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Abstract:   
Sophorolipid (SL) is a one of biosurfactant produced by the yeast strain Starmerella 

bombicola, a well-known SL-producing yeast. SLs have potential applications in various 

fields, including food preservation, cosmetics, antimicrobial agents, and bioremediation. In 

this study, we identified a new SL-producing yeast species, Starmerella riodocensis GT-

SL1R, which was isolated from honey. This yeast strain demonstrates the potential to 

produce SLs, and its production performance was further evaluated under different 

cultivation conditions. Specifically, S. riodocensis GT-SL1R was cultivated under varying 

carbon-to-nitrogen (C/N) ratios to investigate its metabolic response and SL production 

capacity. At a high C/N ratio of 100, the yeast produced nearly 30 g/L of SL after 7 days, 

compared to 18 g/L at a low C/N ratio of 25, while biomass accumulation was significantly 

reduced. Transcriptomic profiling revealed a global metabolic shift under nitrogen-limited 

conditions, with approximately 500 genes upregulated and more than 500 downregulated. 

Genes involved in cell cycle regulation, DNA replication, ribosome biogenesis, and 

ergosterol synthesis were strongly repressed, suggesting growth arrest. In contrast, key SL 

biosynthetic genes (CYP52M1, UgtA1, UgtB1, At, and Sble) and the transporter MDR were 

highly induced, along with genes related to nitrogen uptake and recycling. These findings 

demonstrated that S. riodocensis reprogrammed its metabolism under nitrogen limitation, 

suppressing growth and redirecting resources toward SL biosynthesis. Thus, this 

transcriptomic data provided insights for optimizing glycolipid production at an industrial 

scale. 

 

Keywords: Biosurfactant, C/N ratio, Sophorolipid production, Starmerella riodocensis, 

Transcriptomics 

BS-P-002 
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Introduction:   
Microbial biosurfactants have attracted considerable attention as sustainable alternatives to 

chemically synthesized surfactants due to their biodegradability, low toxicity, and diverse 

industrial applications in pharmaceuticals, cosmetics, food processing, and bioremediation 

(Marchant & Banat, 2012; Varjani & Upasani, 2017). Among various biosurfactants, 

sophorolipids (SLs), glycolipid molecules mainly produced by yeasts of the genus 

Starmerella, are one of the most promising due to their high production yield and versatile 

biological activities, including antimicrobial, anticancer, and anti-inflammatory properties 

(Van Bogaert et al., 2011; Shah et al., 2021). The type strain Starmerella bombicola ATCC 

22214 is the most extensively studied SL-producing yeast, capable of secreting over 300 g/L 

of sophorolipids under optimized conditions (Saerens et al., 2011). The biosynthesis of SL 

proceeds through a well-coordinated pathway involving both fatty acid metabolism and 

carbohydrate utilization. Initially, cytochrome P450 monooxygenase (CYP52M1) 

hydroxylates the fatty acid substrate, typically a long-chain fatty acid such as oleic acid, to 

produce ɤ- or ɤ-1-hydroxy fatty acids (Van Bogaert et al., 2013). These hydroxylated fatty 

acids are then sequentially glycosylated by UDP-glucosyltransferases (UgtA1 and UgtB1), 

which transfer glucose moieties from UDP-glucose to generate the sophorose head group, 

resulting in acidic sophorolipids. Further structural modifications, such as acetylation by an 

acetyltransferase (At) and lactonization catalyzed by sophorolipid lactone esterase (Sble), 

diversify the SL molecules into lactonic forms, which display different physicochemical and 

biological properties (Ueda et al., 2019). This pathway highlights the interplay between 

primary metabolic routes and specialized enzymes, enabling Starmerella species to produce a 

broad spectrum of SL structures. Recently, novel yeast species such as Starmerella 

riodocensis have been isolated from natural environments and identified as potent SL 

producers with potentially unique metabolic traits (Alfian et al., 2022). Understanding the 

regulation of SL biosynthesis in these non-model strains is essential for broadening the 

biotechnological applications of SL. The biosynthesis of SL is influenced by nutritional and 

environmental factors, particularly the carbon-to-nitrogen (C/N) ratio, which plays a critical 

role in directing cellular metabolism toward biomass formation or secondary metabolite 

production (Konishi et al., 2015; Gautam & Tyagi, 2006). A high C/N ratio typically 

promotes lipid or glycolipid accumulation, while a low C/N ratio favors cell growth (Ribeiro 

et al., 2020). However, the molecular mechanisms underlying this metabolic shift in 

Starmerella riodocensis remain poorly understood.  

 Advances in high-throughput transcriptomics and quantitative real-time PCR (qRT-

PCR) provide powerful tools to investigate global gene expression patterns and the regulation 

of key biosynthetic genes. In Starmerella spp., genes such as CYP52M1 (cytochrome P450 

monooxygenase), UgtA1 and UgtB1 (UDP-glucosyltransferases), At (acetyltransferase), and 

Sble (sophorolipid lactone esterase) are known to be central in SL biosynthesis and structural 

modification (Van Bogaert et al., 2013; Ueda et al., 2019). Profiling their transcriptional 

response under different C/N conditions provides insights into how nutrient availability 

regulates SL production. Therefore, this study aimed to investigate SL production by S. 

riodocensis GT-SL1R under varying C/N ratios, combined with gene expression and 

transcriptomic analyses. These findings will not only expand the current understanding of 

sophorolipid biosynthesis in non-model Starmerella species but also provide a foundation for 

metabolic engineering strategies to enhance SL production for industrial applications. 

