primer to target the V4 region of 
16S rRNA. 
 
Bioinformatic analysis 

Paired-end reads were analyzed using the QIIME2 pipeline v.2022.8 
(Bolyen et al., 2019). Briefly, sequence reads were denoised with the DADA2 
to generate amplicon sequence variants (ASVs). Taxonomy was assigned to 
each ASVs with a naïve Bayes classifier against the Greengene 138 database. 
Prior to subsequent analyses, the abundance table was normalized by down-
sampling to 50,000 sequences per sample. Alpha-diversity (Shannon’s 
diversity index), beta-diversity (Bray-Curtis’ dissimilarity index), and 
principal coordinate analysis (PCoA) were estimated using phyloseq and 
vegan R packages. Statistical significances of alpha and beta diversity were 
calculated using Kruskal-Wallis and PERMANOVA tests, respectively. The 
co-occurrence network was constructed using FastSpar v.1.0.0 (Watts et al., 
2018) and visualized with Cytoscape v.3.9.1. 
 

RESULTS  
 
In vitro and in vivo plant growth promoting activity of GYM-I2 

Plant nutrient acquisition activities such as N fixation, P solubilization, 
and K solubilization of GYM-I2 were observed by using Nfb, PVK, and ASD 
media, respectively. The results indicated that GYM-I2 had N-fixing activity, 
based on color changes in the Nfb medium from green to blue. Moreover, they 
also showed phosphorus and potassium solubilization activity by clear zone 
formation on PVK and ASD plates, respectively as shown in Fig. 1. 
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Figure 1.  In vivo plant growth-promoting activity tests of GYM-I2
 community. (A) Nfb medium: nitrogen fixation, (B) PVK
 plate: phosphate solubilization, and (C) ASD plate: potassium
 solubilization activities. 

 
Maize was used as a plant model for in vivo plant growth-promoting 

activity test of GYM-I2. The GYM-I2 cell suspension was used as an 
inoculum by pouring on maize pots every 7 days at a final concentration of 
106 CFU/g soil. The results showed that GYM-I2 promoted the better growth 
of maize in the aspects of cumulative height and root and shoot dry weight 
than the control, especially shoot dry weight which showed a significant 
difference in statistical analysis when compared to the control (Fig. 2). 
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Figure 2.  Influence of GYM-I2 inoculation on (A) maize growth, (B)
 root growth characteristic, and (C) maize cumulative plant
 height, root dry weight, and shoot dry weight compared to the
 control. 

 
Maize rhizosphere microbial composition 

The composition and dynamic change of the GYM-I2 community were 
evaluated by comparing 16S rRNA profiles of maize rhizosphere (i.e., only 
GYM-I2 inoculated maize), after the application of GYM-I2 into the 
experimental pots (Fig. 3). The samples were collected at the starting point 
(week 0), week 1, and week 4 after inoculation. The starting point of maize 
rhizosphere exhibited Actinobacteria, Proteobacteria, and Firmicutes as the 
top three dominant phyla, respectively (Fig. 3A). At week 1, the growth of 
Proteobacteria (58.7%) and Firmicutes (33.7%) dramatically increased in the 
maize rhizosphere, while the reduction of Actinobacteria was observed (Fig. 
3A). At week 4, the relative abundance of Firmicutes and Actinobacteria 
slightly decreased from week 1, whereas an increase in Bacteroidetes, 
Planctomycetes, and Cyanobacteria was observed (Fig. 3A). At the order 
level, Rhodobacterales, Rhizobiales, Xanthomonadales, Sphingomonadales, 
Pseudomonadales, Clostridiales, Caulobacterales, and Sphingobacteriales 
were continuously increased from week 0 to week 4 (Fig. 3B). The results 
implied that these groups of bacteria might be able to well-adapted in soil and 
play important roles in maize growth enhancement. 
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Figure 3.  Bar graphs represent maize rhizosphere bacterial composition
 at (A) phylum and (B) order level. 

 
Maize rhizosphere microbial diversity 
 Alpha-diversity analysis exhibited an increasing trend of bacterial 
richness based on the Shannon index from week 0  to week 4  with statistical 
significance (p < 0.05) (Fig. 4A). In terms of beta-diversity, an unconstrained 
PCoA plot revealed distinct bacterial populations and a clear separation 
according to the time; the first and second components explained 66.5% and 
23 . 3%  of the variation, respectively (Fig. 4B). PERMANOVA test result 
further indicated that time (p < 0 . 01 )  induced significant shifts in overall 
bacterial composition (Table 1). 
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Figure 4.  Diversity analysis estimated at the ASV level. (A) Shannon

 diversity. (B) Principal coordinate analysis (PCoA) was
 calculated using Bray-Curtis’ dissimilarity index. 

 
Table 1.  PERMANOVA test calculated based on Bray-Curtis’

 dissimilarity index with 999 permutations 
 

 Df Sum of Squares R2 F Pr(>F) 
Group 2 2.05781 0.88579 19.39 0.004 ** 
Residual 5 0.26532 0.11421   
Total 7 2.32313 1   

Significant codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘’ 1 
 
Co-occurrence network of maize rhizosphere 

To investigate how the inoculation of GYM-I2 affects the co-
occurrence patterns of the maize rhizosphere community, the bacterial 
community network was analyzed. The results showed that Proteobacteria 
was the most abundant phylum in the network accounting for 47.29% of the 
total nodes, followed by Actinobacteria with 22.48%. Similarly, the number 
of hub nodes (nodes with a degree score > 14 in the network) was dominated 
by the members of phyla Proteobacteria and Actinobacteria with 18 and 13 
genera, respectively (Fig. 5). 
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Figure 5. Bacterial co-occurrence network constructed at the genus level. 
The green and red colors of the edges indicate positive and 
negative correlations (absolute correlation > 0.6 and p < 
0.005), respectively, while the color of the nodes represents 
bacterial phylum. The nodes with black borders were identified 
as the hub taxa.  

 
DISCUSSION 

 
Microbial diversity is an important parameter related to soil fertility 

and productivity. In nature, microbes interact with each other to perform their 
functions as a community. Actinobacteria, Proteobacteria, and Bacteroidetes 
are PGPB that are dominant in the sugarcane rhizosphere (Liu et al., 2021). 
Actinomycetales and Rhizobiales have been reported to be the core bacteria 
of sugarcane under drought stress (Liu et al., 2021). Moreover, Streptomyces 
was suggested to be the core genus in conventional, transition, and organic 
sugarcane farms and to be the keystone of the sugarcane microbiome in 
organic management in Thailand (Khoiri et al., 2021). Keystone species are 
important taxa that drive the function of microbial communities. Therefore, 
the group of Actinobacteria especially Streptomyces spp. has been the target 
of enrichment in this study. Application of GYM streptomyces medium 



 
The 34th Annual Meeting of the Thai Society for Biotechnology and International 
Conference “Sustainable Bioeconomy : Challenge and Opportunities”  

  
 
 

 November 24–25, 2022, Ambassador Hotel Bangkok, Thailand 483 
 
 

prescribed based on the KOMODO reveals the possible selection method on 
targeted bacteria for further analysis. 
 The highest relative abundance of Actinobacteria in maize rhizosphere 
inoculated with the GYM-I2 community at week 0 indicated that 
Actinobacteria was a major group of bacteria that could be enriched from 
sugarcane root by GYM streptomyces medium, especially order 
Actinomycetales such as Agrococcus, Kribbella, Yonghaparkia, 
Arthrobacter, and Streptomyces and class Thermoleophilia including 
Solirubrobacterales and Gaiellaceae. However, the relative abundance of most 
Actinobacteria was reduced after one- and four weeks post-inoculation. In 
opposite, members of Proteobacteria, i.e., Rhizobiales, Enterobacteriales, and 
Rhodobacterals, and constituents of Firmicutes, i.e., Clostridiales and 
Bacillales were increased. This result was consistent with previous studies that 
found the enrichment of Proteobacteria, Firmicutes, Bacteroidetes, and 
Cyanobacteria in the maize rhizosphere (Li et al., 2014). The predominance 
of Proteobacteria might be due to their ability to utilize maize exudates by 
catabolizing complex aromatic compounds and transforming organic C, N, P, 
and S (Li et al., 2014). Therefore, the reduction of Actinobacteria from GYM-
I2 inoculum in maize rhizosphere might be related to plant-microbe 
interactions in which root exudates are an important factor for specifying 
microbial populations in the rhizosphere (Canarini et al., 2019; Maurer et al., 
2021). In addition, diversity analysis showed an increasing trend of species 
richness from week 0 to week 4 and a distinct rhizosphere bacterial profile. It 
indicated that plant age had a stronger influence on both microbial diversity 
and composition (Marques et al., 2014). 

Co-occurrence network analysis revealed that Streptomyces was one 
of the major hub taxa identified in the network. It implied that Streptomyces 
could play an important role in the community although its abundance is lower 
in weeks 1 and 4. Previous studies have shown that numerous hub taxa were 
detected in a low abundance, and they are not always the most predominant 
species in the community (Guo et al., 2022). Another hub node under 
Actinobacteria was Arthrobacter. It has been reported that Arthrobacter was 
associated with wheat, sorghum, and maize (Tahir, 2014). Arthrobacter spp. 
have also been isolated from maize rhizosphere and exhibited beneficial 
capabilities to solubilize P, fix N, produce siderophores, and support maize 
seed germination and growth (Tchakounté et al., 2018; Vanissa et al., 2020). 
Interestingly, a strong positive correlation between Enterobacteria and 
Gluconacetobacter has been observed. Both of these bacteria have been 
known to be sugarcane’s endophytes that could promote sugarcane growth 
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(Lin et al., 2012; Paredes-Villanueva et al., 2020). N-fixing enterobacteria 
have been isolated from China, Pakistan, Uruguay, Brazil, and Japan which 
are related to sugarcane growth promotion (Lin et al., 2012, Magnani et al., 
2010). Gluconacetobacter such as G. diazotrophicus presented several plant 
growth-promoting activities such as P solubilization, N-fixation, indole-3-
acetic acid (IAA) biosynthesis, and zinc production (Paredes-Villanueva et al., 
2020). Altogether, these results indicated that the GYM-I2 inoculum might 
perform central hub roles and interact with other PGPB in the community to 
stimulate maize growth. 
 

CONCLUSION 
 

 The design of successful biofertilizers to upgrade soil function has 
significant implications for the manipulation of plant microbiomes for 
sustainable agriculture. This study demonstrated the effectiveness of a 
microbiome-based screening approach using a GYM streptomyces medium to 
enrich members of Actinobacteria as an inoculum to promote maize growth 
and development. Particularly, the co-occurrence network analysis suggested 
that the GYM-I2 could promote maize growth by playing an essential role as 
the hub taxa and interacting with other PGPB in the rhizosphere community. 
Overall, the design synthetic microbial community approach has been 
successfully performed and could enhance crop growth and productivity. 
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ABSTRACT 
 

Several antibiotics have traditionally been used to treat salmonellosis 
in poultry. However, the excessive use of antibiotics can lead to antibiotic-
resistant bacteria. Finding an alternative measure to solve salmonellosis is, 
therefore, a key step in creating sustainable and responsible farming. In this 
study, we aim to find potential probiotic bacteria with anti-Salmonella activity 
from fermented food and chicken manure to be used as alternative 
antimicrobial agents for the prevention and treatment of Salmonella infection 
in poultry. Anti-Salmonella bacteria was screened by an agar overlay method. 
Eleven isolated bacteria were identified as Bacillus siamensis and Bacillus 
velezensis by 16s rRNA gene sequencing. The anti-Salmonella activity of the 
isolated Bacillus strains was confirmed by a well diffusion method. To assess 
the probiotic potential of the bacteria, the viability of the isolates under the 
simulated gastrointestinal tract conditions of chicken was examined. The 
results showed that all isolates were able to survive at 42 °C, at pH 2.0 together 
with 1 mg/ml pepsin, and in the presence of 0.3% (w/v) bile salt. To 
investigate the ability of the isolated Bacillus strains to colonize chicken guts, 
we carried out a hydrophobicity test, which showed that four Bacillus strains, 
namely FF18-4, CF24-1, CF24-2, and CF25-1, exhibited high hydrophobicity 
percentage. The findings of this study provided valuable information for the 
future applications of the Bacillus strains as candidates for alternative anti-
Salmonella treatment in poultry farming. 
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INTRODUCTION 
 

Chicken products are one of the most significant protein sources. To 
meet global demands for chicken meat, the production of the meat has been 
increasing every year. However, salmonellosis, a poultry disease caused by 
gram-negative bacteria from the genus Salmonella, contributes to significant 
losses in chicken meat production and poses a threat to human health. With 
the extremely complicated epidemiology and the wide range of serotypes of 
the genus, this disease is one of the most challenging foodborne illnesses to 
control.  

Salmonella Typhimurium (Rabsch et al., 2002) and S. Enteritidis (Shah 
et al., 2017) are the common serotypes of Salmonella sp. found in commercial 
chicken, turkey, and duck. Cephalosporin (Das et al., 2019) and 
fluoroquinolones (Shane et al., 2017) have traditionally been used to treat 
salmonellosis in poultry. However, the excessive use of antibiotics is the major 
cause of antibiotic residues found in poultry products, such as meat and eggs. 
Such antibiotics usage is not authorized in food intended for human 
consumption and can lead to antibiotic-resistant bacteria (Cuypers et al., 
2018). 

Finding an alternative measure to solve salmonellosis is therefore a 
key step in creating sustainable and responsible farming. Recently, scientists 
throughout the world have focused on the role of microbiota, a group of 
bacteria that exist in numerous organs of both humans and animals. 
Microbiota are associated with host immunity (Belkaid & Hand, 2014), 
pathogen infection prevention (Fujimura et al., 2010), and host metabolism 
(Guinane & Cotter, 2013). In addition, many studies have shown that several 
bacterial species are capable of producing proteins and peptides, such as 
bacteriocin, to kill other microorganisms. For example, Lactococcus lactis 
produces nisin, a polycyclic peptide that exhibits antimicrobial activity against 
gram-positive bacteria. The peptide has been widely used as a food 
preservative agent (Kaletta & Entian, 1989).  

In this work, we isolated and identified potential probiotic bacteria 
with anti-Salmonella activity from fermented food and chicken manure 
collected from several locations in Thailand. All samples were prepared and 
spread on Tryptone Soya Agar (TSA), a general-purpose nonselective growth 
medium, to grow bacteria from the samples. After that, an agar overlay method 
was performed for a primary screening for anti-Salmonella bacteria. 16s 
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rRNA gene sequencing was used to identify the isolated bacteria with anti-
Salmonella activity. Finally, the anti-Salmonella activity of the isolated 
Bacillus was confirmed using a well diffusion method. To assess the probiotic 
potential of the isolated Bacillus, the isolates were grown under simulated 
chicken gastrointestinal tract conditions. Finally, a hydrophobicity test was 
performed to investigate the ability of the isolated Bacillus to colonize chicken 
guts. This work provided valuable information for the potential use of the 
Bacillus strains as alternatives to conventional anti-Salmonella treatments in 
chicken husbandry. 
 

MATERIAL AND METHODS 
 
Strains and media 

Throughout this study, five Salmonella strains, including S. 
Typhimurium, S. Enteritidis, S. Choleraesuis, S. Weltevreden, and a clinically 
isolated strain of Salmonella, were used. All Salmonella and other bacterial 
isolates were grown in Tryptone Soya Broth (TSB) and Tryptone Soya Agar 
(TSA) (Himedia) at 37 °C.  
 
Isolation and purification of bacterial strains from biological samples 

A porcine placenta, 21 chicken intestines, 25 fermented foods, and 47 
chicken manure samples were collected from various regions in Thailand. 
Samples were prepared by dissolving 1 g of sample into 0.9 ml of 0.85% (w/v) 
NaCl. A 10-fold serial dilution was performed to dilute the sample solution to 
the desired concentration. After that, 100 µL of a diluted sample were spread 
on a TSA plate and then incubated at 37 °C until colonies could be observed. 
The incubated plate was further used for determination of anti-Salmonella 
activity.  
 
Primary screening for anti-Salmonella bacteria 

To determine whether the bacterial isolates could inhibit the growth of 
Salmonella, an overnight culture of each Salmonella strain was diluted with 
TSB to an OD600 of 0.1 and resuspended with molten TSA containing 0.7% 
(w/v) agar to a final OD600 of 0.01. The diluted culture of Salmonella cells was 
poured on top of the plate containing isolated bacteria from the previous step. 
The plate was incubated at 37 °C for overnight. Finally, colonies with an 
inhibition zone were isolated and purified. 
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DNA extraction and determination of 16s ribosomal RNA gene sequences 
1.5 ml of isolated bacteria cells, grown in TSB at 37 °C for overnight, 

were harvested by centrifugation at 1,000 rpm for 5 min.  The cells were 
washed with 1 ml of Tris EDTA (TE) buffer. The cell pellet was subsequently 
resuspended in 0.3 ml of TE buffer and incubated at -20 °C for 20 min. The 
resuspended cells were incubated at 100 °C for 15 min and centrifuged at 
1,000 rpm for 5 min. The supernatants were collected for PCR. The 16s rRNA 
genes were amplified by PCR with the specific primers 27F (5' AGAGT 
TTGAT CMTGG CTCAG 3') and 1492R (5' TACGG YTACC TTGTT 
ACGAC TT 3'). The amplified PCR products were separated by 
electrophoresis in 1.0 % agarose gel and further purified using FavorPrep 
purification kit according to the manufacturer’s instructions. The sequence 
fragments were sent for DNA sequencing by Macrogen. The sequencing 
results were processed by SnapGene and further analyzed by EzBioCloud for 
species identification. 
 
Random amplified polymorphic DNA (RAPD-PCR) 

The DNA of bacterial isolates was extracted by using Quick-DNA 
Microprep Plus Kit. The DNA was amplified by RAPD-PCR with the GTG5 
primer (5' GTGGT GGTGG TGGTG 3'). The amplified PCR products were 
analyzed by electrophoresis in 1.5% agarose gel.  
 
Agar well diffusion test 

A diluted Salmonella culture in molten TSA containing 0.7% (w/v) 
agar was prepared as described above and poured onto a TSA plate. The well 
was made by punching the agar plate with a 6 mm cork borer. 60 µL of the 
cultures or supernatants of the bacterial isolates, grown in TSB at 37 °C for 
overnight, were loaded into each well. TSB and 30 µg/ml oxytetracycline were 
used as a negative and positive control, respectively. The plates were 
incubated at 4 °C for 3 h and then at 37 °C for 18 h. The diameter of the 
inhibition zone around the well was measured. The experiment was repeated 
three times. 
 
Effect of temperatures 

To determine the effect of temperature on the growth of isolated 
bacteria, each isolate was cultured in 5 ml TSB media at 37 °C or 42 °C, 200 
rpm for 10 h. Every hour, the optical density of the sample was measured at 
600 nm. The experiment was repeated three times. 
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Acid tolerant test of vegetative cell and spore 
The isolated bacteria were grown in Luria-Bertani (LB) medium 

supplemented with 1% glucose (Glu) at 37 °C and 200 rpm. Then, 700 µL of 
the cultures with a final OD600 of 0.5 was centrifuged at 8,000 xg for 10 min. 
The pellets were resuspended in 1,000 µL of LB broth supplemented with 1% 
Glu and 1 mg/ml pepsin (pH 2.0) and incubated at 37 °C, 200 rpm, for 3 h. 
The survival rate of the vegetative cells was observed by spreading the treated 
cells on LB agar plates supplemented with 1% of Glu and incubating the plates 
at 37 °C for 18 h. The experiment was repeated three times. 

To examine the spore of the isolated bacteria, the bacterial cells were 
grown in Nutrient Sporulation Medium (NSM) at 37 °C and 200 rpm for 72 
h. The culture was centrifuged at 4 °C, 8,000 xg for 10 min. The pellets were 
washed with deionized (DI) water 10 times and boiled at 80 °C for 10 min. 
The solution was centrifuged at 4 °C, 8,000 xg for 10 min. The pellets were 
resuspended in 1,000 µL of 0.85% NaCl (pH 2.0) supplemented with 1 mg/ml 
pepsin and incubated at 37 °C, 200 rpm, for 3 h. The survival rate of the spores 
was observed by spreading the spores on NSM agar plates and incubating the 
plates at 37 °C for 18 h. The experiment was repeated three times. 

 
Bile salt tolerant test 

The cultures of the isolated bacteria were grown in TSB at 37 °C until 
the OD600 reached 0.5 and centrifuged at 5,000 xg for 2 min. The pellets were 
resuspended in 1,000 µL TSB supplemented with 0.3% (w/v) bile salt and then 
incubated at 37 °C for 3 h. The survival rate of each isolate was observed by 
spreading the cells on TSA plates and incubating the plates at 37 °C for 18 h. 
The experiment was repeated three times. 

 
Hydrophobicity test 

The isolated bacteria cultures were grown in TSB at 37 °C until the 
OD600 reached 0.5 and centrifuged at 5,000 xg for 5 min. The pellets were 
washed with 1 ml Phosphate-Buffered Saline (PBS) solution (pH 7.2) twice 
and resuspended in the same solution. The absorbance at 600 nm was 
measured as the value “A”. Subsequently, 0.3 ml of toluene was added to the 
solution and incubated at room temperature for 10 min. The solution was 
mixed by vortexing for 2 min and incubated at 37 °C for 15 min. The 
absorbance at 600 nm was measured as the value “A0”. The hydrophobicity 
percentage (H) was calculated by using the following equation: H (%) = [(A 
– A0)/A] x 100. The experiment was repeated three times. 
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Antibiotic susceptibility test 
Six antibiotics, including ampicillin (AMP), chloramphenicol (CHL), 

kanamycin (KAN), erythromycin (ERY), tetracycline (TET), and 
ciprofloxacin (CIP), were diluted by 2-fold serial dilution for 16 
concentrations from 128 µg/ml to 0.003 µg/ml in 96-well plates. 90 µL of each 
Bacillus isolate with an OD600 of 0.2 was grown in a 96-well plate with 10 µL 
of the diluted antibiotic. The absorbance at 600 nm was measured by using a 
microplate reader before and after incubation at 37 °C for 24 h. The MIC 
values were calculated and compared to the MIC breakpoint by the European 
Food Safety Authority (EFSA). 
 

RESULTS  
 
Identification of bacterial isolates that inhibit Salmonella growth 

Eleven bacterial isolates with anti-Salmonella activity from fermented 
food and chicken manure were identified. According to 16s rRNA gene 
sequencing, ten isolates, designated as FF20-3, CF24-1, CF24-2, CF25-1, 
CF41-1, CF41-2, CF41-3, CF41-6, CF41-7, and CF41-11, were identified as 
B. siamensis, while one isolate, designated as FF18-4, was identified as B. 
velezensis. Furthermore, the RAPD-PCR result clearly indicated that FF18-4 
is distinct from other isolates (Fig. 1). 
 

 
 
Figure 1. RAPD-PCR analysis of Bacillus isolates. M: 1kb plus DNA 

ladder; lane 1: FF18-4; lane 2: FF20-3; lane 3: CF24-1; lane 4: 
CF24-2; lane 5: CF25-1; lane 6: CF41-1; lane 7: CF41-2; lane 
8: CF41-3; lane 9: CF41-6; lane 10: CF41-7; lane 11: CF41-
11. 
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Anti-Salmonella activity of the isolated Bacillus strains  
Two isolates from fermented food samples (FF18-4 and FF20-3) and 

eight isolates from chicken manure (CF24-1, CF24-2, CF25-1, CF41-2, CF41-
3, CF41-6, CF41-7, and CF41-11) were confirmed for their anti-Salmonella 
activity by an agar well diffusion test. With the exception of the supernatant 
of CF41-6, CF41-7, and CF41-11, the results revealed that most isolates 
exhibited anti-Salmonella activity in both cell cultures and supernatants. 
Interestingly, both the cell culture and supernatant of FF20-3 demonstrated 
remarkable inhibitory activity against all strains of Salmonella 
 
Table 1. Anti-Salmonella activity of the isolated Bacillus strains by an agar 

well diffusion test 
 

Isolated 
code 

Diameter of inhibition zone (mm) 
1 2 3 4 5 

C S C S C S C S C S 
FF18-4 ++ ++ ++ ++ ++ ++ +++ +++ ++ ++ 
FF20-3 +++ +++ +++ +++ +++ +++ +++ +++ +++ ++ 
CF24-1 ++ ++ +++ ++ ++ ++ +++ ++ +++ ++ 
CF24-2 +++ ++ +++ ++ ++ ++ +++ +++ +++ ++ 
CF25-1 ++ ++ ++ ++ ++ ++ + ++ +++ ++ 
CF41-2 ++ ++ ++ ++ ++ ++ +++ ++ ++ ++ 
CF41-3 ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ 
CF41-6 ++ ++ +++ + ++ - +++ ++ ++ ++ 
CF41-7 ++ + +++ ++ ++ - ++ ++ ++ + 
CF41-11 ++ ++ ++ + ++ - + - ++ ++ 

Susceptibilities are presented in the diameter of inhibitory zones.: -: absence of 
inhibitory zones; +: ≤ 10 mm; ++: 11 – 20 mm; +++: 21 - 30 mm. 1: clinically isolated 
Salmonella strain; 2: S. Typhimurium; 3: S. Enteritidis; 4: S. Choleraesuis; 5: S. 
Weltevreden; C: Cell culture; S: Supernatant 
The maximum standard deviation is 14.47. 
 
Characterization of probiotics  

To examine the probiotic potential of the Bacillus isolates, each strain 
was grown under individually tested conditions, including 42 °C, pH 2.0 with 
1 mg/ml pepsin, and 0.3% (w/v) bile salt. The results showed that all isolates 
exhibited typical growth patterns at 42 °C. It was apparent that all strains could 
survive at 42 °C, which is the temperature of the chicken intestine (Fig. 2B). 
In the presence of 1 mg/ml pepsin (pH 2.0) for 3 h, vegetative cells of five 
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isolates, including FF18-4, CF24-1, CF24-2, CF25-1, and CF41-7, exhibited 
the relatively high survival rates of more than 80% (Fig. 2C), whereas spores 
of all isolates showed the exceptional survival rates of more than 90% (Fig. 
2D). Eight Bacillus isolates, including FF18-4, FF24-1, CF25-1, CF41-2, 
CF41-3, CF41-6, CF41-7, and CF41-11, were able to survive for 3 h in the 
presence of 0.3% (w/v) bile salt. Among these strains, CF41-2 displayed the 
highest survival rate (Fig. 2E). To evaluate the ability of the Bacillus strains 
to attach to host cells, a hydrophobicity assay was performed. Four isolates, 
FF18-2, CF24-1, CF24-2, and CF25-1, exhibited high affinity for toluene. 
Their percentage of hydrophobicity (%H) was more than 50%. As a result, 
these isolates were classified hydrophobic, while six isolates, FF20-3, CF41-
2, CF41-3, CF41-6, CF41-7, and CF41-11, were termed hydrophilic since 
their hydrophobicity percentage was less than 50%. CF24-2 showed the 
highest hydrophobicity percentage of 86.67% (Fig. 2F). 
 
Antibiotic susceptibility of Bacillus isolates 

An MIC assay was performed to examine whether the Bacillus isolates 
contained any antimicrobial resistance (AMR). This information was required 
for live bacteria used in feed additives to prevent AMR gene transfer to the 
pool of AMR genes already present in the gut bacterial population. The 
European Food Safety Authority defined microbiological cut-off values. The 
strain can be categorized as susceptible when its growth is inhibited at a 
concentration of a specific antimicrobial equal to or lower than the established 
cut-off value (S ≤ x µg/ml). The result showed that all isolated strains were 
categorized as susceptible. 
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Figure 2.  The probiotic properties of the Bacillus isolates: A and B:

 Growth at 37 °C and 42 °C; C and D: Acid tolerant ability of
 vegetative cells and spores; E: Bile salt tolerant ability; F:
 Hydrophobicity percentage  
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Table 2. Antibiotic susceptibility of Bacillus isolates 
 

Isolates 
Antibiotic [MIC (µg/ml)] 

AMP CHL KAN ERY TET CIP 
*Breakpoint n.r. 8 8 4 8 n.r. 
FF18-4 > 128 2 1 0.015 4 0.003 
FF20-3 > 128 1 8 0.015 0.125 < 0.003 
CF24-1 0.125 1 1 < 0.003 4 < 0.003 
CF24-2 > 128 1 0.125 < 0.003 4 < 0.003 
CF25-1 > 128 2 0.5 0.015 4 0.06 
CF41-2 > 128 2 0.5 0.03 4 0.03 
CF41-3 > 128 0.5 0.5 0.03 4 0.003 
CF41-6 > 128 1 0.007 < 0.003 4 0.015 
CF41-7 > 128 2 0.25 2 4 0.015 
CF41-11 > 128 8 0.5 0.015 0.25 0.003 

 
DISCUSSION 

 

B. siamensis and B. velezensis strains isolated in this study showed a 
great potential to be used as probiotics in poultry farming. Although probiotic 
potential has been mainly investigated in Lactobacillus and Bifidobacterium, 
which are lactic acid bacteria (LAB). Many Bacillus, such as B. cereus, B. 
clausii, B. coagulans, and B. licheniformis, have also been investigated and 
used as commercial probiotics (Lee et al., 2019). The ability of the Bacillus 
isolates to tolerate the simulated chicken gastrointestinal tract conditions was 
tested and confirmed (Fig. 2B-E). The spores of the Bacillus isolates showed 
exceptional survivability in these conditions, which are poorly tolerated by 
many LAB. This ability suggested that the Bacillus isolates might be a more 
favorable probiotic for poultry than LAB. It had previously been shown that 
Bacillus spores play a key role in probiotic adherence, which contributed to 
their superior germination and persistence in gastrointestinal tract conditions 
(Bernardeau et al., 2017). The stability of Bacillus spores also provide an 
additional advantage for the Bacillus isolates in probiotic-supplemented 
chicken feed production processes, which often include steps with high 
temperature. 
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CONCLUSION 
 

This study found that B. siamensis and B. velezensis isolated from 
fermented food and chicken manure displayed anti-Salmonella activity against 
several serotypes of Salmonella. The Bacillus isolates also showed abilities to 
survive under simulated chicken gastrointestinal tract conditions. The findings 
provided valuable information for the future applications of the Bacillus 
strains as candidates for alternative anti-Salmonella treatment in poultry 
farming. 
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ABSTRACT 
 

Demand for surfactants is constantly increasing worldwide due to their 
versatile applications. Here, optimization of biosurfactant production by 
Candida riodocensis GT-SL1R sp. nov. yeast strain was studied, using Box-
Behnken Design (BBD). The components used for optimizing culture 
conditions were yeast extract concentration, pH,  and culture time. These 
studied factors significantly affect the yeast production ability as a cell factory 
of the biosurfactant sophorolipids from substrates glucose and palm oil. The 
response surface methodology (RSM) was applied to create three-factor 
forecasting models for characterizing biosurfactant production concerning the 
yield with R2=0.9655. The highest biosurfactant yield was 21.47±0.38 g L-

1which is simultaneously obtained under the optimum culture condition of 1% 
yeast extract, pH of 4.5 and 5 day-cultivation. Thus, the BBD was useful for 
determining optimal sophorolipid production conditions. The novel yeast-
derived sophorolipid biosurfactant could be a viable producer in upscale 
production for future uses in the biosurfactant industry.  
 
Keywords: Biosurfactant, Candida riodocensis GT-SL1R sp. nov. strain., 
Optimization.  
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INTRODUCTION 
 

Surfactants are biochemicals that play an essential part in everyday life 
as well as in industrial sectors such as in oil and petroleum production, food 
and drinks, (Shah et al., 2017), cosmetics, pharmaceuticals, leather, textiles, 
paper, washing,  and ceramic (Oliveira, M. R.; Magri, An., 2015). Surfactants 
can also be used in environmental applications such as in wastewater treatment 
and oil removal (Daverey, A. & Pakshirajan, K., 2010). As a result, the 
demand for surfactants is constantly increasing. Presently, the surfactants used 
are chemically synthesized and difficult to decompose. They could also cause 
residues that pollute the environment or contaminate water resources and 
ecosystems. Currently, the government and the public are more aware of 
issues linked to chemical-derived surfactants and environmental problems. 
This leads to research and development to produce biosurfactants from various 
microorganisms such as bacteria, yeast and fungi to better find their 
applications which depend on their types and concentrations.  

The yeast Candida bombicola shows a high capacity for biosurfactant 
production, especially the sophorolipids (Claus, Jezierska, Elbourne, & Van 
Bogaert, 2022). This biosurfactant consists of two main components: the 
hydrophilic group of carbohydrates such as trehalose, sophorose, rhamnose, 
mannose or polysaccharide and the hydrophobic group of lipids (Nurfarahin, 
Mohamed, & Phang, 2018). There are 2 main types, acidic and lactonic forms 
of sophorolipids, Accordingly, the resultant product is dependent on the 
substrate being utilized and producing species (Liu, Zhao, Zhang, & Song, 
2021). It’s interesting to examine the biosurfactants produced by various 
microorganisms. Not only yeast species influence the biosurfactant types, but 
also growth variables and factors that affect the production processes such as 
carbon and nitrogen supplies, temperature, pH, cell density, metal ions, and 
stirring speed. They could also greatly influence microorganisms' capacity to 
synthesize sophorolipids. 

Several studies have investigated various factors, affecting 
biosurfactant production ( To et al., 2022) . There is research focusing on the 
effect of bioprocess factors on sophorolipid production and biosurfactant 
synthesis (Qazi, Wang, & Dai, 2022). Enhanced volumetric productivity 
utilizing high cell density fermentation (Gao, Falkeborg, Xu, & Guo, 2013) 
hydrophobic and pH (Gaur et al., 2020), and oxygen transferase rate 
(Guilmanov, Ballistreri, Impallomeni, & Gross, 2002). Under optimum 
conditions, every parameter studied influences variations in cell growth rate 
on sophorolipid biosynthesis. As a result, the nitrogen source and pH are 
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expected to have a positive influence on the development of sophorolipids in 
C. riodocensis GT-SL1R. Carbon sources used in the fermentation and 
production of microbial surfactants are carbohydrates, fats, and oils that 
contain the hydrocarbon group (Nurfarahin et al., 2018). When compared to 
alternative nitrogen sources, nitrates are more efficient, resulting in more 
sophorolipid fermented by the yeasts Torulopsis bombicola and Candida 
bombicola. It has been shown that yeast extract is the better nitrogen source 
for sebum production. Furthermore, adding amino acids to the growing media 
for example, aspartic acid, asparagine, glycine, and glutamic acid helps the 
bacteria to enhance their bioavailability as well as the biosurfactant synthesis. 

In this study, Candida riodocensis GT-SL1R sp. nov. yeast will be 
selected for the study because is closely related to C. bombicola, a highly 
efficient yeast in sophorolipid (SL) production. In addition, previous research 
(Alfian, Watchaputi, Sooklim, & Soontorngun, 2022) has reported that C. 
riodocensis GT-SL1R is potentially SL-producer and is effective in the 
production of sophorolipids with similar yield as C. bombicola. SLs produced 
show good antimicrobial and the ability to inhibit hypha and biofilm formation 
against the opportunistic yeast C. albicans. Fermentation optimization of SLs 
production will be investigated to increase the amount of SLs synthesis in C. 
riodocensis. The design expert RSM programs will be used in culture 
optimization with statistical analysis tools to reduce the number of trials and 
shorten the duration of the experiment and obtain the optimum conditions of 
the variables performed in SL production in the flask condition. The 
optimization will be designed by Box-Behnken Design (BBD) with three 
independent variables: concentration of yeast extract as a nitrogen source, the 
initial pH (3.0-6.0) and incubation time (3-7 days).  
 

MATERIAL AND METHODS 
 
3.1 Strains and inoculum preparation 

The strain GT-SL1R of C. riodocensis was from the Gene Technology 
Laboratory culture collection (KMUTT). The microorganism was maintained 
at 50% (v/v) in glycerol solution and stored at -20℃. The strains were 
inoculated on YPD agar, composed of 1% yeast extract, 2% peptone, 2% 
glucose, and 2% agar. The yeast culture was grown at 30 °C, 150 rpm, and 
incubated for 18 hours (Alfian et al., 2022). 
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3.2 Production medium for sophorolipid production 
The SLs medium's composition changed based on the experimental 

design described below (Sen, Borah, Bora, & Deka, 2017). Yeast extract was 
at concentrations of 0.5, 1.0 or 1.5 g L-1, pHs of 3, 4.5, and 6 was adjusted by 
the addition of 1M sodium hydroxide solution. The medium was composed of 
10% glucose, 0.1% urea, 0.1% KH2PO4, 0.05% MgSO4 7H2O, 0.01% 
CaCl22H2O, 0.01% NaCl, and 10% palm oil. Cells were then transferred to a 
flask and diluted to an OD600 of 0.1 (1x106 cells mL-1). At a temperature of 
30 °C, biosurfactants were produced using a rotary shaker rotating at 150 rpm. 
 
3.3 The response surface methodology (RSM) 

The relationship and effect of three parameters on the biosynthesis of 
biosurfactants were studied using a BBD. Yeast extract concentration, pH and 
time are three variables. The responses were biosurfactant yield. A total of 17 
experiments were run in this design, with five repeating at the central points. 
The five repeated statistical analyses revealed the experimental inaccuracy of 
the manufacturing method. Table 1. showed the component range and 
quantities using three factors or independent variables. Three levels of 
analysis were performed on each design element (-1.0, 0 and +1.0), which has 
a center-coded value of zero. These amounts were determined based on early 
experimental findings. Sophorolipid production batch of shake flask tests was 
carried out to explore sophorolipid production. The production medium (50 
mL) was incubated at 30 ◦C in a revolving orbital shaker incubator at 150 
rpm.  All tests were carried out in triplicate in Erlenmeyer flasks (250 mL), 
and the findings shown are the mean of three studies. RSM was studied using 
the experimental BBD values.  
 
3.4 Determination of sophorolipid production 

C. riodocensis GT-SL1R sp. nov. was cultured overnight in a 50 ml 
YPD 250 ml shaking flask at 30 °C and 150 rpm. Initial cell OD600nm 0.1 
(1x106 cells ml-1) in 50 ml of SLs medium's composition changed based on 
the experimental design described below (Sen, Borah, Bora, & Deka, 2017). 
Yeast extract (concentration, 0.5, 1.0 and 1.5 g L-1). The medium was made 
up of 10% glucose, 0.1% urea, 0.1% KH2PO4, 0.05% MgSO4 7H2O, 0.01% 
CaCl22H2O, 0.01% NaCl, and 10% palm oil. The sample was taken in 3, 5 and 
7 days. For the determination of cell growth, 50 ml of fermentation broth was 
centrifuged at 6,000g for 15 minutes to determine cell dry weight (g L-1). The 
pellet was cleaned twice with DW before being dried in an oven at 80 °C for 
24 hours. The supernatant was collected to extract the SLs. An analytical 
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balance was used to weigh the dried cells. For the SLs extraction, the 
supernatant was extracted twice with a corresponding amount of ethyl acetate 
using a separating funnel for SLs extraction. The upper phase of ethyl acetate 
was evaporated by the Hei-VAP Value/G3 rotary vacuum evaporator. The 
yields of SLs were determined using the experimental method as necessary 
(Alfian et al., 2022). 
 
3.5 Statistical analysis  

The effect's significance was established using Analysis of Variance 
(ANOVA) with a 95% confidence interval (Almeida et al., 2017). 
 

RESULTS  
  
RSM determined the optimal conditions to produce sophorolipids 
  Results are displayed in Table 2. To evaluate the response of a system 
to the experimental results and investigate the interaction of the three 
parameters chosen, yeast cells were cultured under different conditions. In 
condition of 1% yeast extract, pH 4.5, day 5 that corresponds to run numbers 
13- 17. We obtained the finest condition for sophorolipid biosurfactant 
production, when compared to remaining experiment with the greatest 
biosurfactant yields. It appeared when the least values of the independent 
variables X1, X2, and X3 were used. 
 
Table 1. RSM experimental ranges and levels of independent variables 

was employed in the design to optimize the biosynthesis of 
biosurfactants by C. riodocensis GT-SL1R sp. nov. 

 
Variables Rang and Level 

-1 0 1 
Yeast Concentration (%), x1 0.5 1 1.5 

pH, x2 3 4.5 6 
Cultivation time (Day), x3 3 5 7 
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Table 2. An experimental design matrix for biosurfactant optimization
  of C. riodocensis GT-SL1R sp. nov. using RSM. 
 

Run Yeast Concentration 
(%)  
X1 

pH  
 

X2 

Time (Day)  
 

X3 

Biosurfactant yield (gL-1 ),  
 

Y2 

1 0.5 3.00 5 16.669 
2 1.50 3.00 5 6.513 
3 0.50 6.00 5 7.707 
4 1.50 6.00 5 10.795 
5 0.5 4.50 3 15.44 
6 1.50 4.50 3 15.594 
7 0.50 4.50 7 21.92 
8 1.50 4.50 7 16.186 
9 1.00 3.00 3 13.478 
10 1.00 6.00 3 7.892 
11 1.00 3.00 7 21.395 
12 1.00 6.00 7 15.35 
13 1.00 4.50 5 20.857 
14 1.00 4.50 5 21.143 
15 1.00 4.50 5 21.524 
16 1.00 4.50 5 21.812 
17 1.00 4.50 5 22.0132 
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Table 3. The response surface quadratic model of sophorolipid 
production by C. riodocensis strain GT-SL1R 

 

a R2, 0.9655; adjusted R2, 0.9235.  
b p ≤ 0.05–significant at 5% level. 
 

ANOVA is essential for determining a model's significance and 
acceptance of the model. The quadratic and linear parameters, in addition to 
their associations, were not all statistically meaningful, as shown in Table 
3. (p≥0.05), the link between BC and C2 was not significant, indicating the 
relationship between B and C. The relationship between C2 is a factor that 
does not affect SL yield. And the F-value (with a 95% confidence range) for 
each parameter and association was substantially more than 3. The pure error 
(0.8976) suggested that the outcomes of the experiment were highly 
reproducible. Furthermore, the coefficient value (R2 =0.9655) showed that the 
empirical model cannot explain 1% of the entire variance. As a result, the 
linear regression was significant and could be used to define biosurfactant 
production properly. Analyzing the process's efficacy in terms of production, 
at run numbers 13-17 were produced the highest sophorolipid biosurfactant 
with an average of 21.47±0.38 g L-1 in media containing 1% yeast extract, pH 
4.5 for 5 days. Run number 17 was produced the highest of SLs 22.01 g L-1 

 

Source Sum of 
Squares df Mean Square F-value p-value b  

Model 457.08 9 50.79 22.46 0.0002 Significant 
A-YE Conc. 20.00 1 20.00 8.84 0.0207 Significant 

B-pH 33.26 1 33.26 14.70 0.0064 Significant 
C-Time 62.98 1 62.98 27.85 0.0012 Significant 

AB 43.85 1 43.85 19.39 0.0031 Significant 
AC 8.67 1 8.67 3.83 0.0911 Significant 
BC 0.0527 1 0.0527 0.0233 0.8830 Not significant 
A² 72.39 1 72.39 32.01 0.0008 Significant 
B² 200.61 1 200.61 88.70 < 0.0001 Significant 
C² 0.0063 1 0.0063 0.0028 0.9595 Not significant 

Residual 15.83 7 2.26    
Lack of Fit 14.93 3 4.98 22.18 0.0059 Significant 
Pure Error 0.8976 4 0.2244    

Total square 
sum 472.92 16 - - -  
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Figure 1.  Contrast the predicted and actual sophorolipid yields. by C.  

riodocensis strain GT-SL1R 
 

The relatively pure error (0.8976) demonstrated the reproducibility of 
the experiment results. The most essential element in increasing biosurfactant 
output was yeast extract. R2 will explain about variance (R2 = 0.9655) 
provided adequate fit (R = 0.9235). Furthermore, the distribution of levels 
predicted and actual was close to a straight line (Fig. 1), verifying the 
predictor. The conditions conducted with 1% yeast extract concentration, pH 
4.5, 5 Day (Run13-17) were chosen for biosurfactant production based on the 
RSM (ANOVA, Tables 3). The most important elements in both 
parameters were yeast concentration and pH. 
 

DISCUSSION 
 

 In this research, the focus is on finding the optimal conditions for 
surfactant production investigated with response surface methodology (RSM). 
Because RSM has effectively been used to minimize the cost of 
sophorolipid production by choosing balanced amounts of culture medium 
elements and improving cultivation conditions for maximum efficiency yield 
(Almeida et al., 2017). Sophorolipid produced by C. riodocensis strain GT-
SL1R reaches a high yield of up to 21.47±0.38 g L-1, based on the average of 
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runs 13-17. When produced in a shaker flask (Run 17). There are various 
factors influencing sophorolipid accumulation, such as yeast extract 
concentration, pH and culture time. The organic nitrogen source of yeast 
extract is most suitable for yeast cell growth at the pH range between 3 - 4.5 
for sophorolipid structure.  The acceptable pH was about 4.5. High yield of C. 
riodocensis is similar to that of C. apicola.  

W. domercqia also produces more lactonic sophorolipids with 
different nitrogen sources when the pH is adjusted with NaOH (Stüwer et al. 
1987). Additionally, pH and yeast extract promote crystalline sophorolipid 
synthesis. Our findings indicate that both nitrogen source and pH are key 
factors affing the control of sophorolipid production. As shown, the initial pH 
and nitrogen supply of the fermentation broth are critical parameters 
influencing yeast growth and product buildup. The chart displays the 
relationship between fermentation broth, nitrogen supply, and SLs production, 
as well as beginning pH and SLs production. The whole SL yield grows with 
the highest yield of 26.71 g L-1, 27 . 45  g L-1, respectively (Yu et al., 2021). 
Lastly, the mechanisms that control sophorolipid formation at the genomic 
and transcriptomic levels remain unknown and will be worth further 
investigation. 

 
CONCLUSION 

 
The current work revealed the efficacy of applying RSM to select the 

best culture conditions for producing biosurfactant from the C. riodocensis 
strain GT-SL1R. RSM aids in the designing of experimental conditions and 
determines the best conditions for the variable factors, including the 
concentration of 1% yeast extract and pH 4.5 in sophorolipid production.  
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ABSTRACT 
 

The Gram-negative bacteria name Edwardsiella ictaluri was reported 
to be the cause of Edwardsiellosis diseases infecting several economic fish 
including Nile tilapia. The result of the immunoproteomic identification found 
that Outer membrane protein C (OmpC) could react with the serum from the 
Nile Tilapia that was naturally infected with E. ictaluri. In this study, we 
successfully produce the OmpC protein in the Escherichia coli strain 
BL21(DE3) system with a molecular mass of 25 kDa in an insoluble form. 
The protein was solubilized and refolded before the immunization. When Nile 
tilapia were immunized with OmpC protein, it showed a significant increase 
of specific serum antibodies (P<0.05) after 1week post-immunization (7 dpi) 
and reached the highest titer at 3 weeks post-immunization (21 dpi). 
Additionally, the serum-specific antibody from Nile Tilapia immunized with 
OmpC protein displayed a bacterial agglutination property. In summary, the 
OmpC protein of E. ictaluri might be considered a candidate protein for 
developing Edwardsiellosis protective vaccine in Nile tilapia. 
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INTRODUCTION 
 

Nile tilapia is one of the most prominent and widely-cultivated fish in 
Asia and Africa, it was reported in 2017 that global production of the species 
Oreochromis niloticus reached an estimated 4.1 million tons (MT) and was 
valued at USD$ 7.6 billion. (Jansen, Dong, & Mohan, 2019). However, the 
effects of various diseases brought on by numerous bacteria, viruses, parasites, 
and fungi are having  devastating effects on the fish culture industries. 
(Chanagun et al., 2016). One of the bacterial species is E. ictaluri which 
infects catfishes and recently infects tilapia primarily cultured in Southeast 
Asia (SEA) with a fatality rate of 40-50% ( Soto et al., 2012; Dong et al., 2019)  
  E. ictaluri is a member of the Enterobacteriaceae family that have a 
pleomorphic rod with peritrichous flagella, and it is a Gram-negative 
bacterium  (Soto et al., 2012).  After 2 weeks of E. ictaluri infection, fish will 
have an increased mortality rate (Hawke, 1979) and the surviving fish can 
become contagious. Antibiotics have reportedly been used to treat 
Edwardsiellosis. However, E. ictaluri may develop antibiotic resistance due 
to the widespread use of antibiotics. Alternatively, vaccination is the most 
effective way to prevent infection. (Sommerset et al., 2005).  
  There have been successful trials of Edwardsiellosis prevention 
vaccines in a variety of fish species. Some vaccines have been created and 
formulated to protect against E. ictaluri infection in aquaculture. The 
attenuated vaccines, such as AQUAVAC-ESC® for channel catfish, have 
been patented in the United States of America.  (Abdelhamed et al., 2018). 
However, the limitations of varying efficacy in field trials and high cost were 
found (Bebak and Wagner, 2012).  

However, the development of a vaccine against E. ictaluri in Nile 
tilapia has received relatively little research. Furthermore, live-attenuated 
vaccines have been tested on fish for decades, but this kind of vaccine carries 
the risk of increasing virulence into a pathogenic strain and introducing it into 
the aquatic environment. (Munang'andu et al., 2015). A live-attenuated 
vaccine's consistent effectiveness is also thought to take some time to develop. 
(Cunningham et al., 2016).  Therefore, the development of a recombinant 
protein vaccine is an alternative platform that possesses a well-defined 
composition of specific immunogenic proteins with the ability to induce both 
humoral and cell-mediated immune responses and offers several advantages 
over previous vaccine strategies (Harro et al., 2010). 
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Here, the immunoproteomic technique was used in this study to 
identify the antigenic proteins from the outer membrane protein extracts of E. 
ictaluri.  The recombinant antigenic protein was produced in E. coli strain 
BL21(DE3). Consequently, the immunogenicity of the recombinant protein of 
E. ictaluri was also studied by investigating of antibody response in fish 
immunized with the recombinant protein. Hopefully, the defined 
immunogenic protein in this study will further be a candidate protein for 
recombinant protein vaccine development against E. ictaluri infection in Nile 
tilapia. 
 

MATERIAL AND METHODS 
 

Materials 
E. ictaluri strain 2234 was isolated from the diseased Nile tilapia as 

previously described (Dong et al., 2019; Machimbirike et al., 2021). The gene 
cloning and protein expression were performed in Escherichia coli strain 
DH5α and E. coli strain BL-21 (DE3) respectively. The expression plasmid 
was a pTAT (pET-15b-con). The E. coli strains were cultured in Luria-Bertani 
(LB), while E. ictaluri was cultured in tryptic soy broth (TSB) and kept in 
25% glycerol at -80 °C until required.  

 
Preparation of E. ictaluri outer membrane fraction 

E. ictaluri strain 2234 was cultured in TSB for 48 h at 30 °C. The cells 
were collected by centrifugation at 8000 × g for 10 min. Outer membrane 
proteins were prepared as previously described (Aldubyan et al, 2017). The 
outer membrane protein was re-suspended in 400 μl of HEPES buffer and the 
protein concentration was determined using the NanoDrop Lite 
Spectrophotometer (Thermo Scientific).  
 
Immunoproteomic identification of antigenic proteins 

  The 250 mg of outer membrane protein sample was precipitated by 
acetone. The supernatant was properly disposed and the residual acetone was 
evaporated at room temperature for 30 min. The rehydration buffer that 
contains 8 M urea, 4% (w/v) CHAPS, 50 mM DTT, 0.2% (v/v) carrier 
ampholytes and 0.0002% (w/v) bromophenol blue was used to dissolve the 
protein sample. The sample was then subjected to 2D-gel electrophoresis 
according to the manufacturer’s protocol (Curreem et al., 2012). The SDS-
PAGE condition of 2D-gel electrophoresis was performed according to the 
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previous study. (Velapatiño et al., 2013; Aldubyan et al., 2017) The separated 
protein spot from 2D-gel were subjected to immunoblotting with a serum 
derived from survival Nile tilapia naturally infected with E. ictaluri strain 
2234, and non-infected fish serum obtained from our previous study (Dong et 
al, 2019).  The mouse anti-tilapia IgM (Soonthonsrima et al., 2019) in the 
dilution of 1:100 was used as the secondary antibody and goat anti-mouse 
antibody conjugated with horseradish peroxidase (HRP) (1:5000) was used as 
a tertiary antibody for the detection of the reaction. Reaction signals were 
detected by using ECL substrates (Biorad, CA, USA) and photographed under 
ImageQuant LAS 500 (GE Healthcare, Uppsala, Sweden).  

 
Protein identification by LC-nanoESI-MS/MS analysis 

 The protein spots that reacted with the survival Nile tilapia serum 
naturally infected with E. ictaluri strain 2234 were sent for LC-nanoESI-
MS/MS analysis at Proteomic Services Center, Faculty of Medical 
Technology, Mahidol University. LC-nanoESI-MS/MS protein analysis data 
was performed using the search program MASCOT 
(www.matrixscience.com) with the National Central for Biotechnology 
Information (NCBInr), and SWISS-PROT sequence databases. The hit 
proteins were subjected to BLASTP to search for the proteins belonging to E. 
ictaluri available in the NCBI database and also confirmed by amino acid 
sequence alignment by the T-COFFEE Multiple Sequence Alignment Server.  

 
Construction of OmpC expression plasmid 

Genomic DNA of E. ictaluri strain 2234 was extracted by DNA 
extraction kit (Geneaid) according to the manufacturer’s protocol and used as 
a template for amplifying of OmpC (a target protein identified in this work). 
The primers used for the OmpC amplification were designed from the porin 
OmpC protein (accession number: WP_015871197.1) found in the complete 
genome of E. ictaluri (accession number: NC_012779.2) available in the 
GenBank database. The forward primer was 5/GCT GGA TCC GTG AAA 
CGT AAT CTG CTG GCA GCC3/ and the reverse primer was 5/CCG CTC 
GAG TTA GAA CTG GTA AAC CAG ACC CAG3/ (underline defined an 
enzyme restriction site). The purified PCR product of OmpC was digested 
with BamH I and Xho I restriction enzymes and cloned into the pTAT (pET-
15b-con). The recombinant plasmid containing OmpC expressed the 
recombinant proteins as the fusion proteins with 6X His-tags at the N-
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terminus. Successful recombinant constructs were confirmed by DNA 
sequencing analysis. 
 