BS-P-002 
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Methodology:  

1. Yeast strain and maintenance 

The yeast strain Starmerella riodocensis GT-SL1R was isolated from honey collected in 

Ratchaburi province, Thailand, and identified based on ITS1 and ITS2 regions as reported by 

Alfian et al. (2022). The strain was preserved in 70% glycerol (v/v) in YPD broth and stored 

at ī20 ÁC. For working cultures, the strain was re-streaked on YPD agar plates and incubated 

at 30 °C for 48 h. 

 

2. Seed preparation and sophorolipid production 

An active colony of S. riodocensis GT-SL1R was inoculated into 50 mL of YPD broth and 

incubated at 30 °C with shaking at 150 rpm for 24 h. The cells were harvested by 

centrifugation at 4,000 × g for 10 min, washed twice with sterile deionized (DI) water, and 

resuspended in sterile DI water. Cell density was adjusted to OD  for inoculation. A 10% 

(v/v) seed inoculum was transferred into 50 mL of sophorolipid (SL) production medium 

containing 10% (w/v) glucose (total carbon content 40% w/w), 10% (v/v) palm oil (Gaysorn 

brandÊ, Thailand; total carbon content 50% w/v), 0.1% (w/v) KH PO , 0.1% (w/v) K HPO , 

0.05% (w/v) MgSO Ŀ7H O, 0.01% (w/v) CaCl Ŀ2H O, and 0.01% (w/v) NaCl, with an initial 

pH of 4.5. To adjust the carbon-to-nitrogen (C/N) ratio, yeast extract (GibcoÊ, USA; total 

nitrogen content 10% w/w) was supplemented at 3.6% (w/v) for a C/N ratio of 25, or at 0.9% 

(w/v) for a C/N ratio of 100. Cultivation was carried out at 30 °C with shaking at 150 rpm for 

7 days. For the adjusted C/N ratios, the carbon sources were fixed, and the nitrogen source 

was varied by modifying the yeast extract concentration, as shown in the formulation below: 

 

 
 

3. Sophorolipid extraction and analysis 

At the end of cultivation, yeast cells were separated from the culture broth by centrifugation. 

The culture broth was then extracted twice with ethyl acetate at a 1:2 (v/v) ratio. The phases 

were separated using a separatory funnel, and the upper phase containing SL and ethyl 

acetate was collected. The solvent was evaporated to obtain crude SL, which were 

subsequently weighed. SL production was calculated as the total weight of crude SL (g) 

divided by the cultivation volume (L). For cell dry weight (CDW) measurement, yeast cells 

were washed twice with sterile DI water and dried overnight in a hot air oven. CDW was 

calculated as dried cell mass (g) divided by cultivation volume (L). 

 

4. Gene expression analysis 

The yeast strain S. riodocensis GT-SL1R was cultured in SL medium under two different 

C/N ratios (25 and 100) for 24 h. The optical density of the cells was measured and adjusted 

to 0.1 at OD600 nm for the initial inoculum. Total RNA was extracted using the chloroformï

methanol method and purified with the RNeasy Mini Kit (QIAGEN, Hilden, Germany). 

cDNA was synthesized from purified RNA using the qPCRBIO cDNA Synthesis Kit 

(PCRBIOSYSTEMS, UK). qRT-PCR experiments were performed using a real-time PCR 

detection system with the corresponding analytical software. Reaction mixtures contained 

Universal qPCR Master Mix (NEB). The ACTIN1 gene was used as the internal reference to 

analyze the relative fold change in the transcription of target genes in this yeast strain. 

Relative expression levels were determined using the 2-ȹȹCt method with gene-specific 

oligonucleotides, including CYP52M1, UgtA1, UgtB1, At, and Sble. 
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5. Transcriptomics analysis 

RNA from S. riodocensis GT-SL1R grown under different C/N ratios (25 and 100) was sent 

to Biomarker Technologies (Beijing, China) for transcriptomic analysis. cDNA libraries were 

prepared and sequenced on an Illumina NovaSeq 6000 platform (PE150). Clean reads were 

processed using FastQC and Trimmomatic, then aligned to the S. bombicola ATCC 22214T 

reference genome with HISAT2. Gene counts were obtained with featureCounts, and 

differential expression analysis was performed in R using DESeq2. Genes with padj < 0.05 

and |log FC| > 1 were considered differentially expressed. Functional enrichment of DEGs 

was assessed using Gene Ontology (GO) and KEGG pathway analysis with clusterProfiler. 

 

6. Statistic analysis 

Statistical analysis was performed using the SPSS statistical package version 25.0 (IBM 

SPSS Inc., New York, NY, USA). The data were analysed using a one-way analysis of 

variance (ANOVA) followed by Tukey's test to calculate significant differences in treatment 

means. The least significant difference (p < 0.05) was considered statistically significant. 