Expression and purification of recombinant OmpC protein 

 The recombinant plasmid, namely pTAT/OmpC, which contained the 
inserted OmpC gene was then extracted from E. coli DH5a  and transformed 
into the E. coli strain BL21(DE3) to perform expression analysis of the 
recombinant protein. E. coli strain BL21(DE3) was cultured in LB media 
supplemented with ampicillin at 37 °C with the shaking of 200 rpm until the 
optical density of 600nm (OD600) reached 0.8. Then, a final concentration of 
0.1 mM of IPTG was added to the culture, and incubation was continued at 30 
°C with shaking at 150 rpm for 16 h. the cell pellet was separated by 
centrifugation at 5000 × g for 10 min and sonication before detecting the 
expression of the recombinant protein.  For the purification of the protein, the 
bacterial cell pellet was resuspended in 15 ml of 6 M urea lysis buffer (360.36 
g Urea, 20 mM Tris, 15 mM imidazole, 300 mM NaCl, and 1% of Triton 
X100, pH 8).  Cells were then disrupted by sonication and centrifugation at 
11,000 × g for 20 min to collect the supernatant for purification of recombinant 
OmpC by affinity chromatography using Ni-NTA (nickel–nitrilotriacetic 
acid) (Qiagen). The supernatant was incubated by a Ni-NTA affinity column 
and washed with lysis buffer.  The recombinant protein was eluted with 6 M 
urea elution buffer (20 mM Tris pH 8.0, 150 mM NaCl, 250 mM imidazole, 6 
M urea). The eluted soluble recombinant protein was buffer exchanged with 
phosphate buffer saline, PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 
1.8 mM KH2PO4 pH 7.4) by dialysis at 4 °C for 2 days. The purified protein 
was subjected to SDS-PAGE and Western blot analysis. 
 
Western blot analysis  

For Western blot analysis, the protein was transferred to the 
nitrocellulose membrane and the membrane was incubated with 5% BSA in 
PBS for 16 h at 4 °C.  Subsequently, the membrane was washed with PBST 
(PBS buffer containing 0.05% TweenTM 20) 3 times for 10 min and incubated 
with horseradish peroxidase (HRP) conjugated anti-His antibody (1:4000 in 
PBS) at 4  °C with shaking for 1 . 5  h.  Then, the membrane was washed with 
PBST 3 times for 10 min. The ECL substrate (Biorad, CA, USA) was added 
to the membrane and the signal was visualized under a gel documentation 
system (ImageQuant™LAS500, GE Healthcare Life Sciences). 
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Antigenicity analysis of OmpC 
  The antigenicity test for the recombinant protein OmpC was 
performed with the serum obtained from the survival fish naturally infected 
with E. ictaluri by using Western blot analysis previously described in section 
“Immunoproteomic identification of antigenic proteins”  
 
Immunization and fish serum collection 

  A total of 150 Nile tilapia juveniles were separated into 2 experimental 
groups. Each group contained 2 replicates of 25 fish each. Fish in each group 
were individually injected intraperitoneally (i.p.) except for the group injected 
with PBS was used as a control (Group 1). The fish in group 2 were immunized 
with 100 µl of a mixture of Montanide ISA 763 A VG and purified OmpC 
protein in a 7:3 ratio (adjuvant 7: protein 3) per fish.  The immunized mixture 
contained the final protein concentration of 1 mg/ml (Jaafar et al., 2015; Xu 
et al., 2019). After two weeks of the first immunization, fish were 
administered a booster dose. The fish were monitored for 3 weeks after the 
booster dose immunization. 1 ml of blood serum from immunized fish was 
collected every week by randomly selecting 2 fish from each replicate (6 fish 
per experimental group). The fish blood was incubated at 25 °C for 2 h before 
centrifugation at 3000 × g to separate the red blood cells and collect the serum. 

Serum-specific antibody titre detection of immunized fish  

  The ELISA assay was performed to detect the antibody response from 
the immunized fish by coating each well with purified recombinant OmpC 
protein overnight and blocking with a blocking solution (5% BSA in PBS) at 
4 ºC for 16h. The immunized fish serum from each experimental group (week 
1 to week 5) in the dilution rate of 1:1000 in PBS was added and incubated at 
25 ºC for 2 h. The plate was washed 3 times with PBST. The mouse anti-tilapia 
IgM (1:100 in PBS) was added to all wells (100 µl per well) and incubated at 
4 ºC for 2 h. The plate was then washed with PBST 3 times before the goat 
anti-mouse conjugated with horseradish peroxidase (GAM-HRP) (1:5000 in 
PBS) was added to each well and incubated at 4 ºC for 2 h before another 
washing with PBST 3 times. One hundred microliters of 3,3’,5,5’- 
tetramethylbenzidine (TMB, PanReac AppliChem, Darmstadt, Germany) 
substrate was added to the wells and incubated at 25 ºC for 5 min without light, 
thereafter the reaction was stopped by adding 100 mM of H2SO4, and the 
absorbance was read at OD450 nm using a microplate reader (Biorad, CA, 
USA).  
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Bacterial agglutination activity assay of immunized fish serum 

  E. ictaluri strain 2234 was cultured until the OD600 reached 1.0. The 
bacterial cells were suspended and washed 3 times with 1× PBS solution. The 
serum from week 3 of the immunized group was 2-fold serially diluted in 
sterile 1× PBS in a round-bottomed 96-well microplate in a volume of 100 µL 
each. The E. ictaluri bacterial suspension (100 µL) with a concentration of 
~108 CFU/ml was added to each well. As for the positive control, the bacterial 
suspension was mixed with serum from E. ictaluri naturally infected Nile 
tilapia. For the negative control, the bacterial suspension was mixed with 
serum from E. ictaluri previously injected with PBS solution.  
 
Statistical analysis 
 The data for detecting antibody response were analyzed by 
independent sample T-test. The trial data were presented as the means ± 
standard deviations (SD). Significant differences between the groups were 
defined by P <0.05. 
 

RESULTS 
 
Identification of antigenic protein from E. ictaluri 
 The immune-blot on the 2D-gel membrane with serum from survival 
Nile tilapia naturally infected with E. ictaluri strain 2234 showed that 3 protein 
spots strongly reacted with the serum.  When these 3 antigenic proteins were 
subjected to LC-nano ESI-MS/MS and the raw data was analyzed with the 
MASCOT program, it was found that the significant hit proteins according to 
MASCOT probability analysis were outer membrane protein F of Serratia 
marcescens (spot 1), a membrane protein of E. ictaluri (spot 2) and N-
acetylmuramoly-L-alanine amidase of E. ictalurid (spot 3). From the result, 
we selected the membrane protein (spot 1) as the protein for this study. When 
subjected this protein sequence to BLASTP in NCBI database, it was found 
that the protein demonstrated the most identicality with the porin OmpC 
protein of E. ictaluri (accession number: WP_015871197.1).  

 
Expression and purification of recombinant OmpC 

   The OmpC has successfully cloned into the pTAT (pET-15b-con). The 
amino acid sequence alignment of the cloned OmpC and the sequence from 
the database (accession number WP_015871197.1) reveals that the translation 
of the OmpC gene was in-frame in the plasmid. The recombinant OmpC in E. 
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coli strain could be expressed in E. coli BL21(DE3) as an insoluble protein. 
The SDS-PAGE analysis of the non-purified insoluble recombinant protein 
and the purified recombinant OmpC showed a molecular weight of 
approximately 25 kDa (Figure 1A). Western blot analysis was also performed. 
The result showed that the anti-His antibody could react with the protein band. 
In contrast, the BSA and the un-induced culture used as a negative control for 
the analysis, showed no sign of reactivity, confirming the successful 
expression and purification of the recombinant OmpC protein (Figure 1B). 
Additionally, The OmpC protein also reacted with serum from naturally 
infected fish with E. ictaluri strongly indicating the antigenicity of this protein 
(Figure 1C).  
 

 
 

Figure 1. The purified recombinant protein OmpC was produced by E. 
coli strain BL21(DE3) expression.  M: pre-stained protein 
standards (Biorad, CA, USA), OmpC: purified recombinant 
OmpC, Un: non-purified insoluble protein from un-induced 
culture, In: non-purified insoluble protein from induced culture, 
BSA: Bovine Serum Albumin used as a negative control. 

 
Specific serum antibody response and titer of immunized fish   
  Serum-specific antibody response from the fish after the immunization 
with purified recombinant OmpC protein was detected by ELISA assay at 0-, 
1-, 2-, 3-, 4- and 5 weeks after the first immunization. The results showed that 
the serum antibody levels in Nile tilapia induced by recombinant OmpC 
protein were significantly increased (P <0 .0 5) in the first week after 
immunization when compared to the antibody levels at week 0. After the 
second immunization on the second week, the result showed the highest 
antibody response at week 3, and a significant antibody level was maintained 
throughout 5 weeks after the first immunization (Figure 2A). The result also 
revealed that the highest antibody titer in week 3 was 1:40000 (P <0.05) when 
compared with PBS control (Figure 2B). 
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Figure 2. Antibody response from fish serum immunized with OmpC  

protein (A). The serum antibody titer from week 3 (B). The 
experiment was performed in triplicate (n=3), The differences 
between the mean values were analyzed using an independent 
sample T-test. * Indicate the P <0.05. 

 
Bacterial agglutination activity of serum antibody from immunized fish 
against E. ictaluri 
  Serum-specific antibodies from fish immunized with the purified 
recombinant OmpC could agglutinate E. ictaluri strain 2234 in the dilution of 
1:4. There was no agglutination with serum from PBS injected group (negative 
control) whilst agglutination was obtained with serum from E. ictaluri 
naturally infected fish (positive control) (Figure 3). 
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Figure 3. Bacterial agglutination activity of serum-specific antibody by 

2-fold serial dilution of immunized fish serum from 1:2 to 1:64. 
Reactivity between serum from fish immunized with 
recombinant OmpC protein (red arrow).  

 
DISCUSSION AND CONCLUSION 

 
We firstly identified the antigenic protein OmpC from E. ictaluri and 

successfully produced it as recombinant protein in the E. coli system.  The 
recombinant proteins contained both antigenic and immunogenic properties 
for stimulating serum-specific antibodies. To provide a more vaccine 
development impact on the OmpC protein, the protective efficacy needs to be 
further studied.  Our results showed a good starting point in the recombinant 
vaccine application with the protein form E. ictaluri for avoiding the increase 
of bacterial resistance strains due to the heavy usage of antibiotics in Nile 
tilapia to protect against bacterial infection. 
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ABSTRACT 
 

 Chia (Salvia hispanica L.), Chia seed is an antioxidant source with 
health benefits and has been growing in Thailand's northern area. Therefore, 
it is the target of study for food enrichment and others. The Chia seed oil 
extract was studied by soxhlet apparatus at 80 °C for 8 hours and ultrasonic-
assisted extraction at 60 °C for 40 minutes. The high content of oil extracted 
showed high levels in the 29 – 38% range. In addition, total phenolic content 
exhibited in 5.55 mg GAE/g crude extract and the evaluated antioxidation 
activity via the DPPH method display in 31.31 – 33.27% and 252.09 – 275.40 
µmol/g respectively for the FRAP method. The oil's contemplable quality 
conforms to the low value in acid value (5.52 mg KOH/g oil), peroxide value 
(5.94 meq O2/kg oil), and iodine value (77.24 g I2/100 g oil). Thai chia seeds 
exhibit a rich source of food nutrition, and it is important sources of dietary 
fiber (27.94%) and high content of protein (16.76%) and carbohydrate 
(16.91%). The results of the Thai chia seed component suggest that it also 
potentially demonstrates food supplementary to value addition in a health food 
product. 
 
Keywords: Antioxidation activity, Chemical composition, Food nutrition, 
Thai chia seeds, Total phenolic content. 
 

INTRODUCTION 
 

Salvia hispanica commonly called as chia seeds is an annual 
herbaceous plant, native of southern Mexico and northern Guatemala. 
Nowaday this crop is commercially grown in other countries as Argentina, 



 
The 34th Annual Meeting of the Thai Society for Biotechnology and International 
Conference “Sustainable Bioeconomy : Challenge and Opportunities”  

  
 
 

 November 24–25, 2022, Ambassador Hotel Bangkok, Thailand 523 
 
 

Colombia, Australia, and southeast Asia country such as Thailand. The 
expansion of chia seed and the commercialization of producs that include chia 
seed are growing rapidly around the world. Chia has a very important role as 
functional food and nutritional supplement and as an ingredient in cereal bars, 
biscuits, pasta, bread, snacks, and yogurt. It is a rich source of healthy fatty 
acids, protein, dietary fibre, vitamins, and antioxidants along with several 
minerals.  

Ixtaina et al., 2008  reported chia seed is underutilized pseudocereal 
with high amount of nutrients like protein (15-25%), carbohydrates (26-41%), 
dietary fiber (18-30%), ash (4-5%) and lipids (40%) of which 60% is omega-
3 fatty acids. However, the chemical composition and the amount of each class 
of compounds in chia seeds vary depending on several factors including 
genetic modifications, environmental conditions, and agricultural practices. 

Chia Seed Oil is a remarkable and stable source of omega-3 essential 
fatty acids (up to 65%) and omega-6 essential fatty acids (up to 21%). The 
natural antioxidant composition of chia seed oil helps to maintain the stability 
of the oil. The quality of edible oils is important for their acceptance as food 
and its formulation. Food safety legislation has gradually become more 
stringent, requiring the use of toxicity tests for synthetic antioxidants. 
Additionally, there is a tendency for consumers to use natural products such as 
antioxidants, as these are perceived as safe and do not require prior testing 
(Mason et al., 2007). 

The composition and the concentration of their bioactive compounds 
depend on several factors: climatic conditions, geographical origin and by the 
extraction methods (Ayerza and Coates 2004a, 2009a, 2009b, 2011, Capitani 
et al., 2012 and Ixtaina et al., 2011). The objectives of the present work were 
to study the chemical composition, antioxidation antivity of oil extracted from 
chia seeds growing in Chiangrai province northern location in Thailand. 
Additionally, evaluation of chia oil quality was evaluated. 
 

MATERIAL AND METHODS 
 
Materials 

Chia seed were obtained from Suanpana Food Security 4.0, Chiangrai 
province which is the northernmost major city in Thailand. Chemical reagents 
in analytical grade were provided from LabScan, Bangkok, Thailand. 
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Extraction of chia seed oil  
1. Soxhlet Extraction  
Extraction of oil in chia seed was applied from the Association Official 

Chemists (AOAC., 2012). Forty grams of chia seed is used for Soxhlet 
extraction by 300 ml of hexane for 8 hours. Solvent was evaporatedand dried 
by rotary evaporator, then cooled and weighed.  

2. Ultrasound-assisted extraction; UAE 
Forty grams of chia seed is used for Ultrasound-assisted etraction by 

300 ml of hexane for 40 minutes. Solvent was evaporatedand dried by rotary 
evaporator, then cooled and weighed. 

  
Chemical properties of chia seed oil  

The physicochemical properties (iodine value, acid value, peroxide 
value) of the extracted chia seed oil were analysed following the standard 
procedures by ISO (AOCS., 1999, ISO., 2009 and ISO., 2007).  

 
Total phenolic contents  

The total phenolic content was estimated using the modified Folin-
Ciocalteu photometric. The reaction mixture was prepared by mixing 0.5 mL 
oil sample (5000 ppm), 1 mL of 10% Folin-Ciocalteu’s reagent followed by 
the addition of 1 mL of 7% Na2CO3 solution. The solution was adjusted to the 
volume of 5 ml with distilled water. The absorbance was measured at 765 nm 
after 2 hours of incubation in the dark at room temperature against the blank. 
As the standard was used Gallic acid. The total phenolic content is here 
expressed as mg Gallic acid equivalents (GAE) per gram crude extract. 
 
Antioxidation activity of chia seed  

1. DPPH Radical Scavenging Activity  
The radical scavenging activity of the crude extracts was adopted to 

measure antioxidant activity using the DPPH method. Briefly, 0.2 mL of 
extract solution (100–1000 ppm) in methanol was added to 3 mL of DPPH 
(0.3 mM) solution. The mixtures were kept aside in a dark area for 2 hours 
and absorbance was measured at 517 nm against an equal amount of DPPH 
and methanol as a blank. Reference standard compound being used was 
ascorbic acid and experiment was done in triplicate. 

The percent DPPH scavenging effect was calculated by using 
following equation: 

DPPH scavenging effect (%) = A0 - A1 / A0 × 100 
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Where A0 was the absorbance of control reaction and A1 was the 
absorbance in presence of test or standard sample. 

2. Ferric reducing antioxidant power (FRAP) 
The total antioxidant potential of a sample was determined using the 

modified Fe3+ to Fe2+ reduction assay. 0.1 mL of sample were added into 
testing tube with 3 mL of FRAP reagent and followed by 0.3 mL deionized 
water. After 10 minutes of incubation was measured the absorbance at 595 
nm. The standard curve was prepared using different concentration of Gallic 
acid. The results were expressed as mol Gallic acid equivalents (GAE) per 
gram of sample.  

 
Nutritional composition analysis  

The methods of the Association Official Chemists (AOAC., 2012) 
were used for Nutritional composition analysis of chia seed. The kjeldah 
method was wont to determine the protein content. The crude fiber content of 
the samples decided by digestion method. 

 
RESULTS 

 
Chia seed oil content 

The percentage of oil contents in chia seeds extracted by soxhlet 
extraction and ultrasound-assisted extraction (UAE) are presented in Table 1. 
The extracted oil content ranged from 29 to 38 %, which was higher than data 
published by Ixtaina et al., 2011 via both of solvent extraction and UAE. 
Moreover, the oil extracted exhibit in the same range data of Ayerza R., 2016 
reports.  

 
Chemical properties of chia seed oil  

Table 1 shows the extraction oil content and chemical properties of 
chia seed oils obtained by solvent extraction and ultrasound-assisted 
extraction (UAE). The average FFA values were 5.50 mg KOH/g oil. These 
values were higher than the report of Ixtaina et al., 2011 (0.70 -2.05 mg 
KOH/g oil), 1.02 mg KOH/g oil for reported by Ghena and Amany, 2020 and 
0.82-1.02 mg KOH/g oil in previously reported of Uzunova et al., 2019. 
However, Oils with higher values of acidity can be acceptable for edible 
applications.  

Iodine values (75.57 and 77.24 (g I2/100 g oil) were lower than those 
published elsewhere Ixtaina et al., 2011 and Ghena and Amany, 202). The 
lower iodine value expects to decrease in auto-oxidation of oil. The peroxide 
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value of chia oil was 8.21 for solvent extraction and 5.94 meq O2/kg oil which 
closely to previous research reported by Ghena and Amany, 2020. 

The experimental results show that the quality of chia seed oil was 
influenced by the extraction process. 
 
Table 1. Chia seed oil content and chemical properties in various 

extraction method 
 

Extraction 
method 

Oil contents 
(%) 

Acid value 
(mg KOH/g oil) 

Peroxide value 
(meq O2/kg oil) 

Iodine value 
(g I2/100 g oil) 

Soxhlet  38.20 5.57 8.21 75.57 
UAE 29.30 5.52 5.94 77.24 

 
Total phenolic contents  

It is known that phenolic acids are the main phenolic compounds. 
Results for total phenolic content of chia seeds are presented in Table 2. For 
the crude extract via solvent extraction and UAE, total phenolic content of 
chia seeds is in higher than data already reported in literature by Sheila, et al., 
2017, Reyes-Caudillo et al., 2008, Marineli et al., 2014 and Martinez-Cruz 
and Paredes-Lopez, 2014 that described values between 0.02 and 1.63 mg 
GAE/g. 

 
Antioxidation activity  

The percentage of antioxidant activity via DPPH free radical and Ferric 
reducing antioxidant power (FRAP) are shown in Table. 2. Moreover, the 
results of antioxidation activity exhibit consistently with total phenolic content 
of chia seed. The present studies revealed that the chia seed extracted by 
solvent extraction (32.55-33.17 %) showed closely to Ultrasound-assisted 
extraction (UAE) extraction (31.31-33.27 %). The results of the antioxidant 
activity by the FRAP method showed 252.29 µmol/g of sample for solvent 
extraction which is near to extraction by UAE (275.40 µmol/g of sample). 
There was found significant difference in FRAP assay reported by Sheisa et 
al., 2013, in which chia seed (2.86±0.10 µmol TEAC/ g of sample), brown 
perilla (5.24 ± 0.09) and golden flax (0.33 ± 0.01). A factor that limits the 
comparison of studies is the extraction procedure used since it is a critical 
process for some matrices, particularly when there may be insoluble 
components with antioxidant capacity. 
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Table 2. Total phenolic content and antioxidant activity of chia seed  
 

Extraction 
method 

Total phenolic content 
(mg GAE/g crude extract) DPPH (%) FRAP value 

(µmol/g of sample) 
Soxhlet 5.53 32.55-33.17 252.29 
UAE 5.60 31.31-33.27 275.40 

 
Nutritional composition 
 Results of the protein content, dietary fiber content, and carbohydrate 
content analyses, by seed origin, are presented in Table 3. 

Chia seeds analyzed contain a high protein value in 16.76% as well as 
the variations found among locations agree with those reported for another 
study which compared chia seed grown in tropical and subtropical ecosystems 
of Argentina, Bolivia, Colombia, and Peru (Ayerza and Coates, 2004b). The 
amount of proteins in chia seeds depends mainly upon environmental and 
agronomical factors (Ullah et al., 2016). 

Moreover, chia seed had the very high dietary fiber (27.94%) and 
carbohydrate (16.91) (Table 3). This fiber content is higher than quinoa, 
flaxseed, and amaranth, even grater compared with other dried products (U.S. 
Department of Agriculture, 2011). 
 
Table 3. Nutritional composition of chia seed  
 

Composition Content (%) 
Protein 16.76 
Dietary fiber 27.94 
Carbohydrate 16.91 

 
CONCLUSION 

 
In summary, the examined chia seeds, from Chiangrai, Thailand, are a 

good source of oil and Nutritional composition. The quality of chia seed oils 
and composition constituents were influenced by the extraction process. The 
results show that Thai chia seed presents interesting chemical properties for 
the food industry. 
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ABSTRACT 
 

Plant growth promoting rhizobacteria (PGPR) is the group of 
beneficial bacteria that live in the rhizosphere and serve important roles to 
promote plant health and growth. Actinomycetes is one group of PGPR that 
play a critical role in stimulating plant growth. In this study, 3D3 and 3D8, the 
isolated actinomycetes from durian rhizosphere soils, displayed antagonistic 
activities against all three phytopathogens, which are Phytophthora palmivora 
CbP01, Xanthomonas axonopodis pv. manihotis, and X. campestris pv. 
campestris after performing a dual culture plate assay. These two strains had 
a variety of plant growth-promoting properties, including ammonia 
production, solubilization of phosphate, siderophore production, and 
degrading enzyme activities. Between these two isolates, only 3D8 had the 
ability of indole-3-acetic acid (IAA) production. Subsequently, the isolates 
were phenotypically characterized for their temperature, pH, and salinity 
tolerance. Additionally, in planta assay, both strains significantly increased 
root length and leaf area of tobacco plant when compared to the control after 
2 weeks inoculation. Therefore, 3D3 and 3D8 can be the promising candidates 
for further experiments in biocontrol and biofertilizer inoculant for plant 
growth promotion. 
 
Keywords: Actinomycetes, PGP activities, Plant growth promoting 
rhizobacteria, Sustainable agriculture. 
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INTRODUCTION 
 

Increasing crop yields production by the deliberate application of 
pesticides and synthetic fertilizers to fulfil consumer market needs and the 
expanding global population, which results in an average yield increase of 
around 50% compared to production without their use. However, some 
chemicals may bioaccumulate in the food chain and persist in the environment 
for a long time. Moreover, chemical fertilizers neglect the interactions 
between plants and microorganisms, while enhancing nutrient uptake and 
acquisition in the rhizosphere (Meena et al., 2017). To reduce the use of 
chemicals, plant growth promoting rhizobacteria has been studied and 
developed as the sustainable way in agricultural production. 

Plant growth promoting rhizobacteria (PGPR) is one of the effective 
ways to promote plant growth using beneficial rhizospheric microorganisms. 
They can promote plant growth by several direct and indirect mechanisms. 
The direct mechanism is related to biofertilizer properties including regulating 
hormonal and nutritional balance such as ammonia production, and phosphate 
solubilization. The indirect mechanism contains the biocontrol properties, by 
means of inducing resistance against plant pathogens through lytic enzyme 
production, antibiosis and ISR mechanisms. PGPR may combines several of 
these mechanisms for increasing plant development. 

Actinomycetes are Gram-positive filamentous bacteria with a high G-
C content in their genomic DNA and commonly found in terrestrial 
environment. They are a member of a large and diverse group of aerobic, 
mycelial bacteria that perform significant ecological functions in the cycling 
of soil nutrients. Moreover, these bacteria have abilities to produce several 
biologically active substances with important economic potential, such as 
enzymes, antibiotics, and vitamins. Additionally, Streptomyces is the large 
genus of the actinomycete family, which are the significant source for diverse 
antimicrobial metabolites and bioactive natural products (Franco-Correa et al., 
2010). According to research, they are typically safe and helpful when used as 
antimicrobials, antimalarials, anticancers, enzymes, insecticides, and plant 
growth hormones in the pharmaceutical and agricultural sectors. While they 
are commonly found in nature with their unique relationships with host plants, 
leading to the development of safer products for environment and human 
health (Tedsree et al., 2022). 

In this study, the selected actinomycetes were isolated from 
rhizosphere soil of durians with the aim of testing their antagonistic activities 
against Phytophthora palmivora CbP01, which caused important diseases in 
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the growth stage of durians, Xanthomonas axonopodis pv. manihotis and X. 
campestris pv. campestris, many of which caused black rot, the serious 
diseases of many important crops, such as varieties of brassicas, broccoli, 
kales, cassavas, etc., evaluation of their plant growth promoting properties in 
both in-vitro and planta assay in Nicotiana tabacum and phenotypically 
characterization of their temperature, pH, and salinity tolerance for better 
understand their potential value as biofertilizers and biocontrols for use in 
sustainable agricultural production. 
 

MATERIALS AND METHODS 
 
Isolation of actinomycetes  

Two rhizosphere soil samples were collected under diseased durian 
plant and air-dried for 1 week at room temperature. Then soil samples were 
serially diluted to 10-2, 10-3, 10-4, and 10-5 with 0.85% sterile normal saline 
solution. Afterward, 0.1 ml of each dilution was spread onto a water proline 
agar (g/l: proline 10 g; agar 12 g) and SCN agar (g/l: soluble starch 10 g; casein 
(vitamin free) 0.3 g; KNO3 2 g; MgSO4·7H2O 0.05 g; K2HPO4 2 g; NaCl 2 g; 
CaCO3 0.02 g; FeSO4·7H2O 0.01 g; Agar 18 g) supplemented with 
cycloheximide (50 μg/ml) and nalidixic acid (25 μg/ml) as antifungal and 
antibacterial agents, respectively. The plates were incubated at 30°C for 3-7 
days and selected the actinomycetes-like colonies based on their 
morphological characters. 

 
Determination of antagonistic activity by co-culture method  

For antifungal experiments, the 7-day old culture incubation of 
selected actinomycetes isolates on 301 agar (g/l: starch 24 g; glucose 1 g; 
peptone 3 g; meat extract 3 g; yeast extract 5 g; CaCO3 4 g; agar 15 g) at 30°C 
were cut using a sterile cork borer and placed 2 cm apart around the agar block 
of 7-day old culture incubation of fungal phytopathogen, which was cultivated 
on 301 agar at the same temperature and placed at the center of 301 agar plate. 
The results were observed as inhibition zone after incubation at 30°C for 7 
days. Phytopthora palmivora CbP01, the pathogenic fungal strain, in this 
study was kindly provided by Asst. Prof. Wisuwat Songnuan, Department of 
Plant Science, Faculty of Science, Mahidol University. 

For the inhibition of plant-pathogenic bacteria, the overnight culture 
of Xanthomonas axonopodis pv. manihotis or X. campestris pv. campestris in 
MH broth at 30°C was adjusted the absorbance at 600 nm to 0.25 and then 
swabbed on MH agar plate prior to placed the agar blocks of selected 
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actinomycetes isolates, which were cultivated and cut as mentioned before. 
The plates were incubated for 1 day and measured the inhibition zone against 
pathogenic bacteria and the agar block diameter. The pathogenic bacteria used 
in this study were kindly provided by Em. Prof. Watanalai Panbangred (King 
Mongkut’s University of Technology Thonburi). 

 
In-vitro determination of actinomycetes for their plant growth promoting 
properties 
 

1. Quantification of IAA production (Indole-3-acetic acid; IAA) 
The selected actinomycete isolates were pre-cultured in 5 ml of ISP-2 

broth, Difco (USA) for 3 days before transferring into 100 ml of TSB medium, 
Difco (USA) for 7 days at 30°C, 170 rpm. After that, cell-free supernatant was 
adjusted to the acidic pH of 2.5 by using 4 N HCl. The production of IAA was 
extracted through ethyl-acetate extraction and analyzed the quantity of IAA 
by High Performance Liquid Chromatography (HPLC) with a C18 reverse 
phase column coupled with a photodiode array UV-VIS detector (190-600 
nm), 1ml/min flow rate, 20% CH3CN/0.1% HCOOH as the mobile phase and 
the detector was set to 280 nm for 30 minutes. 
 

2. Solubilization of phosphate  
The selected actinomycete isolates were pre-cultured in 5 ml of ISP-2 

broth at 200 rpm, 30°C for 3 days before cultivation in 100 ml of NBRIP broth 
(g/l: glucose, 10 g; Ca3(PO4)2; 5 g; MgCl2·6H2O; 5 g; MgSO4·7H2O, 0.25 g; 
KCl, 0.2 g and (NH4)2SO4, 0.1 g) and shaken at 170 rpm, 30°C for 5 days. 
Subsequently, the amount of phosphate was measured the absorbance at 882 
nm. The solution of KH2PO4 was used as the standard. 
 

3. Ammonia production 
The freshy grown isolates were inoculated into 5 ml of peptone water 

(g/l: Peptone 10 g; sodium chloride 5 g; disodium hydrogen phosphate 
dodecahydrate 9 g; potassium dihydrogen phosphate, 1.5 g). After that, 0.5 ml 
of Nessler’s reagent was added into bacterial suspension and the development 
of orange precipitation was indicated positive result for the production of 
ammonia. 
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4. Siderophore production 
The potential isolates were spotted on CAS agar as described 

previously (Schwyn B, 1987). The plates were incubated at 30°C for 7 days. 
Development of yellow to orange halo zone was indicated positive result for 
siderophore production. 
 

5. Degrading enzyme activities 
Two enzymes, cellulase and xylanase, were determined in this study. 

Five-day-old cultures of actinomycetes were spotted on the middle of CMC 
and xylan agar (g/l; CMC/Xylan 10 g; K2HPO4 1 g; KH2PO4 1 g; MgSO4 
·7H2O (0.2), NH4NO3 (1.0), FeCl3 ·6H2O (0.05), CaCl2 (0.02), and agar 15 g) 
for evaluation of cellulase and xylanase activities respectively by using a 
sterile cork borer. The plates were then incubated at 30°C for 7 days. After 
incubation, the plates were flooded with Gram’s iodine solution for 5 minutes. 
Development of hydrolysis zones around the colony was considered as 
positive for the degradation of cellulose and xylan. Subsequently, this clear 
zone was then evaluated by the calculation of enzymatic index (EI), i.e., ratio 
of diameter of clearing zone to the diameter of the colony. 

 
In-vivo screening for plant growth promoting activity 
 Nicotiana tabacum seeds were surface sterilized with absolute ethanol 
for 1 min followed by a 20% (v/v) bleach solution for 10 mins and washed in 
several times with sterile distilled water. Then seeds were soaked in 0.1% agar 
solution overnight at 4°C. 
 For culture preparation, the selected isolates, 3D3 and 3D8, were pre-
cultured in 5 ml TSB broth prior to transfer into 50 ml TSB broth and shaked 
at 170 rpm for 2-3 days at 30°C. After incubation, the cell suspensions were 
centrifuged at 8,000 rpm for 10 mins and discarded supernatant twice to wash 
the cells. The concentration of cell suspensions was then adjusted to OD600 = 
1, which is approximately to 106 cells/ml. 

A suspension of each single strain, 3D3 and 3D8, (5ml) was dropped 
into autoclaved soil (120g.) and mixed well before sowing 10 tobacco seeds 
in the 4-inch pot. Steriled distilled water was used as a negative control. Three 
biological replicates were performed for each strain. The plants were then 
maintained in the plant growth chamber under controlled conditions at 25°c, 
54% relative humidity, 16 h light/8 h dark. All pots were watered every other 
day for 2 weeks. Finally, data were recorded by measured root and shoot 
length, leaf area, fresh weight, and plant dry weight and performed statistical 
analysis using software SPSS statistics (version 18.0 for Windows; SPSS Inc., 
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Chicago, IL, USA) to analysis of variance (ANOVA) and means separated 
using Dunnett’s test (P = 0.05). 
 
Characterization of physiological traits 
 The selected Streptomyces sp. were streaked on ISP-2 medium 
adjusted to different pH (5.0, 7.0, 9.0, and 11) and different saline 
concentrations (2%, 4%, 6%, 8%, 10% NaCl). The plates were incubated at 
30°C for 7 days. For temperature, ISP-2 medium was streaked with selected 
Streptomyces sp. and incubated at (25°C, 30°C, 37°C and 55 °C) for 7 days. 
Then the growth of selected Streptomyces sp. was observed as – (no growth), 
+ (little growth), ++ (medium growth), +++ (good growth). 
 

RESULTS  
 
Antimicrobial activities of selected actinomycetes isolates 

Rhizospheric Actinobacteria are active producers of antibiotics, 
volatile organic compounds, enzymes, and other metabolites, which are 
important natural products as biocontrol agents for plant protection due to its 
role as antipathogens (Olanrewaju & Babalola, 2019). In this study, 2 isolates 
(3D3 and 3D8) showed antifungal activity against Phytophthora palmivora 
CbP01 with a range of inhibition zone 6-8 mm. In addition, for antimicrobial 
activity, both strains can inhibit the growth of Xanthomonas axonopodis pv. 
manihotis, X. campestris pv. campestris with inhibition zone (≥ 10 mm) 
(Table 1). 

 
Table 1.  Antimicrobial activities by co-culture method 
 

 
Isolates 

Inhibition zone (mm) 
Antifungal activity Antibacterial activity 

Phytophthora CbP01 X. campestris X. axonopodis 
3D3 7 18 19 
3D8 7 12 13 

 
In-vitro screening of actinomycetes for their plant growth-promoting 
activities 

1. IAA production 
The quantitative determination of IAA was performed by HPLC 

analysis after cultivation the potential strains in TSB broth. Only strain 3D8 
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produced IAA at 78.75 μg/ml. However, 3D3 was not capable to produce IAA 
in TSB medium. 
 

2. Phosphate solubilization 
Phosphate is the second most important macronutrient next to 

nitrogen. Most of phosphate in the soil exists as insoluble organic and 
insoluble inorganic forms causing its availability restricts the yield and growth 
of crops. A preliminary analysis of inorganic phosphate solubilization was 
determined after cultivation the potential strains in NBRIP medium. In this 
study, the soluble phosphate concentration produced by 3D3 (135.76 μg/ml) 
was higher than 3D8 (120.58 μg/ml) (Table 2). 
 

3. Ammonia and siderophore production 
Both isolates (3D3 and 3D8) were positive for the ammonia and 

siderophore production by observing the orange precipitation of bacterial 
suspension in peptone water when Nessler’s reagent was added and forming 
the halo zone around the colony on CAS agar media, respectively (Table 2). 

 
Table 2.  Phosphate solubilization, ammonia and siderophore

 production of potential strains 
 

Isolates Phosphate 
solubilization 

(μg/ml) 

Ammonia 
production 

Siderophore 
production 

IAA 
production 

(μg/ml) 

Degrading enzyme 
activities (HC value) 
Xylanase Cellulase 

3D3 135.76 + + - 3.19 1.90 
3D8 120.58 + + 78.75 2.91 1.52 

+: positive result. 
-: negative result. 
 

4. Degrading enzyme activities 
In this study, two enzymes, cellulase and xylanase, were detected in 

3D3 and 3D8 strains after flooding plates with Gram’s iodine solution. The 
appearance of the clear zone around the colony was indicated the positive 
results for extracellular enzyme production (Fig. 1). Then the HC-value was 
calculated to evaluate their cellulolytic and xylanolytic potential (Fig. 2). 
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Figure 1.  Cellulolytic and xylanolytic potential of selected isolates 
 

 
 
Figure 2.   Hydrolytic capacity of selected isolates 
 
Pot experiment  

In vivo tests showed that both selected strains, 3D3 and 3D8, were able 
to promote plant growth, which is Nicotiana tabacum, compared to water 
treated control in two yield parameters after 2 weeks growth. In case of seed 
inoculation experiment, 3D3 and 3D8 displayed the ability to significantly 
increase root length and leaf area. However, inoculation of tobacco seeds with 
selected strains did not show any effect on shoot length as compared to control 
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plants because plants may not be fully developed in shoot length by 2 weeks 
of inoculation (Fig. 3). 
 

 
 
Figure 3.  Effect of selected actinomycetes on seed germination of

 Nicotiana tabacum. Bars represents mean ± SD of three
 replicates (9 plants). Different letters on bars indicate
 significant difference between treatments in statistical analysis
 tested by Dunnett t-tests (p < 0.05). 

 
Physiological characters of selected actinomycete isolates 
 The selected isolates, 3D3 and 3D8, were performed the physiological 
tests on three parameters, which are temperature, pH, and salinity or % NaCl 
concentration. For temperature tolerance, the isolates displayed good growth 
at temperature between 25 - 37°C. However, none of the isolates grew at 55°C. 
Both actinomycetes isolates were able to grow in a pH gradient ranging from 
5-11. Additionally, isolate 3D3 was able to grow at (2-4%) NaCl concentration 
and isolate 3D8 could tolerate up to 6% NaCl concentration (Table 3). 
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Table 3.   Physiological characterization of selected actinomycetes
 strains 

 
Parameters 3D3 3D8 

Temperature °C   
25 +++ +++ 
30 +++ +++ 
37 ++ +++ 
55 - - 

Growth at pH   
5.0 +++ ++ 
7.0 +++ +++ 
9.0 +++ +++ 
11.0 +++ +++ 

Salinity (%NaCl)   
2 ++ +++ 
4 + ++ 
6 - + 
8 - - 

10 - - 
The growth of selected actinomycetes to temperature, pH, and salinity tolerance were 
recorded as follows: -, no growth; +, little growth; ++, medium growth; +++, good 
growth. 
 

DISCUSSION 
 

In this study, actinomycete strains were isolated from durian 
rhizospheric soil. Two strains, 3D3 and 3D8, were preliminary screened for 
different Plant Growth Promoting (PGP) traits including their biofertilizer and 
biocontrol properties. For antagonistic activity, biocontrol is the alternative 
sustainable management of fungal and bacterial diseases. There are several 
mechanisms of pathogen inhibition of these potential biocontrol bacteria, 
which include production of extracellular enzymes and nutrient competition 
(Kinkel et al., 2012). These two strains showed antifungal activity against 
Phytophthora pulmivora CbP01, which cause serious diseases during the 
developmental stage of durian such as patch canker, tree die-back, and fruit 
rot, resulting in a loss of more than 30% of the durian production (Kongtragoul 
et al., 2021). Additionally, these selected isolates displayed antibacterial 
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activity against both pathogenic bacteria strains, X. axonopodis and X. 
campestris. 

The two selected strains were performed in vitro for important plant 
growth promoting activities, such as production of ammonia and siderophore, 
phosphate solubilization, phytohormone production, etc. Overall, the results 
suggested that both selected strains can produce ammonia and siderophore and 
solubilize phosphate, which improve plant growth by supplying nitrogen, 
ferrous (Fe2+) and soluble inorganic phosphate to the host plant. However, the 
production of IAA was detected only in strain 3D8, which is responsible for 
increasing number of adventitious roots to absorb large volume of nutrients 
and water (Anwar et al., 2016). Based on their physiological characters, 
revealed that both strains can grow at temperature between 25 - 37°C and 
showed good growth at pH 5-11, which is suitable to use in Thailand 
according to the average temperature (27.5°C) and average soil pH(4.71 ±
0.87) in Thailand (Kroeksakul et al., 2021). However, 3D8 displayed more 
salinity tolerance than 3D3 at 6% NaCl, which can be used in saline soil. For 
enzymatic activities, xylanase production was higher than cellulase 
production probably because structures of hemicelluloses are easily 
hydrolysable polymers than cellulose. Furthermore, the PGP effect of selected 
strains has been evaluated on Nicotiana tabacum seeds. Both strains could 
significantly enhance the plant growth by increasing plant root length and leaf 
area after 2 weeks inoculation over the un-inoculated control. The notable 
effect of selected strains on root length can be explained by the synergic action 
of nitrogen fixation and IAA production of the selected strains. For the 
production of NH3, ammonia can be converted into the form that plant can 
absorb directly, NH4

+ and NO3
-, which is important for core element for plant 

structure and nitrogen promotes the production of chlorophyll, which leads to 
healthy leaf growth. The colonization of selected strain improved root length 
by the production of IAA, which increase the lateral root number and enhance 
primary root elongation in N. tabacum. Nonetheless, to ensure their PGP 
effects on plant growth, the incubation period of pot experiment should be 
increased to observe the transformation of fully-grown plant in further 
experiment. 
 

CONCLUSION 
 

In summary, these findings revealed that isolated rhizosphere 
actinomycetes showed plant growth-promoting ability in vitro such as 
phosphate solubilization, IAA production, ammonia and siderophore 
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production, antagonistic activity against phytopathogens and the inoculation 
of the selected strains can promote plant growth of Nicotiana tabacum. 
Therefore, the strains can be helpful for further study in plant growth 
promotion and can also be developed as commercial biofertilizer and 
biocontrol products. 
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ABSTRACT 
 

This study aimed to assess the probiotic bacteria concerning their 
antioxidant activities. Four different probiotic bacteria isolated from fish and 
shimp, Bacillus safensis (EE3), Bacillus subtilis (NG5), Brevibacillus agri 
(BE8) and Bacillus licheniformis (BI22), were assessed their antioxidant 
activities. Each bacterium was prepared and subdivided into 3 forms 
consisting of live cell, heat- killed cell and cultured supernatant. All samples 
were tested using three methods consisting of DPPH, ABTS and FRAP assays. 
Results showed that the highest DPPH radical scavenging activity was found 
in the sample of EE3 supernatant followed by the supernatant samples of BI22, 
NG5 and BE8, respectively. The results of ABTS assay represented that the 
hightest ABTS radical scavenging activity was found in the sample of NG5 
heat-killed cell followed by the heat-killed cell samples of EE3, BI22 and 
BE8, respectively. When using FRAP assay, results showed that the highest 
value of FRAP was found in the sample of BI22 heat-killed cell followed by 
the heat-killed cell samples of EE3, BE8 and NG5, respectively.   
 
Keywords: Antioxidant activities, Bacillus sp., Probiotic. 
 

INTRODUCTION 
 

Probiotics are live microbial feed supplements that beneficially affect 
the animal host by improving its intestinal microbial balance (Yang et al., 
2020). Bacillus spp. is one of the most used probiotics in aquaculture and has 
beneficial effects on fish performance (Selim et al., 2015).   

Bacillus spp. are aerobic, Gram-positive, rod-shaped heat stable and 
spore-forming bacteria belong to the phylum Firmicutes (Nicholson et al., 
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2000). The probiotic bacillus has antioxidant abilities (Zhao et al., 2022 and 
Yalcin et al., 2010), and boosts immunity, and protects fish from pathogens It 
is safe for fish and fish consumers, destroy foreign matter when invaded by 
microorganisms (Selim et al., 2015).  

The methods for assessing antioxidant activity are as follows: 
2,2-DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate) assay. The DPPH 

test measures the ability of an antioxidant compound to act as a hydrogen 
donor or free radical scavenger. It is based on reducing the violet DPPH to 
stable pale-yellow DPPH molecules in the presence of an antioxidant agent. 
The DPPH test is simple, rapid, and reliable; however, it is sensitive to some 
Lewis bases and requires organic solvents and non-physiological radicals 
(Benkhaira et al., 2022). 

The ABTS (2,2′-azinobis-(3-ethylbenzthiazolin-6-sulfonic acid)) 
assay or Trolox Equivalent Antioxidant Capacity; mM Trolox/g sample assay 
(TEAC) is employed to measure an antioxidant's ability to stabilize the ABTS 
radical cation (ABTS·+) by an electron transfer mechanism. The ABTS·+ is a 
green-blue chromophore produced through a reaction between ABTS and 
potassium persulfate (K2S2O8). Indeed, the degree of discoloration is 
proportional to the ABTS·+ inhibition. The ABTS assay is a rapid, easy, and 
useful method for both hydrophilic and lipophilic compounds. It can also be 
studied over a wide range of pH values. However, it is limited to using non-
physiological radicals and the careful monitoring of time intervals (Benkhaira 
et al., 2022). 

FRAP (Ferric reducing antioxidant power) assay. is based on the 
reduction of ferric tripyridyltriazine complex (Fe3+-TPTZ) to blue-colored 
ferrous tripyridyltriazine complex (Fe2+-TPTZ) at low pH through electron-
donating antioxidants (Benajiba et al., 2021). It is simple, inexpensive, fast, 
and reproducible method. Despite, this assay is carried at non-physiological 
pH and does not measure all groups containing antioxidants, such as the 
sulfhydryl group; thus, it cannot necessarily reflect the entire antioxidant 
activity of a test sample (Singh et al., 2008). 
 

MATERIAL AND METHODS 
 
Inoculum preparation  

Four probiotic bacteria consisting Bacillus safensis (EE3), Bacillus 
subtilis (NG5), Brevibacillus agri (BE8), and Bacillus licheniformis (BI22) 
were inoculated separately in 10 ml TSB broth and incubated at 37 °C for 24 
hours. 
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Sample preparation  
The 10% (v/v) cultured inoculum was transferred into TSB broth and 

incubated under the same conditions. Each bacterium was prepared and 
subdivided into 3 forms consisting of live cell, heat- killed cell and cultured 
supernatant. The cells were harvested by centrifuging at 3,500 rounds/minute 
for 10 min at 4˚C for 10 min. The bacteria cells were re-suspended with 0.026 
M phosphate buffer saline (pH 7.2) to obtain the final concentration of cell 
cultures at least 1.5 x 109 CFU/ml. The heat-killed cell was prepared by 
steaming at 121 oC 15 min. 
 
Assay of antioxidant activity  

1. DPPH assay 
A solution of Trolox (Fluka,  Germany) at the concentration of 100 

µg/ml was prepared using absolute ethanol. The 150 µl of DPPH (Fluka, 
Germany) was mixed with 50 µl of microbial samples in a 96-well plate. 150 
µl of DPPH was mixed with 50 µL Trolox solution in a 96-well plate, mix 
well, keep in the dark for 30 min, and measure the absorbance was with a 
microplate reader at a wavelength of 517 nm. All determinations were carried 
out in triplicate. The DPPH scavenging antioxidant activity was calculated in 
the following equation: 

 
DPPH radical scavenging activity (%) =    Abcontrol - Absample    x 100  

          Abcontrol 
 
Where, Absample is the absorbance of sample and Abcontrol is the 

absorbance of the blank. 
 

2. ABTS assay 
            This assay was based on the ability of different substances to scavenge 
ABTS radical cation. 150 µl of ABTS (Fluka,  Germany) solution and 50 µl of 
the sample were mixed in 96 well plates and ABTS solution were mixed with 
50 µl of Trolox (standard compound). The mixed solution was incubated in 
the dark for 10 min and the absorbance of the mixed solution was measured at 
734 nm by spectrophotometer. All determinations were carried out in 
triplicate. The ABTS scavenging antioxidant activity was calculated in the 
following equation: 
 
ABTS radical scavenging activity (%) =   Abcontrol - Absample    x 100  

          Abcontrol 



 
The 34th Annual Meeting of the Thai Society for Biotechnology and International 
Conference “Sustainable Bioeconomy : Challenge and Opportunities”  

  
 
 

 November 24–25, 2022, Ambassador Hotel Bangkok, Thailand 547 
 
 

Where, Absample is the absorbance of sample and Abcontrol is the 
absorbance of the blank. 
 

3. FRAP assays 
A stock solution of acetate buffer (300 mM, pH 3.6) was made by 

mixing 3.1 g of sodium acetate trihydrate in 16 ml of glacial acetic acid and 
the final volume was made up to 1000 ml with distilled water. FRAP reagent 
was prepared by mixing 10 ml of 300 mM acetate buffer (pH 3.6), 1 ml of 10 
mM 2,4,6-tri[2-pyridyl]- s-triazine (TPTZ) (Fluka,  Germany) solution (10 
mM TPTZ in 40 mM HCl) and 1 ml of 20 mM FeCl3-6H2O solution, and 1.2 
ml distilled water. A fresh reagent was prepared immediately before analysis. 
Thirty µl of extract sample were mixed with 1 ml of FRAP reagent. The 
samples were mixed and then incubated at room temperature for 4 min. The 
increase in absorbance was measured at 593 nm against acetate buffer using a 
spectrophotometer. The results were expressed as ferrous sulfate equivalent 
values by using FeSO47H2O (Fluka,  Germany) as standard (0.4 mM to 2 mM) 
(Wansutha et al., 2018). 
 

RESULTS  
 

The antioxidant activities of four potential probiotics were assessed 
using three different assays, DPPH, ABTS and FRAP assays. Each probiotic 
was prepared and subdivided into live cells, heat-killed cell, and cultured 
supernatant. Results of the DPPH assay showed that among 3 forms of 
samples (live cell, heat-killed cells, and cultured supernatant) the cultured 
supernatant sample represented the highest DPPH radical scavenging activity, 
followed by the samples of live cells and heat-killed cells, respectively. 
Among 4 different cultured supernatants, the highest DPPH radical 
scavenging activity was found in the supernatant of EE3 followed by the 
supernatants of BI22, NG5 and BE8, respectively (Figure 1) 
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Figure 1.  DPPH radical scavenging activity (%) of live cell, heat-killed
 cell and supernatant of four potential probiotics, (Bacillus
 safensis (EE3), Bacillus subtilis (NG5), Brevibacillus agri
 (BE8) and Bacillus licheniformis (BI22))  

 
 Figure 2 shows the results of ABTS radical scavenging activities of 
live cells, heat-killed cell and supernatant derived from EE3, NG5, BE8 and 
BI22. Among these 3 forms, heat-killed cell samples represented the highest 
value of ABTS radical scavenging activity followed by the samples of live 
cells and supernatant, respectively. The highest value of 55.7 % of ABTS 
radical scavenging activities was obtained from the NG5 heat-killed cell 
sample. Besides, the NG5 supernatant represented the highest value (30.5%) 
among 4 supernatant samples. However, in the form of live cells, BE8 showed 
the best ABTS radical scavenging activity (34.9%) (Figure 2). 
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Figure 2. ABTS radical scavenging activity (%) of live cell, heat-killed  
cell, and supernatant of four potential probiotics, (Bacillus 
safensis (EE3), Bacillus subtilis (NG5), Brevibacillus agri 
(BE8) and Bacillus licheniformis (BI22)) 

 
Figure 3 shows the results of FRAP values of 4 different probiotics in 

3 forms of samples, (live cell, heat-killed cell, and supernatant). The highest 
FRAP value was obtained from the sample of BI22 heat-killed cell followed 
by the heat-killed cell samples of EE3, BE8 and NG5, respectively. The other 
bacterial samples represented FRAP values less than 12 µg/ml. 
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Figure 3. FRAP value of live cell, heat-killed cell and supernatant of four 
potential probiotics, (Bacillus safensis (EE3), Bacillus subtilis 
(NG5), Brevibacillus agri (BE8) and Bacillus licheniformis 
(BI22)) 

 
DISCUSSION 

 
The antioxidant activities of 4 potential probiotics, B.safensis (EE3), 

B.subtilis (NG5), Br.agri (BE8) and B.licheniformis (BI22), were 
investigated. Results showed that the bacterial samples prepared in 3 forms 
(live cell, heat-killed cell and supernatant) represented the antioxidant 
activities differently. These could be due to the component of the samples and 
the method of assay. The supernatant of B.safensis (EE3) showed the highest 
DPPH radical scavenging activity while the heat-killed cell sample of 
B.subtilis (NG5) showed the highest ABTS radical scavenging activity. The 
heat-killed cell of B.licheniformis (BI22) presented a FRAP value of up to 
107.3 μg/ml while the other samples showed a FRAP value of lesss than 12 
μg/ml 

Antioxidant activity should not be concluded based on only one-kind 
of test. But several test procedures should be considered to carry out for 
evaluating antioxidant activities with the samples of interest. Generally, 
antioxidant tests using free radical traps are relatively straightforward to 
perform. Among free radical scavenging methods, the DPPH method is 
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furthermore a rapid, simple and inexpensive assay. On the other hand, the 
ABTS decolorization assay is applicable for both hydrophilic and lipophilic 
antioxidants (Alam et al., 2012).   

The FRAP test is a typical SET-based method measuring the reduction 
of the complex of ferric ions (Fe3+)-ligand to the intensely blue ferrous 
complex (Fe2+) by means of antioxidants in acid environments. Antioxidant 
activity is determined as an increase in absorbance at 593 nm, and the results 
are expressed as micromolar equivalents of Fe2+ or in relation to a standard 
antioxidant (Munteanu et al., 2021). 
 

CONCLUSION 
 

In this study, four different probiotic bacteria, B.safensis (EE3), 
B.subtilis (NG5), Br. agri (BE8), and B.licheniformis (BI22) were evaluated 
their antioxidant activities. Each bacterium was prepared and subdivided in 3 
forms, live cell, heat- killed cell and cultured supernatant. All samples were 
tested with DPPH, ABTS and FRAP assays to evaluate antioxidant ability. 
Results show that the highest DPPH radical scavenging activity was found in 
the sample of EE3 supernatant. The results of ABTS assay represented the 
hightest ABTS radical scavenging activity was found in the sample of NG5 
heat-killed cell. The highest FRAP value was found on the sample of BI22 
heat-killed cell. These obtained results, suggested that these 4 probiotic 
bacteria displayed antioxidant ability which might have beneficial effects on 
fish performances. However, the components responsible for the antioxidative 
activity are currently unclear. Therefore, further investigation (isolation and 
identification of the antioxidant compounds present in each bacterial sample) 
is needed. 
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ABSTRACT 
 

The potential probiotic lactic acid bacteria (LAB) consisting of 
Lactobacillus brevis (LM6-9), Lactobacillus reuteri (LK33), Weissella 
cibaria (LL5-3), Lactobacillus paraplantarum (LM9-3), Lactococcus lactis 
(LL4-5), Lactobacillus pentosus (LM3-1) and Pediococcus pentosaceus 
(LL10-5), isolated from swine were evaluated their antioxidant abilities. Each 
LAB was prepared and subdivided into 3 forms, live cell, heat-killed cell and 
cultured supernatant. All samples were tested with three assays: DPPH, ABTS 
and FRAP. Results showed that the highest DPPH radical scavenging activity 
was found in the sample of LL5-3 supernatant followed by the supernatant 
samples of LM3-1, LM6-9, LL10-5, LM9-3, LL4-5 and LK33, respectively. 
The ABTS assay showed that the thighest ABTS radical scavenging activity 
was found in the sample of LL10-5 heat-killed cells followed by the heat-
killed cell samples of LM3-1, LM6-9, LK33, LL4-5, LM9-3 and LL5-3, 
respectively. When using FRAP assay, results showed that the highest value 
of FRAP was found in the sample of LL4-5 heat-killed cell followed by the 
heat-killed cell samples of LL10-5, LM9-3, LK33, LM3-1, LL5-3 and LM6-
9, respectively.   
 
Keywords: Antioxidant activities, Lactic acid bacteria, Probiotic.  
 

INTRODUCTION 
 

Probiotics are applied in all the different productive phases of swine 
production. They are used for multiple purposes, such as improving 
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performance, mitigating diseases, increasing quality of the product or 
reducing environmental pollutants. Still, their use is not a general tendency in 
the pig industry (Barba et al., 2019). The gastrointestinal tract of pigs is 
densely populated with microorganisms that closely interact with the host and 
with ingested feed. Gut microbiota benefits the host by providing nutrients 
from dietary substrates and modulating the development and function of the 
digestive and immune systems (Yang et al., 2018). Indigenous gut microflora 
stabilizes in the gut and quickly propagates to a very stable population. The 
stable flora in the intestine could help the animal to resist infections. Several 
studies have shown that certain lactobacilli strains have the ability to interfere 
with the adherence and growth of pathogenic bacteria, and reduce bacterial 
translocation (Chiang et al., 2015).  

Environmental pollution, UV radiation and several normal metabolic 
processes have been associated with the induction of high levels of reactive 
oxygen species (ROS) such as superoxide anion and hydroxyl radicals in 
mammalian cells (Das and Goyal, 2015). Lactic acid bacteria (LAB) are 
considered to have several beneficial effects, especially antioxidant activity 
and are able to degrade the superoxide anion and hydrogen peroxide. The free 
radicals may cause oxidative damage by oxidizing biomolecules and result in 
cell death and tissue damage (Bartkiene et al., 2020). Some studies have 
reported that consumption of LAB could reduce free radicals, thereby 
reducing oxidative stress, due to their ability to produce antioxidants. It has 
been shown that selected strains of LAB present antioxidant properties that 
could be used as a probiotic to improve total antioxidative stress in healthy 
subjects (Chooruk et al., 2017). 

The aim of this study was to assess the probiotic LAB concerning their 
antioxidant properties. Three different assays, DPPH, ABTS and FRAP, were 
used to monitor the antioxidation activity. 

 
MATERIAL AND METHODS 

 
Inoculum preparation  

Seven strains of potential probiotic LAB, Lactobacillus brevis (LM6-
9), Lactobacillus reuteri (LK33), Weissella cibaria (LL5-3), Lactobacillus 
paraplantarum (LM9-3), Lactococcus lactis (LL4-5), Lactobacillus pentosus 
(LM3-1) and Pediococcus pentosaceus (LL10-5) were inoculated separately 
in 10 mL of de Man, Rogosa and Sharpe (MRS) broth (Merck, Germany) and 
incubated at 37 °C for 24 hours in anaerobic conditions. Each LAB was 
prepared and subdivided into 3 forms consisting of a live cell, a heat- killed 
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cell and cultured supernatant. The cells were harvested by centrifuging at 
3,500 rounds per minute for 10 min at 4 ˚C for 10 min and re-suspended with 
0.026 M phosphate buffer saline (pH 7.2). The heat-killed cell was prepared 
by steaming at 121 ˚C for 15 min. (Zhang et al., 2017). 
 
DPPH assay  

The antioxidant activity of LAB was measured using the DPPH (2,2-
Diphenyl-1-Picryl-Hydrazyl) assay. 150 µL of DPPH (Fluka, Germany) 
solution and 50 µL of the sample were mixed in 96 well plates. 150 µL of 
DPPH solution was mixed with 50 µl of Trolox (Fluka, Germany) (standard 
compound). The mixed solution was incubated in the dark for 30 min and the 
absorbance of the mixed solution was measured at 517 nm by 
spectrophotometer. All determinations were carried out in triplicate. The 
DPPH scavenging antioxidant activity was calculated in the following 
equation:  

 
DPPH radical scavenging (%) =   Abcontrol - Absample    x 100  
          Abcontrol 
 
Where, Absample is the absorbance of sample and Abcontrol is the 

absorbance of the blank (Cao et al., 2019).  
 
ABTS assay  

This assay was based on the ability of different substances to scavenge 
ABTS radical cation. 150 µL of ABTS (Fluka, Germany) solution and 50 µL 
of sample were mixed in 96 well plates. 150 µL of ABTS solution were mixed 
with 50 µL of Trolox (Fluka, Germany). The mixed solution was incubated in 
the dark for 10 min and the absorbance of the mixed solution was measured at 
734 nm by spectrophotometer. All determinations were carried out in 
triplicate. The ABTS scavenging antioxidant activity was calculated in the 
following equation: 
 

ABTS radical scavenging (%) =   Abcontrol - Absample    x 100  
          Abcontrol 
 
Where, Absample is the absorbance of sample and Abcontrol is the 

absorbance of the blank (Cao et al., 2019).  
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FRAP assays  
Ten µL of the sample were mixed with 190 µL of FRAP reagent. The 

samples were mixed and then incubated at room temperature for 4 min. The 
increase in absorbance was measured at 593 nm using a spectrophotometer. 
The results were expressed as ferrous sulphate equivalent values by using 
FeSO47H2O (Fluka, Germany) as the standard (Wansutha et al., 2018). 
 

RESULTS 
 

In the present study, we evaluated the antioxidant activity of LAB 
using three different assays (DPPH, ABTS and FRAP assay). The DPPH 
scavenging activities were high value in all supernatant samples with the range 
of 33.2 to 56.7%. The highest DPPH scavenging activity was found in the 
LL5-3 supernatant (56.7%) (Figure 1).  

 

 
 
Figure 1. DPPH radical scavenging activity of the live cell, heat-killed
  cell and supernatant samples of 7 potential probiotic LAB 
 

The ABTS radical scavenging activity was high value in all samples 
of heat-killed cells ranging from 41.2 to 52.9%. The highest activity was found 
in the sample of LL10-5 heat-killed cell (52.9%) Besides, among 7 supernatant 
samples, the LL10-5 supernatant represented the maximal value (28.6%) of 
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ABTS radical scavenging. However, among 7 samples of a live cell, the 
sample of LM6-9 live cell represented the highest value (31.1%) (Figure 2).  

 

 
 
Figure 2.  ABTS radical scavenging activity of of live cell, heat-killed

 cell and supernatant samples of 7 potential probiotic LAB 
 

FRAP values of 7 different LAB in 3 forms of samples (live cell, heat-
killed cell and supernatant) are presented in Figure 3. Results showed that 
among 3 forms of samples, the heat-killed cell sample represented the hightest 
FRAP value, followed by live cell sample and supernatant sample, 
respectively. The highest FRAP value was found in the sample of LL4-5 heat 
killed cell (504.3 µg/mL). The other LAB samples represented the FRAP 
values less than 22 µg/mL. 
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Figure 3.  FRAP value of live cell, heat-killed cell and supernatant

 samples of 7 potential probiotic LAB 
 

DISCUSSION 
 

The antioxidant activities of 7 potential probiotic LAB were assessed. 
Results showed that the samples of LAB in 3 forms (live cell, heat-killed cell 
and supernatant) represented their antioxidant activities differently. These 
could be due to the LAB samples’ component and the assay method. The 
supernatant of W. cibaria (LL5-3) showed the highest DPPH radical 
scavenging activity, while live cells and heat-killed cells did not. However, 
from the results of the ABTS assay, all LAB samples showed their antioxidant 
activity ranging from 20 to 52.9%. The heat-killed cell sample of L. lactis 
(LL4-5) showed the highest values of FRAP while the other samples of 
supernatant and live cell showed an FRAP value less than 22 μg/mL. 

Antioxidant activity should not be concluded based on only one 
method of assay. Therefore, several test procedures should be considered to 
carry out for evaluating antioxidant activities with the samples of interest. 
Generally, antioxidant tests using free radical traps are relatively 
straightforward to perform. Among free radical scavenging methods, the 
DPPH method is a furthermore rapid, simple and inexpensive method. On the 
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other hand, the ABTS decolorization assay is applicable for both hydrophilic 
and lipophilic antioxidants (Alam et al., 2012).   

The FRAP test is a typical SET-based method measuring the reduction 
of the complex of ferric ions (Fe3+)-ligand to the intensely blue ferrous 
complex (Fe2+) by means of antioxidants in acid environments. Antioxidant 
activity is determined as an increase in absorbance at 593 nm, and the results 
are expressed as micromolar equivalents of Fe2+ or in relation to a standard 
antioxidant (Munteanu et al., 2021). 
 

CONCLUSION 
 

In summary, the findings obtained in the current study showed that the 
highest DPPH scavenging activity was found in the sample of LL5-3 
supernatant with a value of 56.7%. The highest ABTS radical scavenging 
activity (52.9%) was found in the sample of LL10-5 heat-killed cells. The 
highest FRAP value was obtained from the sample of LL4-5 heat-killed cells 
with a value of 504.3 µg/ml. Form these obtained results, suggested that these 
probiotic LAB had an antioxidant ability which might have beneficial effects 
on host performances. However, the components responsible for the 
antioxidative activity are currently unclear. Therefore, further investigation 
(isolation and identification of the antioxidant compounds present in each 
bacterial sample) is needed. 
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ABSTRACT 
 

Pectic-oligosaccharides (POS), a natural biostimulant, can influence 
plant development through various mechanisms. This study investigated the 
impact of POS-M concentrations derived from pomelo peel on rice seed 
growth and carbohydrate metabolism. Rice seeds soaked in a 1,000 ppm POS-
M solution for 3 d before being placed in a moist plastic box for 7 d enhanced 
seedling root and shoot length by 6.9% and 6.2%, respectively, compared to 
the control. This concentration may promote rice seedling growth indirectly 
by stimulating carbohydrate metabolism. It can decrease residual starch 
content in seeds by 6% when compared to water, as well as glucose, sucrose, 
and maltose accumulation in remaining seeds after 7 d of sowing. While the 
amount of fructose and glucose in shoots increased by 47% and 26%, 
respectively, the amount in roots increased by 191% and 146%. The plant 
carbohydrate metabolism pathway was correlated to these sugar profiles. Our 
results suggest that POS concentration can influence rice seed growth 
promotion, and carbohydrate metabolism is important in plant development. 
  
Keywords: Carbohydrate metabolism, Pectic-oligosaccharide, Pomelo, Rice, 
Seedling growth. 
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INTRODUCTION 
 

Pectic-oligosaccharides (POS) are oligosaccharide mixes that included 
oligo-galacturonides (OGA), galacto-oligosaccharides (GalOS), 
rhamnogalacturonan-oligosaccharides (RGOS), and others (Babbar et al. 
2017; Beatriz Míguez et al. 2016; Gullón et al. 2013), and are produced from 
the partial depolymerization of pectin either by chemical, enzymatic or 
physical methods (Satapathy et al. 2020). Generally, when a plant is infected 
with pathogens, POSs can be naturally liberated from the plant cell wall by 
degrading with polygalacturonase, which microbes produce. (Satapathy et al. 
2020; Voxeur and Hofte 2020). These endogenous POSs, particularly oligo-
galacturonides (OGAs), are known as damage-associated molecular patterns 
(DAMPs). They can function as natural elicitors of the plant immune response, 
which is related to alterations in plant growth and development that are 
normally regulated by phytohormones (Ferrari et al. 2013; Vallarino and 
Osorio 2012; Hernández-Mata et al. 2010; Eberhard et al. 1989) such as 
inducing root formation, stimulating growth and improving the robustness of 
the in vitro cultivated plants (Cabrera et al. 2013; Camejo et al. 2011; Camejo 
et al. 2012; Hernández-Mata et al. 2010) 

The molecular weight distribution (Mw), degree of methyl 
esterification (DM), sugar content, chemical bonding, and branching degree 
(DB) of POSs are all associated to their biostimulatory effects (Minzanova et 
al. 2018). OGAs with an optimal degree of polymerization (DP) of 10-15 can 
form egg-box complexes with plant cell surface receptors, namely wall-
associated kinase (WAKs), and furthermore activate plant defense responses 
(Decreux and Messiaen 2005; Ferrari et al. 2013; Malinovsky et al. 2014). 
Gamir et al. (2021)  reported that OGAs (DP 10-15) can stimulate hormone 
responses and secondary metabolite synthesis in tomato plants (Solanum 
lycopersicum, cv Castelmart), which was more detectable in the roots even 
when foliar spray was applied. Furthermore, Albersheim et al. (1992) 
discovered that OGAs including DP 10-15 can activate many plant defense 
responses against fungal pathogens.  

Our previous study demonstrated the success of producing pectin from 
pomelo peel through alkaline extraction, with a high yield of 30% and a very 
low DM (1.7%) (Wandee et al. 2019). This pectin can generate POSs with 
50% yields when using oxidative degradation with hydrogen peroxide. They 
included around 97% galacturonic acid and approximately 65% DP 2-5 
species (Wandee et al. 2021). Interestingly, we found that POS-M with a 
60.5% of DP>5 species obtained from the albedo part of the pomelo peel using 
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hydrogen peroxide in an alkaline solution had an extraordinary promoting 
effect on rice seed growth. When compared to water treatment, they can 
shorten germination time by 19% and improve seedling root and shoot length 
at 5 d after sowing by increasing amylase activity by 12% (Udchumpisai et al. 
2022). 

In this study, we used rice as a plant model to investigate the effect of 
POS-M concentration on seed and seedling growth by monitoring 
carbohydrate metabolism changes. Rice is one of Thailand's most important 
food crops, as well as its fast growth and development, makes it easy to track 
and evaluate. These parameters' relationships were summarized and 
discussed. 
 

MATERIAL AND METHODS 
 
Materials 

Rice seeds of cultivar ‘RD21’ were obtained from the Maehongson 
Rice Seed Center, Thailand. Fruit peels of pomelo (Citrus maxima Merr.) 
cultivar ‘Khao-Yai’ were collected from a local market in Nakhon Pathom 
Province, Thailand. Galacturonic acid (GalA), digalacturonic acid, 
trigalacturonic acid, fructose (fruc), glucose (glu), sucrose (suc), and maltose 
(mal) were purchased from Sigma Chemical Co. (St. Louis, MO, USA). H2O2 
and other chemical reagents used were of analytical grade. 

 
Preparation of POS 

POS was extracted from the dried albedo part of pomelo peel by 
oxidative degradation with H2O2 in alkaline solution according to 
Udchumpisai et al. (2022) with some modification. Briefly, 14 g of dried 
powder was suspended in the solution of 147.67 mL of water and 5 mL of 2 
M NaOH, and stirred for 30 min at 90°C. Then, 33.33 mL of 30% H2O2 were 
added to the mixture, resulting in a final volume of 200 mL with final NaOH 
and H2O2 concentrations of 50 mM and 5%, respectively. The reaction was 
performed at 90°C with continuous stirring for 8 h of reaction time, the 
mixture was collected and centrifuged at 6,136 g for 10 min. Absolute ethanol 
was added to the supernatant in a ratio of 3:1 (v/v) and the mixture was kept 
at 4°C overnight. The pellet was recovered from the mixture by centrifugation 
at 6,136 g for 20 min It was then three to four times washed in 95% ethanol 
before being dried for 24 h in a hot air oven at 40°C. The dry POS were ground 
and sifted through a 106-m sieve to produce the fine powders called as POS-
M. 
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Determinations of seed germination and seedling characteristics  
In this study, we divided the development of rice seeds into two stages: 

soaking and sowing. The rice seeds were soaked and shaken in water or 
various concentrations of POS solution (10, 100, 1,000, and 10,000 ppm) at 
30 ± 2°C for 3 d (soaking phase). The soaked seeds from each treatment were 
then spread out on tissue paper moistened with 10 mL of distilled water in a 
plastic box and stored in the dark at 30 ± 2°C. After 7 d of incubation, seedling 
development was examined (sowing phase). Each seed treatment was 
replicated three times with 50 seeds each. A ruler was used to measure the root 
and shoot lengths. 
 
Soluble sugar extraction and total starch content determination. 

The germinated seeds at 3 d after soaking and the 7-d seedlings were 
collected and dried in hot air oven at 72°C for 48 h. Then, the dried seedlings 
were separated to three parts: shoot, root and remaining seed. A 100 mg of 
dried sample were extracted with 5 mL of 80% EtOH in a sonicator bath (100 
Hz) at 80°C for 30 min before centrifugation at 12,522 g for 10 min. The 
supernatant was collected and the pellet from germinated seeds and the 
remaining seed parts of the seedling were then used to determine total starch 
content using the Total starch assay kit (Megazyme, Ireland). 
 
Analysis of total soluble sugar and total reducing sugar 

The total soluble sugar and total reducing sugar were evaluated from 
the soluble sugar extract by using phenol-sulfuric acid (Nielsen 2010) and the 
Somogyi-Nelson (Somogyi 1951) method, respectively.  

For phenol-sulfuric acid assay, the soluble sugar solution was diluted 
with 80% ethanol at the appropriate concentration. Then pipette 0.5 mL of the 
diluted solution and mix it with 0.5 mL of the 5% (w/v) Phenol solution, 
followed by 2.5 mL of concentrated sulfuric acid. Mix thoroughly and place 
at room temperature for 30 min. The absorbance was measured at 490 nm. The 
glucose standard curve (0 - 1000 µg) was used to calculate total soluble sugar. 

For the Somogyi-Nelson method, pipette 0.5 mL of diluted solution 
and mix with 0.5 mL of Somogyi's copper reagent. Boiled in water for 20 min, 
then cool in a cold-water bath before adding 0.5 ml of Nelson's 
arsenomolybdate reagent. Mix thoroughly and keep at room temperature for 
15 min. Add 5 mL of distilled water and the absorbance at 600 nm is measured. 
The glucose standard curve (0 – 100 µg) was used to calculate the reducing 
sugar content. 
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Analysis of soluble sugar content. 
High-performance chromatography (HPLC) was used to evaluate the 

soluble sugar content. A 1 mL of soluble sugar solution was filtered through 
a 0.45-µM nylon syringe filter, and 20 μL of the filtrate was injected into a 
Shimadzu HPLC system conprised of an LC-20AD pump, RID-10A detector, 
a VertiSep PRP-NH2 5 µM HPLC column (4.6 × 250 mm), and a computer 
with a data processing software program (CLASS-VP). The sample was 
analyzed in an isocratic mode with 75% (v/v) acetonitrile as the mobile phase 
at a flow rate of 1.0 mL/min. The column temperature was maintained at 40°C. 
Fruc, glu, suc, and mal were used as external standards. 

 
Analysis of amylase activity. 

The enzyme solution was prepared from the germinated seeds after 
soaking for 3 d and 7-d seedlings. A 1 g of sample and was frozen at -20°C 
for 30 min and homogenized in a prechilled mortar with 10 mL 0.1 M sodium 
acetate buffer (pH 4.8) containing 10 mM NaCl. The homogenate was 
centrifuged at 12,522 g at 4°C for 10 min. The supernatant was used as the 
enzyme extract. Amylase activity was determined according to Laware and 
Raskar (2014) with some modifications. Briefly, 0.5 mL of the enzyme 
solution was incubated with 0.5 mL 1% soluble starch in a water bath at 37°C 
for 10 min. The reaction was then stopped, and the released sugar was 
quantified using the previously mentioned Somogyi-Nelson method. One unit 
(U) of amylase activity was defined as the amount of enzyme that released 1 
µmole of maltose in 1 min at 37°C. The enzyme activity was expressed as U/g 
sample. The same procedure was used for the control, except the enzyme 
reaction was stopped at zero min by adding the Somogyi’s copper reagent. 

 
Statistical analysis. 

The experimental data were analyzed using analysis of variance 
(ANOVA) and expressed as the mean value ± standard deviation. Tukey’s test 
was conducted to examine significant differences among experimental mean 
values (p ≤ 0.05). 
 

RESULTS  
 
Effect of POS-M concentration on rice seed growth  

Table 1 summarizes the growth of rice seeds and seedlings. After 3 d 
of soaking in water, the seeds developed roots and shoots with average lengths 
of 5.9 and 7.1 mm, respectively. Under the same cultivation conditions, POS-
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M solutions at concentrations of 10 and 1,000 ppm significantly stimulated 
root development (8.4 and 7.9 mm, respectively), and POS solution at 1,000 
ppm had also a significantly longer shoot length of 7.9 mm, while 
concentrations of 100 and 10,000 ppm had an adverse effect on both root and 
shoot growth (2.2-4.3 and 4.7-5.8 mm, respectively). 

Seedlings from the water treatment had the root and shoot lengths of 
65.6 and 66.3 mm at 7 d after sowing in a moist plastic box. Only a 1,000 ppm 
POS treatment has the significant potential to increase root and shoot 
development by 6.9 and 6.2%, respectively. But other concentrations could 
not markedly increase seedling growth (Table 1). Thus, POS-M solution at 
1,000 ppm concentration was chosen to further investigate the effect of POS 
on rice carbohydrate metabolism. 
 
Table 1.  Root and shoot length of rice seeds after soaking in water and

 POS-M solution at various concentration (10, 100, 1,000 and
 10,000 ppm) for 3 d and rice seedling at 7 d after sowing. 

 

Treatments 
3 d after soaking 7 d after sowing 

Root length 
(mm) 

Shoot length 
(mm) 

Root length 
(mm) 

Shoot length 
(mm) 

Water 5.9c 7.1c 65.6ab 66.3cd 
POS-M solution   
   10 ppm 8.4d 7.9d 68.6bc 66.6d 

   100 ppm 4.3b 5.8b 65.5ab 66.9bc 

   1,000 ppm 7.9d 7.0c 70.1cd 70.4e 

   10,000 ppm 2.2a 4.7a 63.9a 64.4a 

Means with different letters (a, b, …) within columns are significantly different at p 
≤ 0.05 
 
The effect of POS-M at 1,000 ppm concentration on rice carbohydrate 
metabolism alteration 

The germinated seeds at 3 d after soaking in water and 1,000 ppm POS-
M solution were not significantly different in both total starch content and 
amylase activity which were 695.8-701.1 mg/g sample and 11.0-11.3 U/g 
sample, respectively. There also was no significant difference in amylase 
activity between the two seed treatments at 7 d after sowing (23.7-24.7 U/g 
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sample). Whereas, the starch residue in seed treated with POS-M was reduced 
by 6% after 7 d of sowing when compared to the water treatment (Table 2). 

 
Table 2.  Total starch content and amylase activity of rice seeds after

 soaking in water and 1,000 ppm POS-M solution for 3 d and
 rice seedling at 7 d after sowing. 

 

Treatment Total starch 
(mg/g Sample) 

Amylase activity 
(U/g Sample) 

Dried seeds 727.2d nda 

Soaking 3 days    
Water (control) 701.1c 11.0b 

POS-M (1,000 ppm) 695.8c 11.3b 

Sowing 7 days    
Water (control) 489.8b 24.7c 

POS-M (1,000 ppm) 460.9a 23.7c 

nd = not detectable 
Means with different letters (a, b, …) within columns are significantly different at 
p ≤ 0.05 

 
Table 3 summarizes the sugar profile. The dried seeds found only 

sucrose, and no soluble sugar was detected. After 3 d of soaking, the total 
soluble sugar and total reducing sugar in the two seed treatments were the 
same, averaging 21.3-23.8 and 3.9-4.6 mg/g sample, respectively. Sucrose and 
glucose were the dominant sugars observed in all treatments' seeds (5.6 and 
3.0-4.1 mg/g sample, respectively), while maltose, which is also a sugar 
released from starch degradation by amylase, was not detectable. After 7 d of 
sowing, POS-M at 1,000 ppm can enhance the seedling to accumulate the 
soluble and reducing sugar in the root by 69% and 209%, respectively, while 
decreasing sugar in the remaining seed part by 38% and 30%, respectively. 
POS-M can also increase the accumulation of total reducing sugar in rice 
shoots, which was 38.9 mg/g sample versus 29.1 mg/g sample in the water 
treatment. 
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Table 3.  Total soluble sugar, total reducing sugar and sugar content of
 rice seeds after soaking in water and 1,000 ppm POS-M
 solution for 3 d and rice seedling at 7 d after sowing. 

 

Treatment 

Total 
soluble 
sugar 
(mg/g 

Sample) 

Total 
reducing 

sugar 
(mg/g 

Sample) 

Sugar content (mg/g Sample) 

Fruc Glu Suc Mal 

Dried seed nda nda nda nda 7.3ab nda 

Soaking 3 days     
Water  21.3b 4.6b 0.5ab 4.1ab 5.6a nda 

POS-M  23.8b 3.9ab 0.7ab 3.0a 5.6a nda 

Sowing 7 days      
Water      

Shoot 67.5d 29.1c 14.6c 11.0cd 13.3b nda 

Root 50.1c 27.0c 12.8c 8.3bc 26.3c nda 

Seed 216.5g 101.8g 2.2ab 85.5g 123.9e 3.00c 

POS-M       
Shoot 61.2d 38.2d 21.5d 13.9d 4.6a nda 

Root 84.7e 83.6f 37.3e 20.4e 4.6a nda 

Seed 135.1f 71.3e 3.7ab 59.0f 34.0d 1.5b 

nd = not detectable 
Means with different letters (a, b, …) within columns are significantly different at p ≤ 
0.05 

 
The composition of sugars accumulated in the roots and shoots of rice 

was examined (Table 3), and it was discovered that the 7-d seedlings 
germinated by soaking in water for 3 d had nearly the same accumulation of 
fructose, sucrose, and glucose in the shoot with 14.6, 13.3, and 11.0 mg/g 
samples, respectively, while the roots had a notably high accumulation of 
sucrose in 26.3 mg/g sample. Despite the fact that only 4.6 mg/g of sucrose 
was accumulated in both roots and shoots of 7-d POS-M treatment seedling, 
fructose and sucrose concentrations increased by 47% and 26%, respectively, 
in shoots and 191% and 146%, respectively, in roots. Sucrose, glucose, and 



 

 
The 34th Annual Meeting of the Thai Society for Biotechnology and International 

Conference “Sustainable Bioeconomy : Challenge and Opportunities” 

 
 

570 November 24–25, 2022, Ambassador Hotel Bangkok, Thailand 
 
 

maltose levels in the seed part of POS-M treatment at 7 d after sowing were 
73%, 31%, and 50% lower than those in water treatment, respectively. The 
sugar profile followed the same pattern as the total starch content. 
 

DISCUSSION 
 

POSs obtained from pomelo peel can improve the rice seed growth by 
increasing the roots and shoots length at optimal concentration via 
carbohydrate metabolism alteration. Carbohydrate metabolism plays a key 
role in plant growth and development. POS-M treatment can stimulate the 
starch degradation stored in the endosperm of rice seeds into metabolizable 
sugars such as glucose with minor quantities of maltose (Scofield et al. 2007), 
which is taken in by embryos through the scutellar epithelium and/or finally 
converted into sucrose in the vascular cells (Matsukura et al. 2000; Scofield 
et al. 2007). This statement is in line with the observations of studies that 
indicated the glucose and sucrose accumulation in rice seeds after soaking in 
solution 3 d.  

Moreover, it is possible that POS-M can increase the rate of glucose 
taken and glucose conversion to sucrose, as evidenced by the decrease in the 
amount of glucose and sucrose in the seedling at 7 d after sowing. Sucrose is 
a significant molecule for the long-distance transport of carbon assimilates to 
promote root and shoot growth and development (Matsukura et al. 2000). 
POS-M treatment can raise the levels of glucose and fructose in the root and 
shoot since sucrose which is transported to sink organs such as roots, shoots, 
flowers, and fruits can be cleaved into glucose and fructose. These sugars are 
subsequently phosphorylated to produce glucose-6-phosphate and fructose-6-
phosphate, which enter plant metabolic pathways (Stein and Granot 2018) and 
promote rice plant growth. 
 

CONCLUSION 
 

The concentration of POS-M can have an impact on plant 
development. At suitable concentrations (1,000 ppm), it can indirectly 
stimulate rice root and shoot development by improving carbohydrate 
metabolism. However, the effect of POSs on the development of other plants, 
such as fruit and floral plants, should also be studied. 
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ABSTRACT 
 

Nowadays, the popular resources on the commercial market of lipids 
and DHA products would highlight marine algae. Based on various factors, 
the Thraustochytrids genus, herein Aurantiochytrium limacinum, efficiently 
produces certain amounts of polyunsaturated fatty acids (PUFAs), 
docosahexaenoic acid (DHA), and natural antioxidants, such as carotenoids. 
In this study, we aimed to investigate the effect of carbon sources, including 
glucose and glycerol, in various concentrations on biomass, lipids, DHA, and 
carotenoid productions in Aurantiochytrium limacinum TBRC 3648. Cell 
growth was reached to log phase within 24 hours of cultivation. When using 
50 g/L glucose as the carbon source during culture, the maximum biomass 
level occurred at about 11.3 g/L on day 7, whereas 50 g/L glycerol condition 
induced biomass at about 5.9 g/L on day 7. In addition, the glucose 
supplementation also induced higher amounts of carotenoid content when 
compared to the glycerol condition, as well as higher antioxidant capacity. On 
the other hand, for lipid content, the highest lipid content (32.2 %w/wDCW) 
was found in cells grown under 25 g/L glycerol condition on day 6 when 
compared to cells grown under 25 g/L glucose condition by about 
26.8 %w/wDCW. Likewise, the DHA contents were 8.6 and 11.7 %w/wDCW in 
cells grown under 15 g/L glucose and 25 g/L glycerol conditions, respectively. 
Consequently, glucose was the optimal carbon source for cell biomass, 
carotenoid accumulation, and antioxidant capacity, whereas glycerol was the 
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best carbon source for the formation of lipids and DHA in Aurantiochytrium 
limacinum TBRC 3648. 
 
Keywords: Aurantiochytrium limacinum, Carotenoids, DHA, 
Polyunsaturated fatty acids (PUFA), Thraustochytrids. 
 

INTRODUCTION 
 
 Since the last several decades, interest in algae-based renewable 
energy and chemicals has grown due to their potential to reduce carbon 
dioxide emissions and reduce fossil fuel usage (Ma et al., 2018). Microalgae 
can be used for more applications, such as renewable energy (i.e., bioethanol, 
biodiesel, and biogas), nutraceuticals (i.e., omega-3 and omega-6 fatty acids), 
pharmaceutical pigments (i.e., β-carotene, squalene, and astaxanthin), foods, 
cosmetics, fertilizers, and bioplastics (PHB) (Pienkos & Darzins, 2009). 
 Most natural fatty acids are composed of hydrocarbon chains 
terminating in carboxylic acid groups. Fatty acids can be classified into 3 
types, including saturated, monounsaturated, or polyunsaturated fatty acids 
depending on their hydrocarbon chain structure (Ratledge, 2004). 
Docosahexaenoic acid (DHA) is an essential fatty acid for the human body, 
particularly for the brain and eyes (Pahlavan Yali et al., 2019). Many 
researchers have discovered alternative resources for Omega-3 fatty acids 
instead of fish oil, such as oil producing microorganisms like microalgae, 
fungi, yeast, and bacteria. Single cell oil (SCO), which is produced by an 
unicellular organism in a controlled environment does not have the 
problematic issues of fish oil (Ratledge, 2004), such as contamination with 
toxins (for example, heavy metals and dioxins), which are harmful to pregnant 
women and young children (Kris-Etherton et al., 2002), and an unpleasant 
smell and taste (Spolaore et al., 2006). 
 Marine microalgae, which are heterotrophic single-celled eukaryotes, 
such as Aurantiochytrium (Figure 1), are prevalent in marine habitats. They 
have the ability to grow by consuming organic carbon sources, such as 
glucose, potentially enhance PUFA productivity, and synthesize large 
amounts of DHA. Long chain polyunsaturated fatty acids (LC-PUFA) exist as 
neutral and polar lipids. These characteristics make them great candidates for 
commercial DHA production (Raghukumar, 2008). Depending on the 
producing species and cultivation conditions, the majority of Thraustochytrids 
also contain significant quantities of naturally occurring antioxidants, such as 
carotenoids. 
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Figure 1.  Microscope image (100x) of Aurantiochytrium limacinum
 TBRC 3648 grown on SGYP medium for 2 days. 

 
 In Thraustochytrids, there is a mixture of keto-carotenoids such as 
astaxanthin, canthaxanthin, phoenicoxanthin, and echinenone, as well as non-
ketocarotenoids like β-carotene and zeaxanthin (Leyton et al., 2021). In some 
environments, the antioxidant capacity of carotenoids may contribute to 
protecting the cells against various environmental stresses. 
 In this study, we investigated the effects of different carbon sources, 
including glucose and glycerol on biomass, carotenoid, lipid, and DHA 
productions in Aurantiochytrium limacinum TBRC 3648. 
 

MATERIAL AND METHODS 
 
Microalgal strains and cultivation condition 

Aurantiochytrium limacinum TBRC 3648 was purchased from the 
Thailand Bioresource Research Center (TBRC). The inoculum culture was 
grown in SGYP liquid medium composed of glucose (4 g/L), yeast extract (4 
g/L), peptone (2 g/L), and artificial seawater (24.5 g/L). The pH of the medium 
was adjusted to 7.0-7.5. The cultivation temperature was maintained in a 
culture room at 25 – 27 oC under white light illumination with continuous 
shaking at 150 rpm. The initial cell density for starting cultivation was about 
0.1 at OD660. 

Aurantiochytrium cells were grown for 168 hours (or 7 days) in 
different growth media that contained either glucose (G) in various 
concentrations of 5, 15, 25, and 50 g/L in SGYP medium, or glycerol (GL) in 
various concentrations of 5, 15, 25, and 50 g/L in SGLYP medium.  
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Sample collection and determinations of growth and biomass  
 Cell growth was determined spectrophotometrically by measuring the 
optical density of cell culture at 660 nm. Next, cell cultures were collected by 
centrifugation at 5,500 rpm at 4 oC for 10 minutes. The obtained cell pellets 
were washed twice with diH2O before being dried at 70 oC in a hot air oven 
until a constant weight was obtained. After that, dry cell weight (DCW), also 
described as biomass yield, was calculated using the gravity method. 
 
Determinations of lipid and DHA contents 

Dried cells (5-10 mg) were extracted by adding 1 mL of CH3Cl: MeOH 
(2:1) mixture and 200 µL diH2O, then vortexed for 2 minutes and incubated 
at 55 oC in water bath for 2 hours. The sample mixture was centrifuged at 
10,000 rpm, 4 oC for 5 minutes (modified from Ren et al., 2021). From this 
centrifugation, the lower phase (chloroform) containing lipids were collected 
and dried overnight under fume hood for determinations of lipid and DHA 
contents. 

Total lipid content was measured by the gravity method by weighing 
extracted lipids. Lipid content was represented as %w/wDCW. 

DHA was determined by a spectrophotometry method (Sahi et al., 
2019) using commercial DHA as a standard. To measure DHA content, the 
extracted lipids were dissolved in CH3Cl: MeOH (2:1 ratio) with UV-IR 
grade. The absorbance spectrum was first scanned using a spectrophotometer. 
The maximum wavelength (max) of DHA standard solution was chosen for 
the sample measurement. DHA content was calculated after comparing with 
standard curve. DHA content was represented as %w/wDCW. 
 
Determinations of carotenoid content and antioxidant capacity 
 Dried cells (5-10 mg) were extracted with 1 mL methanol and then 
vortexed for 2 minutes. After that, the cell suspension was centrifuged. The 
supernatant fraction was measured for absorbances at 662, 645, and 470 nm 
by using a spectrophotometer. The contents of carotenoids were calculated 
(Tomsone & Kruma, 2019). 
 To measure the antioxidant capacity, the DPPH radical scavenging 
activity assay was performed. The supernatant fraction (100 µL) was mixed 
with 100 µL solution of 0.1 mM DPPH in methanol. After that, it was 
incubated in the dark for 30 minutes at room temperature. After incubation, 
absorbance was measured at 517 nm. The scavenging activity was calculated 
(Maldeniya et al., 2020). 
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RESULTS  
 
Growth curve and biomass production 
 Aurantiochytrium limacinum TBRC 3648 reached to log phase within 
24 hours of cultivation (Figure 2). In SGYP medium or glucose addition (50 
g/L), the highest biomass level was achieved at about 11.3 g/L at day 7 of 
cultivation (Figure 2c). While the maximum biomass production was reached 
to 5.9 g/L under glycerol condition (50 g/L) for 7 days of cultivation (Figure 
2d). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Growth curves of A. limacinum TBRC 3648 cells grown in

 SGYP medium (a) and SGLYP medium (b). Biomass or dry
 cell weight (DCW) of cells grown in SGYP medium (c) and
 SGLYP medium (d). Mean  S.D. (n=3). 

 
Lipid and DHA contents 
 Figure 3 displays the total lipid and DHA concentrations in 
Aurantiochytrium limacium TBRC 3648. At day 3 of culture, the lipid content 
of cells cultivated in a glucose condition (25 g/L) was about 26.8 %w/wDCW 
(Figure 3a). The highest DHA concentration of cells cultured under glucose 
environment (15 g/L) was 8.6 %w/wDCW at day 4 of cultivation (Figure 3c). 
On the other hand, at day 6 of culture with the glycerol condition (25 g/L), 
cells accumulated a greater lipid content of about 32.2 %w/wDCW (Figure 3b). 

c 

b 

d 
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Additionally, the highest DHA concentration was 11.7 %w/wDCW on day 2 of 
culture (Figure 3d). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Total lipid contents of A. limacinum cells grown in SGYP

 medium (a) and SGLYP medium (b). DHA contents of cells
 grown in SGYP medium (c) and SGLYP medium (d). Mean 
 S.D. (n=3). 

 
Carotenoid content and antioxidant capacity 

The total carotenoid content of A. limacinum TBRC 3648 grown in 
SGYP medium (50 g/L glucose) was about 66.3 µg/g at day 2 of cultivation 
(Figure 4a), as well as its antioxidant capacity of about 62.09 % at the same 
day. While growing on SGLYP medium (50 g/L glycerol), the maximum 
carotenoid content was about 14.8 µg/g at day 7 of growth (Figure 4b). At day 
5, cells grown in glycerol medium (50 g/L) had an antioxidant capacity of 
about 20.03 % (Figure 4d). 
 
 
 
 
 
 
 

a b 
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Figure 4.  Carotenoid content and antioxidant capacity of A. limacinum

 cells grown under glucose condition (a and c, respectively) and
 glycerol condition (b and d, respectively). Mean  S.D. (n=3). 

 
DISCUSSION 

 
 In this study, we used a medium that contained different carbon 
sources, such as glucose or glycerol, to enable Aurantiochytrium limacinum 
TBRC 3648 to produce more lipids, DHA, and carotenoids, and increase its 
biomass. Figure 1 shows the changes in cell density and biomass throughout 
the incubation time for each medium. The results showed a strong correlation 
between biomass levels and the optical density (OD) of cells. Additionally, 
the increased biomass of A. limacinum was supported by the higher 
concentration of glucose as a carbon source. In related research, 
Schizochytrium limacinum, which is also in the Thraustochytrids class, was 
grown in various media containing different carbon sources, including 
glucose, fructose, and glycerol (Yokochi et al., 1998). It was discovered that 
glucose, followed by fructose and glycerol, significantly increased the 
biomass of S. limacinum. 
 Moreover, the results of the lipid and DHA levels in A. limacinum 
TBRC 3648 appeared to be higher when employing glycerol as a carbon 
source in comparison to the glucose condition. In a previous report of S. 

b 

c d 
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limacinum, more than 4 g/L of DHA was also obtained from cultures on 
glucose (9 %w/v) and glycerol (12 %w/v) (Yokochi et al., 1998).  
 For carotenoid accumulation in A. limacinum TBRC 3648, glucose 
addition certainly increased carotenoid contents when compared to the 
glycerol condition. It was in line with a previous study in Thraustochytrium 
sp. that had a high carotenoid content under a glucose condition (Leyton et al., 
2022). Moreover, our finding also indicated a correlation between carotenoid 
content and antioxidant capacity. From a cost of investment perspective, crude 
glycerol would be a great alternative carbon source for the production of lipids 
and DHA because it is less expensive than glucose on the commercial market. 
 

CONCLUSION 
 

Glucose carbon source had influenced on cell biomass and carotenoid 
accumulation in Aurantiochytrium limacinum TBRC 3648 while glycerol 
carbon source certainly enhanced the lipid and DHA contents.  
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ABSTRACT 
 

Methyl viologen (MV) is a widely used herbicide chemical that 
competes electrons from photosystem I and induces the formation of active 
radical species causing cellular oxidative stress. However, the exact target 
molecule of methyl viologen is unknown. This study aimed to identify 
mutation(s) that lead to MV resistance in cyanobacterium Synechocystis sp. 
PCC 6803. The wild type strain was cultured for 30 days to reach stationary-
growth phase to allow the occurrence of spontaneous mutations in aged cells. 
Approximate 109 cells were spread on agar medium containing 10 to 60 µM 
MV. After 30-40 days, the MV resistant colonies up to 23, 176 and 2,936 were 
derived from agar plate containing 40, 20 and 10 µM of MV respectively. One 
MV-resistant colony was selected from the agar plate containing 40 µM MV 
and were the subject for genome sequencing. Result showed that the mutant 
genome contains 21 point mutations. The three mutated genes related to 
cellular transport of MV were of interest. These includes the frameshift 
mutation in cpcF gene involving intracellular transport, the stop-codon 
gained mutation in lpxD_1 and mshA_4 genes involving cell wall 
biosynthesis, and the frameshift mutation in arnC_4 gene responsible for 
biofilm formation. These results suggested that these mutated genes may loss 
the function of MV transport to the cells and result in the MV resistance 
phenotype in the mutant. This data provide basic information of MV resistant 
mechanism in aquatic photosynthetic microbe. 
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Keywords: Methyl viologen, Resistance, Spontaneous mutation, 
Synechocystis sp. PCC 6803. 
 

INTRODUCTION 
 

Herbicides has been used to kill unwanted weeds but these chemicals 
have accumulated and are toxic for other plants, animals and human beings. 
Some herbicides have been known to be mutagenic or carcinogenic agents 
(Nguyen-Ngoc et al., 2009). Accumulation of herbicide waste in aquatic 
systems is one of a great concern due to its negative impact on aquatic 
ecosystems such as aquatic plant, and microalgal cyanobacteria. 
Cyanobacteria have also been found to be highly sensitive to methyl viologen 
(MV) (Zhang et al., 2013). 

MV (N,N′-dimethyl-4,4′-bipyridinium dichloride) is one of the most 
widely used herbicides in the world for the control of broadleaf weeds. MV is 
adsorbed very quickly by weed leaves and blocks photosynthesis by acting as 
electron acceptor at photosystem I complex of weeds (Fuerst and Vaughn, 
1990). This action disrupts photosynthetic electron transfer systems and 
prevents the generation of NADPH (Fig. 1). As a result, the excess electron is 
transferred to molecular oxygen and generate the toxic reactive oxygen 
species (Ananieva et al., 2004), such as superoxide anions, singlet oxygen, 
hydroxyl and peroxyl radicals which are accumulated in chloroplasts of weeds 
(Autor, 1974). These toxic compounds subsequently result in the productions 
of harmful hydroxyl radicals and hydrogen peroxide that cause DNA damage, 
protein degradation and lipid peroxidation which are the important cellular 
metabolisms (Casano et al., 1994; Szigeti and Lehoczki, 2003).  Nevertheless, 
the cellular mechanism in photosystem I complex that is the target of MV 
inhibition is still unclear.  
  Previous study determined the localization of membrane proteins in 
Synechococcus sp. PCC7942 (Debra et al., 1994). They speculated that MV 
could interact with photosystem I (PSI) because PSI locates in outer thylakoid 
membrane. 
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Figure 1. MV inhibits photosynthesis by blocking photosystem I 

electron transport. Photosynthetic system and electron 
transport of Synechocystis sp. (Bryant, 1994.) Photosystem I 
(PSI) and photosystem II (PSII) containing pigments (such as 
chlorophyll a and carotenoid) absorbs light and transfers 
electron to the electron accepter protein complex. The electron 
transport chain moves from PSII to PSI via the cytochrome b6f 
complex which used for the reduction of NADP+ to NADPH. 
During electron transport a H+ gradient was used to generate 
ATP via ATPase. MV in the form of MV++ acts as an electron 
acceptor and competes electron flow in PSI transport. Hence, 
MV++ inhibits PSI electron transport. Then, MV+ is generated 
and was reacted to molecular oxygen (O2) and generated super 
oxides (O2

−). Next, O2
− induces lipid peroxidation and other 

oxidative stress responses. The information above was 
obtained and the figure was redrawn from Fuerst and Norman, 
1991.  

 
However, MV may not be able to bind PSII because PSII locates at 

two inner thylakoid membrane where MV may not be able to get in (Debra et 
al., 1994). For this reason, the MV compete for the electrons only in the PSI. 
It has been hypothesized that MV block electron transport by interacting 
phylloquinone in PSI because phylloquinone is the reduction site of PSI. 
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(Patrick and Michael, 1991). However, this hypothesis has not been verified. 
In addition, eukaryotic algal Chlorella vulgaris, the expression of psaB gene 
encoding PSI protein was down regulated upon exposing to MV (Quian et al., 
2009). Therefore, this result supported the hypothesis that MV inhibits PSI. 

Since cellular mechanism that is a target of MV inhibition has not been 
identified. This research aims to identify mutation conferring MV resistance. 
We speculated that the product of gene(s) that is mutated is likely the target of 
MV inhibition. Therefore, the product of wild type gene is sensitive to MV, 
while the product of the mutated gene(s) is resistant to MV. Thus, the isolation 
of MV resistant mutation is one way to suggest the cellular target of MV.  

To isolate MV resistant mutants, spontaneous mutation was used. The 
spontaneous mutations are the infrequent and random mutation that occur in 
cells via the error of DNA replication and repair system. Probability that a 
mutation will be observed each time from the cells divided themselves 
generally between 1 in 10,000 and 1 in a trillion (Engelkirk et al., 2020). In 
cyanobacteria (Prochlorococcus sp.) has the mutation rate about 1 in a ten 
billion mutations per base pairs per generation (Kashtan et al., 2014).  

Isolation of spontaneous mutation has been done in the well-studied 
cyanobacterium Synechocystis sp. PCC 6803 resistant to acetazolamide (Bedu 
et al., 1990) and cadmium (Xu et al., 2018). Synechocystis sp. PCC 6803 is 
one of cyanobacterial models with well know genome appropriated for 
biochemistry, physiology and photosynthesis (Vincent, 2009; Shevela et al., 
2013). Thus, Synechocystis is suitable to be used as a strain for the isolation 
of spontaneous MV resistant mutants. So, this study isolated spontaneous MV 
resistant mutants. Genomic mutations conferring MV resistance was 
identified using next generation sequencing. And the possible mechanism of 
MV resistant in cyanobacteria along with the cyanobacterial strategy of MV 
tolerance are discussed. 
 

METHODS 
 
Cyanobacteria strains, cell cultivation and cell growth measurement  

Wild type Synechocystis sp. PCC 6803 (hereafter Synechocystis) was 
obtained from the Pasteur culture collection (PCC), France. Cells were grown 
in BG-11 (Rippka et al., 1979) liquid medium or agar medium supplemented 
with 20 mM HEPES-NaOH buffer pH 7.5, at 30°C, supplied with the constant 
white light (50 µmol photons m-2 s-1 generated) and atmospheric level of 
carbon dioxide (0.4 % v/v). The growth of cyanobacterial cultures was 
determined by measuring optical density at 730 nm (OD730nm) using 
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spectrophotometer. Methyl viologen (MV) was added to the medium when it 
is required. 
 
Generation of MV resistant mutants  

To generate MV resistant mutant, wild type Synechocystis sp. was 
grown in liquid media for 30 days to reach stationary-growth phase to allow 
the occurrence of spontaneous mutation(s) in aged cells. The cells (about 2 
OD730nm in 200 µL of BG-11 medium) were harvested and spread on agar 
medium (35 mL of agar medium in 0.7 cm diameter Petri dish) containing 10, 
20, and 40 µM of MV. Cells were cultured under the continuous illumination. 
After 30-40 days, one colony of MV-resistant mutant was selected from the 
plate containing 40 µM MV. Cells of the selected colony were restreaked two 
times on a new agar medium plate containing 40 µM MV to obtain a single 
colony. Wild type cells (as a negative control) were also streaked on agar plate 
containing MV which the wild type cells were unable to grow in this agar plate 
containing MV to ensure the MV inhibition of the growth of wild type cells.  
 
Genomic DNA isolation and genome sequence 

Genomic DNA of Synechocystis sp. PCC 6803 were extracted using a 
modified protocol (Draper and Scott, 1998) as follows. Cell pellets were 
suspended in 400 µL of Tris-EDTA solution (10 mM Tris-HCl (pH 8), 1 mM 
EDTA (pH 8)) and vortexed at maximum speed for 3 min. The cell suspension 
was added with 100 µL of 50 mg/mL lysozyme and incubated at 37°C for 5 
min with shaking. The mixture was added with 50 µL of 10% w/v sarkosyl 
and 600 µL of saturated phenol and mixed by shaking for 15 min. After 
centrifugation for 10 min, the aqueous phase was collected, added with 10 µL 
of (2 µg/µL) RNase and incubated at 37°C for at least 15 min. The mixture 
was added with 100 µL of 5 M NaCl, 100 µL of CTAB-NaCl (10% w/v CTAB 
and 0.7 M NaCl) and 600 µL of chloroform:isoamyl alcohol (24:1, v:v). After 
centrifugation, the aqueous phase was added with 600 µL of isopropanol and 
centrifuged to precipitate genomic DNA. Genomic DNA was purified to 
remove RNA and other contaminants using Genomic DNA Clean & 
Concentrator Kit. Genome sequences of wild type and mutants were 
determined using Next-generation whole-genome sequencing which was 
performed by lllumina Sequencing-MiSeq machine and conducted by Omics 
Science and Bioinformatics Center, Faculty of Science, Chulalongkorn 
University, Thailand. 
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Identification of mutation conferring methyl viologen resistance  
The genome sequences of wild type and the mutants were compared 

to identify mutation conferring MV resistance using Galaxy software 
(https://usegalaxy.org).  

 
Determination of oxygen evolution  

The method is according to Towijit et al., 2018. The living cells of 
wild type and mutant(s) were resuspended in 2 mL of fresh BG-11 medium. 
Cells were incubated under darkness for 30 min and were determined for 
oxygen evolution using Oxygraph plus oxygen electrode (Hansatech 
Instruments, U.K.). The oxygen evolution measurement was conducted at 
25 °C using fluorescent white light as a saturated light source. The unit of 
oxygen evolution rate was presented as μmol O2•mg DW a−1•h−1. 
 

RESULTS  
 
Generation of MV resistant mutants  
 Minimum inhibitory concentration of methyl viologen (MV) for wild 
type Synechocystis is 10 µM. Spontaneous mutants of Synechocystis showing 
methyl viologen (MV) resistance were derived from agar plate containing 10, 
20 and 40 µM of MV (Table 1),  after 30-40 days.  The lower MV 
concentration (10 and 20 µM) yielded the higher mutant colonies on agar 
plate than those of the higher concentration (40 µM) (Table 1). One MV-
resistant colony from the agar plate containing 40 µM MV was selected as a 
mutant that were the subject for genomic DNA isolation and genome 
sequencing in the next section. 
 
Analyzing quality of extracted genomic DNA of MV-resistant mutant 
 Results in Fig. 2 showed that the good quality of genomic DNA of 
wild type and mutants were obtained. And the purification of genomic DNA 
was successful (Fig. 2, lane 3-4 and 7-8).  
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Table 1. The numbers of methyl viologen (MV)-resistant colonies of 
Synechocystis sp. PCC 6803 obtained from an agar plate 
containing MV. Minimum inhibitory concentration of MV for 
wild type Synechocystis is 10 µM. The average number of 
colonies were derived from three independent agar plates. 

 

 
Twenty-one point mutations were found in MV-resistant mutant  

Wild type and one selected MV-resistant mutant were subjected for 
genome sequencing. To identify mutation conferring MV resistance. the 
genome sequence of the MV-resistant mutant was compared to that of wild 
type. Results in Table 2 showed that the mutant genome contains 21 point 
mutations. The types of mutation include stop-codon gained mutation, 
frameshift mutation, start-codon lost mutation and missense mutation (Table 
2). The frameshift mutation in the gene involving intracellular transport 
(cpcF), the stop-codon gained mutation in the genes involving cell wall 
biosynthesis (lpxD_1 and mshA_4), and the frameshift mutation in the gene 
responsible for biofilm formation (arnC_4), are of interest because the 
mutation may result in the loss of the MV transport ability which led to the 
MV resistance in the mutant. 

MV concentration  
on agar plate  (µM) 

Average number of MV-resistant colonies 
on an agar plate 

10 2,936 ± 188 
20    176 ±   13 
40      23 ±   11 
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Figure 2.  Genomic DNA of Synechocystis sp. PCC 6803 wild type and 

the MV-resistant mutant analyzed on 0.8 % agarose gel 
electrophoresis. M: 1-kb DNA marker; lane 1-2: duplication 
of genomic DNA of the MV-resistant mutant before the 
purification; lane 3-4: duplication of genomic DNA of MV-
resistant mutant after purification using the kit (Genomic 
DNA Clean Kit, Zymo research, USA); lane 6: duplication of 
wild type genomic DNA before the purification; lane 7-8: 
duplication of genomic DNA of wild type after the purification 
using the kit. 
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Figure 3.  Growth profiles for Synechocystis sp. PCC 6803 wild type and 
the MV-resistant mutants under absence or presence of MV. 
Cells were cultured under standard BG-11 medium. Cells 
growth was monitored by using the optical density (OD) at 
730 nm. Data are shown as the mean ±SD derived from three 
independent cultures. 

 
MV inhibited cell growth and oxygen-gas (O2) evolution in wild type, but 
not in the MV-resistant mutant. 

Wild type and the MV-resistant mutant grew at comparable level 
under the absence of MV (Fig. 3). Under the presence of MV at 60 µM, wild 
type was not able to grow, but the mutant can grow as evidence in the 
significant increase of OD at 730 nm (Fig. 3).  

In addition, wild type and the MV-resistant mutant have comparable 
O2 evolution rate in the absence of MV. However, the 60 µM MV exposure 
completely inhibited O2 evolution rate of wild type, while this MV exposure 
did not significantly affected O2 evolution rate of the MV-resistant mutant 
(Fig. 4). The results suggesting that the 60 µM MV exposure did not severely 
affect photosynthesis of the MV-resistant mutant. 
 
 
 
 
 
 
 
 
 
 



 

 
The 34th Annual Meeting of the Thai Society for Biotechnology and International 

Conference “Sustainable Bioeconomy : Challenge and Opportunities” 

 
 

592 November 24–25, 2022, Ambassador Hotel Bangkok, Thailand 
 
 

Table 2. Twenty-one point mutations found in the MV-resistant 
genome. 
* indicates stop-codon gained 

 
 
 
 
 
 

Mutation in 
Genome 

Amino 
acid 
change 

Gene name Gene function Type of 
mutation 

c.64delT p.Ser22fs yfiY_2 Unknown function frameshift 
c.177delG p.Ala60fs cpcF  Involved in intracellular transport frameshift 
c.2002delA p.Lys668fs FMAMFGPO_00092 Hypothetical protein frameshift 
c.1023T>A p.Tyr341* Lpd NAD(P)/FAD-dependent oxidoreductase stop-codon gained 
c.670C>T p.Gln224* sasA_1 ATP-binding protein stop-codon gained 
c.202C>T p.Gln68* lpxD_1  Biosynthesis of cell-wall peptidoglycan stop-codon gained 
c.142_143insG p.Val49fs FMAMFGPO_00224 Hypothetical protein frameshift 
c.276delG p.Glu96fs menH_2 Involved in the conversion of 

triacylglycerol to diacylglycerol by 
releasing one carboxylate. 

frameshift 

c.15C>A p.Tyr5* mshA_4 Biosynthesis of cell-wall peptidoglycan stop-codon gained 
c.2174_2175insA p.Thr728fs pcrA ATP-dependent DNA helicase frameshift 
c.2329dupC p.Gln777fs malP_2 Using inorganic phosphate to cleave an 

alpha 1,4 linkage between the terminal 
glucose residue 

frameshift 

c.2T>A p.Met1? FMAMFGPO_01147 Hypothetical protein start codon-lost 
c.811C>T p.Gln271* FMAMFGPO_01189 Aminoglycoside antibiotic resistance, 

transcription regulation, protein 
acetylation and stress reaction 

stop-codon gained 

c.396_397insC p.Val134fs rpe Catalyzes the reversible epimerization of 
D-ribulose 5-phosphate to D-xylulose 5-
phosphate. 

frameshift 

c.396delT p.Thr133fs mqnB Hypothetical protein frameshift 
c.842_846delTCA
CGinsTCGACT 

p.Thr282fs arnC_4 Inactivation of glycosyltransferase 
homolog results in robust biofilm 
formation. 

frameshift 
&missense 

c.1149delC p.Pro386fs FMAMFGPO_01976 Hypothetical protein frameshift 
c.45dupC p.Glu16fs FMAMFGPO_02070 DUF6439 family protein frameshift 
c.137delT p.Leu46fs rsbQ Catalyzes the hydrolysis of peptides, 

esters, lactones, haloalkanes, and 
epoxides. 

frameshift 

c.121A>T p.Lys41* FMAMFGPO_03083 Important in the cell cycle and normal 
growth and development 

stop-codon gained 

c.901C>T p.Gln301* prfA Facilitate the release of the growing 
polypeptide chain at stop codons. 

stop-codon gained 
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Figure 4.  Oxygen-gas evolution of wild type and the MV-resistant 
mutant under the presence or absence of MV. Data are shown 
as the mean ±SD derived from three independent cultures. 
N.D., not detectable O2 evolution. Significantly different 
levels (*, P < 0.05: two-tailed student’s t-test). 

 
DISCUSSION 

 
Spontaneous mutants of Synechocystis sp. PCC 6803 that are resist to 

various toxic chemicals such as acetazolamide (Bedu et al., 1990) and 
cadmium (Xu et al., 2018) has been reported in the well-studied 
cyanobacterium Synechocystis sp. PCC 6803. It has been estimated that a 
spontaneous mutation rate occurs in every one in a ten billion mutations per 
base pairs per generation (Kashtan et al., 2014). It has been known that MV 
compete electron from photosystem I (Fuerst and Norman 1991) and cause the 
oxidative stress to the cells (Quian et al., 2009). From the previous studies, 
MV-resistant mutants were found in others organism such as plant 
Arabidopsis thaliana (Dong et al., 2016), bacterium Bacillus anthracis Sterne 
(34F2) (Passalacqua et al., 2007), bacterium Escherichia coli (Gonidakis et 
al., 2011) and bacterium Pseudomonas aeruginosa (Ma et al., 1998). The 
resistant mechanism includes the mutation in membrane transport protein 
(Dong et al., 2016) which cells may not be able to import MV to the cells, the 
mutation in superoxide dismutase enzyme (Passalacqua et al., 2007) that 
might help promote the destroys of reactive oxygen species created by MV, 
and the mutation in protein involving in ubiquinone biosynthesis (Gonidakis 
et al., 2011) and glucose-6-phosphate dehydrogenase (Ma et al., 1998) where 
the MV-resistant mechanism is still unknown (Table 3). 
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Table 3. Show the methyl viologen-resistance mutation in others 
organism. 

 

 
A number of cyanobacterial strains have been found to be highly 

sensitive to the methyl viologen (Zhang et al., 2013). In this study, we isolated 
the MV-resistant mutant which can tolerate MV up to 60 µM where wild type 
can tolerate MV at only 10 µM (Fig. 3). The MV-resistant mutant can perform 
photosynthesis in the presence of 60 µM MV as seen by the normal oxygen-
gas evolution ability, while wild type cannot (Fig. 4). These results suggested 
that MV may not get into the mutant cells or MV could get into the mutant 
cells, but MV cannot cause the toxicity to the cells. Results from genome 
sequencing revealed up to 21 point mutations in the genome of MV-resistant 
mutant (Table 2). Of particular interest is the frameshift/stop-codon gained 
mutation in cpcF gene involving intracellular transport, lpxD_1 and mshA_4 
genes involving cell wall biosynthesis, and in arnC_4 gene responsible for 
biofilm formation (Table 2) because these mutations may lead to the loss of 
the MV transport ability and caused MV resistance phenotype of the mutant. 
Whether the mutant is unable to transport MV remain to be examined by 
using radioactively-labelled MV to trace the intracellular MV transport. This 

Organism of 
MV resistant 
mutants 

Mutation site Reference 

Arabidopsis 
thaliana 

MVr2 gene, encoding a polyamine 
uptake transporter 

Dong et al., 
2016 

Bacillus 
anthracis 
Sterne (34F2) 

sodA1 gene, encoded superoxide 
dismutase. The mutants were also found 
to alter expression of gene involved in 
metal/ion transport, bacillibactin 
siderophore biosynthesis, the glyoxalase 
pathway, and oxidoreductase activity. 

 
Passalacqua et 
al., 2007 

Escherichia 
coli 

ubiG gene, encoding a methyltransferase 
required for the ubiquinone biosynthesis 

Gonidakis et 
al., 2011  

Pseudomonas 
aeruginosa 

zwf gene, encoding glucose-6-phosphate 
dehydrogenase (G6PDH) an enzyme that 
convert NAD+ or NADP+ and glucose-6-
phosphate to 6-phosphogluconate 

 
Ma et al., 1998 
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study will also help rule out the role of cpcF, lpxD_1, mshA_4, and arnC_4 
regarding MV transport in Synechocystis. 
 

CONCLUSION 
 

We isolated many MV-resistant mutants. Genome of one mutant was 
fully sequenced and it contains twenty-one points mutation where some of 
which involve in membrane/cell wall transport that may lead to inability to 
import MV to the cells. Further specific gene knock out of these mutation sites 
would help confirmed whether these mutations cause the MV resistant. 
Characterization of other MV-resistant mutants may lead to the understanding 
of MV transport, as well as the mechanism of MV resistance in cyanobacteria. 
This knowledge provides basic information for further development of other 
compound that can inhibit photosynthesis for further use in weed control. 
Additionally, the MV resistant mechanism found in this study might be 
applied in generating economic agricultural plants or algae that can tolerate to 
MV and related herbicides. 
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ABSTRACT 
 

Cancer is one of the leading health problems worldwide contributing 
to mortality along with COVID19 and heart disease. Several studies indicated 
that Cyclin-Dependent Kinase 1 (CDK1) served as a potential prognostic 
biomarker and target for several cancer types, e.g., lung and breast cancer. 
Marine actinobacteria are recognized as important producers of bioactive 
compounds, especially genus Streptomyces. One of the Streptomyces-derived 
secondary metabolites, steffimycin is classified as an anthracycline drug. 
Therefore, this study aimed to investigate the distribution of steffimycin 
biosynthetic gene cluster (BGC) among marine actinobacteria based on 
computational analysis. Total of 491 BGCs were predicted from 32 marine 
actinobacterial complete genomes by AntiSMASH. Steffimycin BGCs from 
marine Streptomyces were classified into terpene types by BiG-SCAPE. The 
construction of phylogenomic relationship using the stfK, steffimycin core 
gene as query by CORASON showed that steffimycin-related BGCs were 
distributed among marine Streptomyces. Steffimycin clade was identified as 
the candidate for putative steffimycin producer. Moreover, the simulation of 
the compatibility between steffimycin D with CDK1 by RosettaLigand 
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docking revealed the possible interaction with top interface score at -9.909 
kcal/mol which was lower than that of the positive control (dinaciclib). The 
steffimycin T35, I59, Q235 and D236 amino acid residues interacted with 
helix in the CDK1 protein. This docking results suggested the binding between 
steffimycin D and CDK1 as an anticancer target. In the future, in silico, 
genome mining analysis coupled with CDK1 molecular docking could 
accelerate screening of anticancer compound in actinobacteria and other 
biological sources.          

 
Keywords: Anticancer, Biosynthetic gene cluster, CDK1, Marine 
actinobacteria, Steffimycin 
 

INTRODUCTION 
 

Cancer is a group of diseases caused by abnormalities of cells in the 
body which later develop into invasive and life-threatening tumors (Sung et 
al., 2021). The main risk factors for cancer are external environmental factors, 
such as carcinogens, contaminating food, air, beverages, medicines including 
radiation exposure, virus, bacteria, and some parasites. Additionally, internal 
factors such as genetic abnormalities, malnutrition, and immune system 
defects are also included. In 2022, nearly two million new cancer cases and 
six hundred thousand cancer deaths occured in the United States of America, 
especially 350 deaths per day related to lung cancer (Siegel et al., 2022).  

In all living organisms, cell division plays an important role for 
growth, repair, and reproduction. Cells increase in the number through the cell 
division process and could be self-destroyed through apoptosis due to cell 
malfunction, DNA damage or viral infection. Cell division mechanism 
requires a working set of coordinating cascade proteins through 
phosphorylation. Cyclin-dependent kinase 1 (CDK1) is one of the major 
catalytic subunits of a protein kinase complex that inducing the entry into 
mitosis and is universal among eukaryotes. For example, in the fission yeast 
Schizosaccharomyces pombe, the gene cdc2 is responsible for controlling the 
cell cycle transition from G1 phase to the S phase and from the G2 phase to 
the M phase (Matthews et al., 2022). Interestingly, previous studies showed 
that dysfunction of CDK1 is involved in the progress of many types of cancer, 
including colon cancer, liver cancer and lung cancer (Li et al., 2020). Morover, 
the evidence of CDK1 as a biomarker in a prognosis and targets for lung 
cancer, which is an expression that is linked to the progress of the disease (Li 
et al., 2020). 
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Actinobacteria is group of mostly Gram-positive bacteria with high % 
GC content. It is the well-known source for microbial secondary metabolites 
with diverse bioactive activities such as antibiotics, antitumors, antivirals, 
Anti-inflammatories, etc. Examples of actinomycete anticancer include 
anthracyclines (aclarubicin, daunomycin, steffimycin and doxorubicin), 
peptides (bleomycin and actinomycin D), and mitomycins (Davies-
Bolorunduro et al., 2019). Since the first discovery of marine derived 
actinobacteria in the sea (Helmke and Weyland 1984) actinobacteria is 
recognized to be found in both terrestrial and aquatic habitat, especially ocean 
which cover more than 70% of the Earth's surface. Marine actinobacteria is an 
interesting source for antibiotics as little is known compared to those from 
terrestrial strains. It is therefore crucial to search for novel anticancers in the 
underexplored marine habitats.  

In this study, the genome mining of marine actinobacteria was 
performed to investigate the potential of new anticancer compound using 
genome computational analysis. Moreover, molecular simulation between 
steffimycin D, anticancer compound and CDK1 protein, as biomarker of 
cancer cell will be also investigated. 
 

MATERIAL AND METHODS 
 

Genome dataset  
Thirty-two marine actinobacteria genome sequence was downloaded 

from the National Center for Biotechnology (NCBI) database 
(https://www.ncbi.nlm.nih.gov/genome/) including a set of three genomes 
from marine source, eighteen genomes from the sea source and eleven 
genomes from the ocean source as shown in Table 1.  
 
Biosynthetic gene cluster analysis and gene cluster family 

To predict secondary metabolite biosynthetic gene clusters, the marine 
actinobacteria genomes were processed by antiSMASH version 6.1.1 with 
detection strictness at relaxed level to detect well-defined clusters and partial 
clusters missing one or more functional parts (Blin et. al., 2021). To construct 
gene cluster family by BiG-SCAPE (Biosynthetic Gene Similarity Clustering 
and Prospecting Engine), GenBank files and reference BGCs from the MIBiG 
repository were further analyzed with command BiG-SCAPE-GUI stand-
alone version 1.1.2 (Navarro-Muñoz et al., 2020) with hybrid glocal and the 
result of BiG-SCAPE was shown in HTML file at the terminal directory. 
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CORe Analysis of Syntenic Orthologs to prioritize Natural Product-
Biosynthetic Gene Cluster (CORASON)   

A set of genomes including a single cluster from MIBiG, GenBank 
files from predicted gene clusters and stfK gene sequence from Streptomyces 
steffisburgensis NRRL 3193 (accession number: CAJ42319.1) was 
reconstructed using command CORASON-GUI stand-alone. The output in the 
directory query-output use HTML to see a visualization of results. (Navarro-
Muñoz et al., 2020) 

 
Ligand Docking 

Chemical structure of steffimycin D (NPAID:012312) was retrieved 
from the Natural Product atlas database. The hydrogen was added to the 
compound by Avogadro (Hanwell et al. 2012). Dinaciclib (SCH727965), a 
well-known CDK1 inhibitor compound was retrieved from PubChem IDs: 
46926350 (Sofi et al. 2022). The PDB file of CDK1 was retrieved from RCSB 
Protein Data Bank (https://www.rcsb.org). The docking between steffimycin 
D, Dinaciclib and CDK1 was analyzed by RosettaLigand (Deluca et al., 2015). 
The output in the PDB file was visualized using PyMOL version 2.5 
(Schrödinger and DeLano 2022). 
 

RESULTS  
 
Number of biosynthetic gene cluster in marine actinobacteria 

The genome datasets were analyzed with antiSMASH which was 
compared to the MIBiG databases. The result showed that the total number of 
491 gene clusters were predicted from marine actinobacteria. Large number 
(larger than 22 gene clusters per species) of gene clusters were distributed in 
the genus Streptomyces, Actinoalloteichus, and Saccharopolyspora. On the 
contrary, the relatively small number (lower than 5 gene clusters per species) 
was predicted from other genus such as Kineosporiaceae, Microbacterium, 
and Thermoleophilia (Table. 1).  
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Table 1.  Number of biosynthetic gene cluster of each marine 
actinobacterial genome predicted by antiSMASH  

 

Bacteria strain No. of gene 
cluster  

Streptomyces marincola SCSIO 03032 
Actinoalloteichus sp. AHMU CJ021  
Streptomyces bacillaris ATCC 15855 
Streptomyces atratus SCSIO_ZH16 
Rubrobacter indicoceani SCSIO 08198 
Microbacterium sp. Y-01 
Rhodococcus sp. NJ-530  
Microbacterium sediminis YLB-01  
Actinomarinicola tropica SCSIO 58843 
Rubrobacter tropicus SCSIO 52909 
Rubrobacter marinus SCSIO 52915 
Gephyromycinifex aptenodytis NJES-13 
Brevibacterium sp. 
Streptomyces olivaceus SCSIO T05  
Streptomyces violascens ATCC 27968 
Streptomyces koyangensis SCSIO 5802 
Saccharopolyspora erythraea SCSIO 07745 
Miltoncostaea marina SCSIO 60955 
Miltoncostaea oceani SCSIO 61214  
Streptomyces sp. YPW6  
Iamia sp. SCSIO 61187 
Nocardioides coralli SCSIO 67246 
Nocardioides rotundus MCCC 1A10561 
Streptomyces marincola SCSIO 64649 
Kineosporiaceae bacterium SCSIO 59966 
Streptomyces sp. BSE6.1 
Thermoleophilia bacterium SCSIO 60948 
Saccharopolyspora gloriosae MLY014  
Agrococcus sp. SCSIO52902 
Nocardioidaceae bacterium SCSIO 66511 
Streptomyces sp. HNA39 
Saccharopolyspora gregorii BM8-3 
Total 

29 
25 
32 
26 
7 
3 
19 
3 
7 
9 
7 
5 
7 
37 
24 
22 
36 
6 
3 
30 
3 
1 
6 
32 
3 
23 
2 
25 
5 
2 
28 
24 
491 
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Biosynthetic gene clusters classification and large-scale network analysis 
of marine actinobacteria 

All Antismash-predicted gene cluster were analyzed by BiG-SCAPE 
to create a gene cluster family (GCF) and sequential similarity network. A 
total of 123 gene cluster family was categorized into 87 terpene biosynthetic 
cores, including 99 BGCs, 51 singletons, 44 links, 60 families and 8 members 
as shown in Figure 1A. Interestingly, predicted steffimycin biosynthetic gene 
clusters were presence among four marine Streptomyces and they were 
classified as terpene group (Figure 1B) with similarity value at 19%. 
 

 
 
Figure 1.  Marine actinobacteria BGCs encoding the production for 

secondary metabolites  analysis by BiG-SCAPE. A: (left) 
representation BGC per class. (Green: Terpene, Yellow: 
RiPPs, Orange: PKSI, Pink: NRPS, Dark Purple: PKS-NRP 
hybrids, Purple: saccharide, Brown: other, and Gark green: 
PKSother) and (right) molecular networks of steffimycin 
(depicted in pink). B: Sequence similarity of steffimycin 
biosynthetic gene distribution among marine Streptomyces 
(depicted in red box). Number 1: Streptomyces atratus 
SCSIO_ZH16 region007. Number 2: Streptomyces sp. YPW6 
region025. Number 3: Streptomyces sp. HNA39 region006. 
Number 4: Streptomyces bacillaris region026. 
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Exploration of anticancer compound using phylogenomic tree and 
chemical similarity. 

The steffimycin biosynthetic gene cluster from S. steffisburgensis 
NRRL 3193 (accession number: CAJ42319.1) as BGC reference was included 
into previous genome data. The evolutionary relationships of BGCs within 
GCF was investigated by phylogenomic with query stfK gene, steffimycin 
core gene. The result was shown in Figure 2. Steffimycin clade is comprised 
of predicted terpenes BGCs from Streptomyces bacillaris ATCC 15855 and 
Streptomyces sp. HNA39, while the spore pigment clade included BGCs from 
Streptomyces. Nenestatin clade included BGCs from Streptomyces marincola. 
These results implied that corresponding marine actinobacteria have potential 
to produce these metabolites. 
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Figure 2.  CORASON phylogeny of steffimycin-related BGC. The stfK 
gene from S. steffisburgensis NRRL 3193 was used as a query 
gene, and steffimycin BGC reference from S. steffisburgensis 
NRRL 3193 as query cluster. Colour highlighted sections on 
the tree indicated BiG-SCAPE-defined clades. Clusters in the 
“steffimycin clade”, “Nenestatin clade” and “spore pigment 
clade” contain groups of genes putatively involved in 
biosynthetic of steffimycin, nenestatin and spore pigment, 
respectively. 

 
Molecular Docking 

The Ligand-Protein docking was stimulated by Rosetta tool and 
visualized in PyMOL. The in-silico experiments were performed on all 
residues of the CDK1 protein to assess the effect of amino acid substitutions 
on steffimycin D binding. From one hundred generation RosettaLigand, 
steffimycin D scoring models with -9.909 kcal/mol was lower interface score 
than that of dinaciclib at -3.213 kcal/mol as a positive control. The steffimycin 
D T35, I59, Q235, and D236 amino acid interacted with the helix in the CDK1 
protein as shown in Figure 3.    

 

 
 
Figure 3.  Protein-ligand docking and interactions using RosettaLigand 

between steffimycin D and CDK1 protein. Interacting residues 
were depicted in red (steffimycin D), yellow (amino acid 
interaction), and gray (CDK1 surface protein). 
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DISCUSSION 
  

Rather than focusing on single genome mining basis, studying genome 
provide rapid analysis at a large scale which acclerelate the natural product 
discovery. BiG-SCAPE (Biosynthetic Gene Clustering and Prospecting 
Engine) is a tool which calculates distances between BGCs to match BGC 
onto sequence similarity networks (Navarro-Muñoz et al., 2020). The BiG-
SCAPE interactive visualization of these similarity networks enables efficient 
exploration of the diversity of BGC by linking to known references within the 
MIBiG repository.  

The antiSMASH and BIG-SCAPE revealed marine Streptomyces 
BGCs might involved with steffimycin production. However, according to the 
data from MIBIG repository of known biosynthetic gene clusters, 
BGC0000273 Steffimycin D BGC from S. steffisburgensis NRRL 3193 are 
classified as class polyketide (Anthracycline) and Saccharide 
(hybrid/tailoring) containing core genes as stfK and stfP as beta-ketoacyl 
synthase (Gullón et al., 2006). This fact contradicts with the result of predicted 
BGC terpene class. This explains low similiarty value (19%) between marine 
BGC and steffimycin BGC reference and implied that the corresponding 
compound might have putative steffimycin or new structure. Moreover, 
CORASON phylogenomic of marine actinobacteria showed the unique 
pattern of the BGC which led to highly diverse compounds (Cumsille et al., 
2017), especially BGCs from genus Streptomyces. This fact indicated the high 
potential of secondary metabolite production in marine Streptomyces.  

From previous report, steffimycin derivatives were successfully 
isolated from terrestrial Streptomyces such as steffimycin B from S. elgreteus, 
steffimycin C and steffimycin D from Streptomyces steffisburgensis, 
steffimycin E from Streptomyces sp. OPMA02852 (Koyama et al 2020) and 
finally steffimycin F, a new steffimycin-type derivative from the lichen-
derived Steptomyces sp. 0630c (Liu et al., 2020). Recent studies also showed 
the potential of marine actinobacteria to produce anthracycline-type 
compound such as 3'-O-demethyl mutactimycin from Nocardia transvalensis 
(Speitling et al., 1998). Another example is mutactimycin from a 
Saccharothrix sp. (Astakala et al., 2022). Therefore, marine actinobacteria is 
an interesting source to discover anticancers and other bioactive compounds. 

Molecular docking between steffimycin representative, steffimycin D 
and CDK1 protein was performed by RosettaLigand to investigate the CDK 
inhibitor activity. The steffimycin D was selected because of the suggested 
result from antiSMASH data. The result showed the strong ligand interactions 
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to the CDK1 protein with its amino acid interaction (acid, hydrophobicity, 
hydrophilicity) and the lowest interface score of steffimycin D with -9.909 
kcal/mol was the lowest than dinaciclib well-known CDK1 inhibitor 
compound at 7.393 kcal/mol. From the previous report, anthracyclines 
demonstrated the anticancer activity through DNA intercalation and 
interfering with DNA metabolism and RNA production. (Shandilya et al., 
2020). It is possible that anthracyclines also work as CDK inhibitor. The 
interface score was calculated from the total energy of the complex by 
subtracting the of the two-monomer structure the total energy of structures 
from the total energy of the complex structure (Quignot et al., 2021). The 
result is according to a low-energy structure suggests positive correlation 
(Tessmer et al., 2018). 
 

CONCLUSION 
 

Using the bioinformatic tools including AntiSMASH, BiG-SCAPE, 
CORASON on genome data of 32 marine actinobacteria found the total of 491 
BGCs were predicted. The putative biosynthetic gene clusters involved with 
steffimycin, spore pigment and nenestatin production were distributed among 
marine actinobacteria, especially genus Streptomyces. Moreover, molecular 
docking results showed that the steffimycin D could bind to CDK1 as the 
anticancer target. In the future, in silico, genome mining analysis and CDK1 
molecular docking could accelerate screening of anticancer compound in 
actinobacteria and other biological sources.          

 
ACKNOWLEDGEMENTS 

 
This research project is supported by Thailand Science Research and 

Innovation (TSRI) Basic Research Fund: Fiscal year 2022 under project 
number FRB650048/0164 and Faculty of Science King Mongkut’s University 
of Technology Thonburi, KMUTT.  
 

REFERENCES 
 
Astakala, R. V., Preet, G., Milne, B. F., Tibyangye, J., Razmilic, V., Castro, 

J. F., Asenjo, J. A., Andrews, B., Ebel, R., & Jaspars, M. (2022). 
Mutactimycin AP, a New Mutactimycin Isolated from an 
Actinobacteria from the Atacama Desert. Molecules (Basel, 
Switzerland), 27(21), 7185.  



 

 
The 34th Annual Meeting of the Thai Society for Biotechnology and International 

Conference “Sustainable Bioeconomy : Challenge and Opportunities” 

 
 

608 November 24–25, 2022, Ambassador Hotel Bangkok, Thailand 
 
 

Blin, K., Shaw, S., Kloosterman, A. M., Charlop-Powers, Z., van Wezel, G. 
P., Medema, M. H., & Weber, T. (2021). antiSMASH 6.0: improving 
cluster detection and comparison capabilities. Nucleic acids research, 
49(W1), W29–W35. 

Cumsille, A., Undabarrena, A., González, V., Claverías, F., Rojas, C., & 
Cámara, B. (2017). Biodiversity of Actinobacteria from the South 
Pacific and the Assessment of Streptomyces Chemical Diversity with 
Metabolic Profiling. Marine drugs, 15(9), 286.  

Davies-Bolorunduro, O. F., Adeleye, I. A., Akinleye, M. O., & Wang, P. G.
 (2019). Anticancer potential of metabolic compounds from marine
 actinomycetes isolated from Lagos Lagoon sediment. Journal of
 pharmaceutical analysis, 9(3), 201–208. 
Deluca, S., Khar, K., Meiler, J. (2015). Fully Flexible Docking of Medium 

Sized Ligand Libraries with RosettaLigand. PloS ONE 10(7): 
e0132508.  

Gullón, S., Olano, C., Abdelfattah, M. S., Braña, A. F., Rohr, J., Méndez, C., 
& Salas, J. A. (2006). Isolation, characterization, and heterologous 
expression of the biosynthesis gene cluster for the antitumor 
anthracycline steffimycin. Applied and environmental microbiology, 
72(6), 4172–4183.  

Hanwell, M.D., Curtis, D.E., Lonie, D.C., Vandermeersch, T., Zurek, E. and 
Hutchison, G.R. (2012). Avogadro: An Advanced Semantic Chemical 
Editor, Visualization, and Analysis Platform. Journal of 
Cheminformatics, 4, 17.  

Helmke E., Weyland H. (1984). Rhodococcus marinonascens sp. nov., an 
actinomycete from the sea. Int. J. Syst. Bacteriol. 34:127–138.  

Koyama, N., Shigeno, S., Kanamoto, A., & Tomoda, H. (2020). Steffimycin 
E, a new anti-mycobacterial agent against Mycobacterium avium 
complex, produced by Streptomyces sp. OPMA02852. The Journal of 
antibiotics, 73(8), 581–584.  

Li, J., Wang, Y., Wang, X., & Yang, Q. (2020). CDK1 and CDC20 
overexpression in patients with colorectal cancer are associated with 
poor prognosis: evidence from integrated bioinformatics 
analysis. World journal of surgical oncology, 18(1), 50.  

Li, M., He, F., Zhang, Z., Xiang, Z., & Hu, D. (2020). CDK1 serves as a 
potential prognostic biomarker and target for lung cancer. The Journal 
of international medical research, 48(2). 

 



 
The 34th Annual Meeting of the Thai Society for Biotechnology and International 
Conference “Sustainable Bioeconomy : Challenge and Opportunities”  

  
 
 

 November 24–25, 2022, Ambassador Hotel Bangkok, Thailand 609 
 
 

Liu, C., Li, Y., Lu, J., Qian, L., Xu, K., Wang, N., Chang, W., & Lou, H. 
(2020). Steffimycin F, a new steffimycin-type derivative from the 
lichen-derived actinomycetes steptomyces sp. Journal of Molecular 
Structure, 129352. 

Matthews, H. K., Bertoli, C., & de Bruin, R. A. M. (2022). Cell cycle control 
in cancer. Nature reviews. Molecular cell biology, 23(1), 74–88.  

Navarro-Muñoz, J. C., Selem-Mojica, N., Mullowney, M. W., Kautsar, S. A., 
Tryon, J. H., Parkinson, E. I., De Los Santos, E., Yeong, M., Cruz-
Morales, P., Abubucker, S., Roeters, A., Lokhorst, W., Fernandez-
Guerra, A., Cappelini, L., Goering, A. W., Thomson, R. J., Metcalf, 
W. W., Kelleher, N. L., Barona-Gomez, F., & Medema, M. H. (2020). 
A computational framework to explore large-scale biosynthetic 
diversity. Nature chemical biology, 16(1), 60–68.  

Quignot, C., Granger, P., Chacón, P., Guerois, R., & Andreani, J. (2021). 
Atomic-level evolutionary information improves protein-protein 
interface scoring. Bioinformatics (Oxford, England), btab254. 
Advance online publication.  

Schrödinger, L., DeLano, W. (2022). PyMOL. Retrieved from 
http://www.pymol.org/pymol 

Shandilya, M., Sharma, S., Das, P. P., & Charak, S. (2020). Molecular-Level 
Understanding of the Anticancer Action Mechanism of 
Anthracyclines. In H. Arnouk, & B. A. R.  Hassan (Eds.), Advances in 
Precision Medicine Oncology. IntechOpen.  

Siegel, R. L., Miller, K. D., Fuchs, H. E., & Jemal, A. (2022). Cancer statistics, 
2022. CA: a cancer journal for clinicians, 72(1), 7–33.  

Sofi, S., Mehraj, U., Qayoom, H., Aisha, S., Almilaibary, A., Alkhanani, M., 
& Mir, M. A. (2022). Targeting cyclin-dependent kinase 1 (CDK1) in 
cancer: molecular docking and dynamic simulations of potential 
CDK1 inhibitors. Medical oncology (Northwood, London, England), 
39(9), 133.  

Speitling, M., Nattewan, P., Yazawa, K., Mikami, Y., Grün-Wollny, I., Ritzau, 
M., Laatsch, H., & Gräfe, U. (1998). Demethyl mutactimycins, new 
anthracycline antibiotics from Nocardia and Streptomyces strains. The 
Journal of antibiotics, 51(8), 693–698.  

Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, 
A., & Bray, F. (2021). Global Cancer Statistics 2020: GLOBOCAN 
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 
Countries. CA: a cancer journal for clinicians, 71(3), 209–249.  



 

 
The 34th Annual Meeting of the Thai Society for Biotechnology and International 

Conference “Sustainable Bioeconomy : Challenge and Opportunities” 

 
 

610 November 24–25, 2022, Ambassador Hotel Bangkok, Thailand 
 
 

Tessmer, M. H., Anderson, D. M., Pickrum, A. M., Riegert, M. O., Moretti, 
R., Meiler, J., Feix, J. B., & Frank, D. W. (2018). Identification of a 
ubiquitin-binding interface using Rosetta and DEER. Proceedings of 
the National Academy of Sciences of the United States of America, 
115(3), 525–530.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
The 34th Annual Meeting of the Thai Society for Biotechnology and International 
Conference “Sustainable Bioeconomy : Challenge and Opportunities”  

  
 
 

 November 24–25, 2022, Ambassador Hotel Bangkok, Thailand 611 
 
 

BSO02 
 

Comparison of Read-Based and Metagenome Assembled 
Genome-Based Approaches for Characterizing Microbial 

Taxonomic Profiles in Sulfate-Rich Wastewater Treatment 
Systems 

 
Natchaphon Rajudom1, Pornpan Panichnumsin2, Peerada Prommeenate3, 

Supapon Cheevadhanarak4,5, and Kanthida Kusonmano4,6* 
 

1Bioinformatics and Systems Biology Program, School of Bioresources and Technology, and 
School of Information Technology, King Mongkut's University of Technology Thonburi, 
Bangkok 10150, Thailand 
2 Excellent Center of Waste Utilization and Management, National Center for Genetic 
Engineering and Biotechnology at King Mongkut's University of Technology Thonburi, 
Bangkok 10150, Thailand 
3 Biochemical Engineering and Systems Biology Research Group, National Center for Genetic 
Engineering and Biotechnology, National Science and Technology Development Agency at 
King Mongkut’s University of Technology Thonburi, Bangkok 10150, Thailand 
4 Systems Biology and Bioinformatics Research Group, Pilot Plant Development and Training 
Institute, King Mongkut's University of Technology Thonburi, Bangkok 10150, Thailand 
5 School of Bioresources and Technology, King Mongkut’s University of Technology 
Thonburi, Bangkok 10150, Thailand 
6 Bioinformatics and Systems Biology Program, School of Bioresources and Technology, King 
Mongkut’s University of Technology Thonburi, Bangkok 10150, Thailand 
 
*Corresponding author. E-mail: kanthida.kus@mail.kmutt.ac.th 
 

ABSTRACT 
 

Metagenomics has gained more attention due to the availability of 
sequencing technologies, providing an in-depth understanding of microbial 
communities in a specific environment. Bioinformatics serves as an important 
step to analyze such complex biological sequences for characterizing 
taxonomic and functional profiles of the investigated microbiota. Currently, 
there is no standard method for metagenomic analysis. It is always a question 

to select an appropriate approach to analyze the metagenome of interest. In 
addition, a large proportion of data could not be annotated and is often left out 
from the analysis, especially in an environment that is not well explored. Here 
we investigated two main strategies for microbial taxonomic profiling in 
anaerobic sulfate-rich wastewater treatment systems. The read-based 
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approach annotates microbial taxonomy directly for individual reads while the 
Metagenome Assembled Genome (MAG)-based approach attempts to 
assemble sequences into genomes before taxonomic classification. Based on 
the same data pre-processing and reference database of the Genome 
Taxonomy Database (GTDB), the MAG-based approach utilized almost 
double the number of sequences compared to the read-based approach. Our 
results showed that the two approaches provided distinct taxonomic profiles. 
However, both approaches commonly detected important microbes in the 
anaerobic sulfate-rich wastewater samples such as those in the genera 
Desulfovibrio, Desulfomicrobium, and Methanothrix, which are sulfate-
reducing bacteria and methanogens, respectively. Moreover, only about half 
of identified MAGs could be taxonomically classified at the species level. 
These MAGs would be worth further investigation leading to the discovery of 
novel species related to sulfate-rich anaerobic digestion. 
  
Keywords: Anaerobic digestion, Metagenomics, Metagenome assembled 
genome, Sulfate-rich wastewater treatment, Taxonomic profiling. 
 

INTRODUCTION 
 

Metagenomics is a study of microbial communities through all genetic 
materials under a particular circumstance (Quince, Walker, Simpson, Loman, 
& Segata, 2017), facilitating an in-depth understanding of microbial 
communities, functions, and interactions. The availabilities of high-
throughput sequencing technologies overcome a limitation of culture-based 
methods to study microbiome, which could investigate only about one percent 
of all microorganisms (Hiergeist, Glasner, Reischl, & Gessner, 2015). As a 
culture-independent method by directly sequencing all genetic materials from 
an environment, metagenomics qualitatively reveals both microorganisms and 
functional genes. The shotgun metagenomic technique provides more data 
than an amplicon sequencing approach that studies microbial communities via 
marker genes e.g., 16S rRNA genes to identify mainly types and abundance 
of the studied microbes. Metabolic capacities of the studied communities and 
antimicrobial resistance (AMR) genes or so-called resistome could be derived 
from metagenomic studies (Lira, Vaz-Moreira, Tamames, Manaia, & 
Martínez, 2020). In addition, the technique can identify microbial taxonomic 
profiles down to the species level (Jünemann et al., 2017) while the amplicon 
sequencing technique provides reliable taxonomic profiles only at genus 
levels (Jünemann et al., 2017). 
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Recently, metagenomics has been applied in numerous research areas 
such as agriculture, energy, environment, and medicine (Aguiar-Pulido et al., 
2016). This is not limited to the anaerobic wastewater treatment research as 
microbes have been known to play essential roles in digesting organic 
compounds and yielding methane as a final product that could be used as 
energy in the industry (Makisha & Semenova, 2018). Particularly, sulfate-rich 
wastewater from some industries e.g., latex factories contain a specific 
challenge for wastewater treatment and methane production. Sulfate-reducing 
bacteria (SRB) have been discovered in sulfate-rich wastewater using sulfate 
as an electron acceptor to degrade organic compounds and produce sulfide as 
its product (Hao, Chen, Huang, & Buglass, 1996). The bacteria have been 
known to be competitors to methanogens, the important microbes producing 
methane, for carbon sources to produce their products. In addition, sulfide 
reduced from sulfate by SRB inhibits microbial activities in the system 
especially methanogens, resulting in system failure (Wu et al., 2018). Several 
research investigated and identified microbes in sulfate-rich wastewater 
treatment systems (Chaiprapat, Wongchana, Loykulnant, Kongkaew, & 
Charnnok, 2015; Su-ungkavatin, Thongnueakhaeng, & Chaiprasert, 2019). 
However, many of these were based on lower-resolution techniques, for 
example, culturing and PCR-technique (Chaiprapat, Preechalertmit, 
Boonsawang, & Karnchanawong, 2011; Kantachote, Charernjiratrakul, 
Noparatnaraporn, & Oda, 2008; van den Brand, Roest, Chen, Brdjanovic, & 
van Loosdrecht, 2015). A few studies were conducted based on metagenomics 
(Campanaro et al., 2016). Moreover, microbial communities differ in different 
system conditions and wastewater sources (Narihiro & Sekiguchi, 2007). 
There is still a need for more investigations of microbial communities in 
sulfate-rich wastewater treatment systems for the applications of monitoring 
and controlling the systems. 

With the advantages of the metagenomics technique and a high amount 
of derived genetic data, bioinformatics has become an important task to 
analyze such complex biological sequences for characterizing taxonomic and 
functional profiles of the investigated microbiome. Many analysis pipelines 
have been employed to analyze such data depending on data characteristics, 
research purposes, and expertise (Aguiar-Pulido et al., 2016; Hiergeist et al., 
2015; Poussin et al., 2018). Two main approaches could be categorized from 
the existing pipelines, which are read-based and Metagenome Assembled 
Genome (MAG)-based approaches (Bowers et al., 2017). To characterize the 
studied microbial profiles, read-based metagenomics directly aligns reads or 
preprocessed sequences from the sequencing results against a reference 
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database (Wood, Lu, & Langmead, 2019; Ye, Siddle, Park, & Sabeti, 2019) 
while MAG-based metagenomics constructs genomes from assembled reads 
(or MAGs) and uses them for taxonomic and gene profiling (Campanaro et 
al., 2016). The MAG-based approach tries to assemble (complete and 
incomplete) genomes from metagenomic data facilitating the discovery of 
novel species that existing databases might not contain, while read-based 
profiling microbes could be preliminary for deeper analysis and requires less 
computational power for the analysis (Campanaro et al., 2016). The different 
analysis approaches could generate different results (Ye et al., 2019). 
Comparing the metagenomics approaches can provide insights into detected 
microbial profiles. In addition, it is often that a lot of derived genetic 
sequences could not be defined in metagenomic analyses. A large proportion 
of unknown sequences is left out from the analysis since there is not enough 
data in reference databases, especially in an environment that is not well 
explored including sulfate-rich wastewater. It is worth investigation for a 
choice of bioinformatics analysis and corresponding identified taxonomic 
profiles to gain as much information as possible from the metagenomic data. 

In this study, we used two metagenomic techniques, read-based and 
MAG-based approaches, to investigate microbial profiles in multi-stage 
sulfate-rich wastewater treatment systems. We compared the resulting 
microbiome profiles of different metagenome analysis approaches in terms of 
the number of utilized reads and detected microbes with their abundances 
based on the same reference database. The results of this study could 
demonstrate a guideline of bioinformatics methods for analyzing 
metagenomic data the in context of anaerobic sulfate-rich wastewater 
treatment systems. 
 

MATERIAL AND METHODS 
 
Metagenomic samples 

The samples from anaerobic multi-stage wastewater treatment systems 
designed by the Excellent Center of Waste Utilization and Management, Pilot 
Plant Development and Training Institute, King Mongkut's University of 
Technology Thonburi were collected and subjected to extract genomic DNA. 
There are two reactors in the system, a sulfate-reducing bacteria reactor 
(SRB_R) for removing sulfate and a sulfur-oxidizing reactor (SOB_R) for 
removing sulfur dioxide by adding a small amount of oxygen. Four samples 
were taken, two from the sulfate-reducing bacteria reactor and two from the 
sulfur-oxidizing bacteria reactor from control and 70% recirculation 
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conditions, named SRB_C and SOB_C for control, and SRB70 and SOB70 
for 70% recirculation conditions, respectively. The samples were metagenome 
sequenced based on the Illumina HiSeq platform using paired-end 150 bp 
sequences. 
 
Metagenomic analysis  
Data preprocessing 

The metagenomic raw data were assessed for sequence quality, and 
adapter and primer sequences using FastQC (Andrews, 2010) for each sample, 
and MultiQC (Ewels, Magnusson, Lundin, & Kaller, 2016) for integrating the 
results of all samples. Trimmomatic (Bolger, Lohse, & Usadel, 2014) was 
conducted to trim low-quality bases (Phred quality score < Q20, sliding 
window size = 4). Reads with <100 bp length after trimming were discarded. 
Additionally, we eliminated contaminated sequences of the Pará rubber tree 
(accession number AJJZ010000000) that could come from the latex factory of 
the original wastewater. The preprocessed sequences were used for both 
metagenomic analysis approaches (Figure 1). 
Read-based metagenomic analysis 

Kraken2 (Wood et al., 2019), a commonly used tool for read-based 
approach, was conducted to generate microbial taxonomic profiles from the 
preprocessed sequences and the genome taxonomy database (GTDB) as a 
reference (Chaumeil, Mussig, Hugenholtz, & Parks, 2019). The preprocessed 
reads were mapped directly to the database (Figure 1). FlexTaxD (Sundell et 
al., 2021) was used to create the custom database of the GTDB for Kraken2. 
Bracken was used to calculate relative abundances from Kraken2 results (Lu, 
Breitwieser, Thielen, & Salzberg, 2017). For taxonomic profiling, the 
fragment per kilobases per million reads (FPKM) was used for normalizing 
data. 
MAG-based metagenomic analysis 

MetaSPAdes (Nurk, Meleshko, Korobeynikov, & Pevzner, 2017) was 
utilized to assembly the preprocessed reads into longer sequences called 
contigs. Three k-mers size were varied (K21, K33, K55) as assembly 
parameters, and the best assembly results were automatically chosen. The 
assembly statistics were retrieved using MetaQUAST (Mikheenko, Saveliev, 
& Gurevich, 2016). Then, MetaBAT2 (Kang et al., 2019) was used for binning 
process, grouping the derived contigs into groups which each represent a 
unique microbial genome (Figure 1). We also refer to each assembled bin 
sequence as a metagenome assembled genome (MAG). The identified MAGs 
were assessed for their qualities using CheckM (Parks, Imelfort, Skennerton, 
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Hugenholtz, & Tyson, 2015) and categorized into high (completeness >90%, 
contamination <5%), medium (completeness ≥ 50%, contamination <10%), 
and low qualities (completeness <50%, contamination <10%) as suggested 
earlier (Bowers et al., 2017). Additionally, we used dRep (Olm, Brown, 
Brooks, & Banfield, 2017) to filter out all but the representative genome for 
taxonomy classification. Only high and medium quality MAGs were selected 
for further analyses. Finally, we classified taxonomic profiles of the identified 
MAGs using the genome taxonomy database toolkit (GTDB-Tk) (Chaumeil 
et al., 2019), the same database as used for the read-based method. The profiles 
were normalized using relative abundance calculation by median coverage. 
 

 
 
Figure 1.  A metagenomic analysis workflow for taxonomic profiling

 using read-based and MAG-based approaches. MAG =
 Metagenome Assembled Genome. 

 
RESULTS 

 
Metagenome data preprocessing and assembly 

We retrieved the numbers of raw metagenomic reads from the sulfate-
rich wastewater treatment systems as 23,419,540, 20,554,231, 23,339,401, 
23,323,966 for the SRB_C, SOB_C, SRB70, SOB70 samples, respectively. 
After data preprocessing of low-quality base trimming and contamination 
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removal (<1% contamination sequences detected), an average of 81.75% of 
the total raw reads remained (the minimum is 81.1%, and the maximum is 
82.17%). To serve MAG-based metagenomic analysis, sequence assembly 
was performed, assembling preprocessed reads based on overlapped bases into 
longer sequences known as contigs. We received an average number of 
contigs as 199,096, an average N50 (length of the contig covering at least 50% 
of the assembled contigs) as 2,288, and the largest contig size of 668,912 from 
the SRB_C sample. 
 
Numbers of utilized reads for metagenomic analyses by the read-based 
and MAG-based approaches 

The metagenomic analysis usually could not conduct all derived 
sequences for the resulting microbial profiles with a limitation of e.g., 
annotated microbial sequences in currently available databases. A lot of 
unknown sequences have always remained from the analysis while there is an 
attempt to utilize as many reads as possible to convert data into information. 
Here we investigated the number of utilized reads for the read-based and 
MAG-based approaches. For the comparison, the same preprocessed reads 
and database of GTDB were used for both methods. The numbers of reads 
utilized for each method are shown in Figure 2. Approximate 12-24% of the 
total preprocessed reads could be taxonomically classified based on the read-
based approach. For MAG-based approach, about 52-67% of preprocessed 
reads were utilized for the identification of all quality levels of MAGs 
including low, medium, and high quality MAGs. Based on only the medium 
and high quality MAGs which are usually considered for downstream analysis 
(Bowers et al., 2017), 28.06-49.47% percent of reads were remained. The 
findings showed the higher number of reads utilized by the MAG-based 
approach compared to the read-based approaches. 
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Figure 2.  Numbers of reads utilized for metagenomic analysis from 

sulfate-rich wastewater treatment systems (SRB_C, SOB_C, 
SRB70, and SOB70 samples) using the read based (Kraken2) 
and MAG-based approaches. Pink color represents the number 
of reads after the preprocessing step. Green color represents the 
number of reads utilized for all MAGs quality. Blue color 
represents the number of reads utilized for high and medium 
quality MAGs. Purple color represents the number of reads 
utilized by Kraken2 or the read-based approach. 

 
Microbial taxonomic profiles using the read-based and MAG-based 
approaches 

From the sulfate-rich wastewater samples, we detected top 5 phylum 
of Proteobacteria (23.44%), Firmicutes (21.21%), Bacteroidota (12.06%), 
Desulfobacterota (10.72%), and Halobacteriota (8.9%) by the read-based 
approach, while Firmicutes (24.71%), Desulfobacterota (21.03%) 
Bacteroidota (14.7%), Synergistota (13.89%), and Halobacteriota (3.82%) 
were identified by the MAG-based approach. The Halobacteriota phyla 
containing methanogens, a key player producing methane in anaerobic 
digestion systems, was detected at 8.9% and 3.82% by the read-based and 
MAG-based approaches, respectively. Figure 3 shows the microbial 
taxonomic profiles using the read-based and MAG-based approaches at family 
and species levels, respectively. The read-based approach classified 49 
families and 9 species when considered microbes with relative abundance 
>=0.1% and >= 0.5%, respectively. The MAG-based approach identified 41 
families and 40 species based on the same relative abundance criteria. Note 
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that the taxonomic profiles at species level of both approaches (Figure 3B and 
3D) were plotted with only taxonomically classified reads or MAGs. The top 
5 abundance families identified by the read-based approach are 
Megasphaeraceae (17.1%), Methanotrichaceae (12.98%), 
Desulfovibrionaceae (10.17%), Lactobacillaceae (5.63%), and 
Dialisteraceae (5.56%), whereas Pseudopelobacteraceae (9.03%), 
Aminobacteriaceae (7.4%), Desulfomicrobiaceae (7.29%), 
Fastidiosipilaceae (6.6%), and VadinHA17 (6.58%) were detected by the 
MAG-based approach. At species level, the top 5 abundance of the read-based 
method are Methanothrix_A harundinacea_E (16.7%), Methanothrix 
soehngenii (15.86%), Dialister hominis (14.51%), Megasphaera elsdenii 
(14.1%), and Carnobacterium maltaromaticum (9.01%), while 
Desulfomicrobium sp012727715 (6.49%), 58-81 sp012729145 (4.48%), 
LD21 sp012519515 (4.11%), Aminivibrio sp009929115 (3.76%), and 
Methanogranum sp012719315 (3.33%) are identified by the MAG-based 
approach. The two approaches revealed quite distinct microbial profiles in 
terms of both types and abundance. Nevertheless, microbes playing an 
important role in the systems were detected by both approaches. For example, 
sulfate-reducing bacteria (Desulfomicrobium sp., Desulfovibrio sp.) and 
methanogens producing methane (Methanothrix sp., Methanomethylovorans 
sp.) were discovered through taxonomic classification at species level. 
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Read-based approach  MAG-based approach 

 
Figure 3.  Microbial taxonomic profiles of the sulfate-rich wastewater

 treatment systems showing microbial types and relative
 abundance based on the read-based (A, C) and MAG-based (B,
 D) approaches at family (A, B) and species (C, D) levels using
 GTDB database. GTDB = Genome Taxonomy Database 

 
Taxonomic classification at different taxonomic levels of the read-based 
and MAG-based approach 

Figure 2 shows the number of utilized reads from each approach, 
however some of the utilized reads could not be classified at all taxonomic 
levels towards the lower taxonomic level i.e., species level. We investigated 
the taxonomic classification of the identified reads or MAGs at different 
taxonomic levels based on the read-based and MAG-based approach, 
respectively (Figure 4). By the read-based approach, almost all reads were 
taxonomically classified at every level. A large proportion of unclassified 
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(about 37–50% from the four studied samples) MAGs were shown at species 
levels (Figure 4B). Nevertheless, they could mostly be classified at an upper 
taxonomic level, at genus or family level (>90%). At species level, the number 
of classified reads by the read-based (3,110,609) approach is slightly greater 
than the MAG-based approach (2,998,948). 
 

 
Figure 4.  Taxonomic classification at different taxonomic levels (family,

 genus, and species) of the identified reads (A) and MAGs (B)
 of the studied samples from the sulfate-rich wastewater
 treatment system. The proportions of taxonomically classified
 and unclassified organisms were shown with relative
 abundance. MAG = Metagenome assembled genome 

 
Common and specific microbes detected by the read-based and MAG-
based approaches 

Figure 5 shows common and specific microbes detected by the read-
based and MAG-based approaches at genus and species levels. The common 
species account for only 2.42 and 0.9 percent of the total classified reads for 
the read-based and MAG-based, respectively. At genus level, a higher number 
of the common genera was observed accounting for 29.8 and 32.6 percent of 
total microbes for the read-based and MAG-based approaches, respectively. 
Methanothrix Sohngenii is found as the only common species in the studied 
system detected by both approaches. The microbe is playing a role in methane 
production using acetate as substrate. Nevertheless, more common microbes 
were found at genus level, for instance, Megasphaera sp., and 
Desulfolutivibrio sp. Specific species detected based on the read-based 
approach are related to the samples context, for example, Desulfolutivibrio 
sulfodismutants, and Desulfolutivibrio sulfodireducens. These microbes are 
incomplete sulfate-reducing bacteria producing acetate for complete sulfate-
reducing bacteria and acetoclastic methanogens (Hao et al., 1996; Puengrang 
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et al., 2020). For the MAG-based approach, the examples of specific microbes 
are Methanogranum sp012719315, Desulfomicrobium sp012727715, 
Desulfobulbus oligotrophicus which are hydrogenotrophic methanogen, 
incomplete sulfate-reducing bacteria, and complete sulfate-reducing bacteria, 
respectively (Muyzer & Stams, 2008; Puengrang et al., 2020). 

 
 
Figure 5.  Venn diagram shows common and specific of microbes

 between the read-based and MAG-based metagenomic
 approaches at genus and species level. The microbial genera
 and species with >=0.5% relative abundance are displayed. 

 
DISCUSSION 

 
In many disciplines, metagenomics is a coming-of-age study. For 

metagenomic data analysis, a lot of tools and databases were created and 
conducted. Several tools were created for particular study fields. The choice 
of tools or pipelines employed depends on e.g., research goal, data 
characteristics and expertise. Two mains currently used strategies could be 
categorized which are read-based and MAG-based approaches. A read-based 
metagenome analysis is known to use less time and computational resources 
than a MAG-based approach requiring resources in assembly and binning 
processes (Campanaro et al., 2016). Both analyses serve different purposes 
based on user perspectives and research objectives. 

The same dataset and reference database were used in this study to 
compare different methods in the context of sulfate-rich anaerobic digestion 
environment. The results are noticeable. While GTDB-Tk categorized 
genomes based on recognized marker genes (Chaumeil et al., 2019), Kraken2 
used k-mers to calculate and allocate reads to the taxonomic level (Wood et 
al., 2019). According to the studied dataset and software algorithms, read-
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based methods annotated a small number of reads while leaving a large portion 
to be unclassified. MAG-based has made more use of reads by assembling 
them into (mostly incomplete) genomes. Even though MAG-based approach 
utilized more reads in overall, the number of classified reads at species level 
is slightly less than the read-based approach. Despite about half of reads being 
unclassified at species level, they could still be annotated at the genus or 
family level. The results gave a clue for further investigation of the detected 
MAGs as novel species. Only Methanothrix Sohngenii were identified as 
identical in both analyses at species level. However, the more common 
microbes were found at higher taxonomic levels. For example, the genera 
Megasphaera and Desulfolutivibrio are found to be common between the two 
analytic approaches while they were detected at species level differently. This 
might be because the species sequences are very similar or the classification 
methods using marker genes are not enough to distinguish the species well 
(Aguiar-Pulido et al., 2016; Quince et al., 2017). Although the resulting 
taxonomic profiles are quite different between the two approaches, the 
microbes related such as SRBs and methanogens to the systems were detected.   

Our results of a method comparative study indicate that metagenomic 
approaches have a significant impact on the output of microbial taxonomic 
profiles. Utilizing different approaches based on the same dataset and database 
could produce different results. Microbiome study method selection is a 
crucial stage that should be taken into consideration. Furthermore, the 
development of reference databases could directly affect taxonomic profiling. 
An accumulation of more species in reference databases would facilitate better 
taxonomic annotation. 
 

CONCLUSION 
 

In our microbiome study of the anaerobic sulfate-rich wastewater 
treatment system, MAG-based metagenomics was found to use reads more 
efficiently than read-based metagenomics. About half of the utilized reads for 
MAGs construction could not be classified at species level which would be 
worth further investigation as novel species. Despite using the same reference 
database, the two approaches yielded quite different results. Nevertheless, 
both revealed microbes related to the systems such as SRBs and methanogens. 
This study demonstrated the use of different metagenomic approaches for 
sulfate-rich anaerobic digestion systems. 
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