 

Results and Discussion:  
The cultivation of S. riodocensis GT-SL1R in SL production medium under different C/N 

ratios, namely 25 (low C/N ratio) and 100 (high C/N ratio), revealed clear differences in SL 

production after 7 days of fermentation. Yeast grown at a C/N ratio of 100 produced 26 g/L 

of SL, which was significantly higher than the 18 g/L obtained at a C/N ratio of 25. These 

results indicate that a higher C/N ratio promotes SL production (Figure 1). However, in 

terms of cell dry weight (CDW), yeast cultivated at the higher C/N ratio (100) exhibited a 

significantly lower CDW compared to those grown at the lower C/N ratio (25) (Figure 2).  

 This finding is consistent with the gene expression analysis performed under the same 

cultivation condition, where the transcription levels of five key SL biosynthetic genes 

CYP52M1, UgtA1, UgtB1, At, and Sble were markedly upregulated under the C/N ratio of 

100 compared to the low C/N ratio condition (Figure 3). To better understand how S. 

riodocensis GT-SL1R produced SL, we performed a comparative transcriptomic analysis 

under two conditions: nitrogen-limited (high C/N ratio of 100, which promotes SL 

production) and nitrogen-sufficient (low C/N ratio of 25). The results showed a clear 

metabolic switch. In total, 500 genes were significantly upregulated, and 550 genes were 

downregulated under nitrogen-limited (High C/N ratio) conditions (Figure 4).  

 This indicates that the yeast reprogramed its metabolismðreducing growth-related 

processes and instead redirecting energy and resources into SL production to store excess 

carbon. Many genes involved in the cell cycle, DNA replication, and chromosome 

segregation were downregulated. Key regulators of the cell cycle such as cyclins and kinases 

(NIM1, CDC5) also showed strong repression. Structural genes and septins protein (CDC3, 

CDC10) were suppressed, suggesting that cell division had nearly stopped. Ribosomal 

protein genes and glycolysis genes were also downregulated. Even ergosterol biosynthesis 

genes were reduced, likely redirecting acetyl-CoA away from membrane synthesis toward 

fatty acid production for SL biosynthesis. Key enzymes such as CYP52M1, UgtA1, UgtB1, 

and At were highly expressed. A lactone esterase (SBLE) was also upregulated, suggesting 

enhanced modification of fatty acid precursors. 
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Figure 1.  

Sophorolipid production by S. riodocensis GT-SL1R under different C/N ratios: 25 (black) 

and 100 (grey) for 7 days. The X-axis represents cultivation time (days), and the Y-axis 

represents SL production (g/L). 

 

 
 

Figure 2.  

Cell dried weight by S. riodocensis GT-SL1R under different C/N ratios: 25 (black) and 100 

(grey) for 7 days. The X-axis represents cultivation time (days), and the Y-axis represents 

CDW (g/L). 
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Figure 3.   

The effect of C to N ratio on relative genes expression in SLs biosynthesis from  

S. riodocensis GT-SL1R of C to N 100/ C to N 25. 

 

 
Figure 4.  

Number of genes from DEGs analysis 
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Figure 5.  

Transcriptomic comparison between high C/N ratio (100) and low C/N ratio (25). Red, grey, 

and blue spots represent upregulated, unchanged, and downregulated genes, respectively. 

 

Additionally, the SL transporter gene SLMDR (ABC transporter) showed higher expression, 

indicating active export of SLs from the cell. The yeast increased the expression of genes 

involved in nitrogen uptake and recycling, such as the ammonium transporter, amino acid 

permeases, and enzymes like amidase and arginase. Multiple transporters from the MFS and 

ABC families were also upregulated, likely to manage metabolic stress and export 

compounds. Genes related to energy production were upregulated, reflecting the high energy 

demand of SL synthesis (Figure 5). 

 These findings highlight a well-known trade-off in oleaginous yeasts: nutrient 

limitation, particularly nitrogen restriction, shifts metabolism away from growth and toward 

the biosynthesis of storage or secondary metabolites (Papanikolaou & Aggelis, 2011; Li et 

al., 2016). Our transcriptomic analysis further confirmed this metabolic switch. Under 

nitrogen-limited conditions (C/N = 100), genes associated with cell cycle progression, DNA 

replication, and ribosome biogenesis were markedly downregulated. This repression, 

including cyclins (CCN1, PCL1) and microtubule components (TUB1, TUB2), suggests that 

cell division was actively suppressed. Such downregulation is a typical response of yeasts 

under nutrient stress, where growth-related processes are curtailed to conserve energy (Brauer 

et al., 2008). Conversely, genes essential for SL biosynthesis were strongly upregulated, 

confirming that nitrogen limitation promotes the channeling of carbon flux into sophorolipid 

pathways. These results are in agreement with studies in Starmerella bombicola, where 

nitrogen-limited conditions triggered strong induction of SL biosynthetic genes and elevated 

SL titers (Van Bogaert et al., 2009; Roelants et al., 2016).  

 Furthermore, the upregulation of the SL transporter gene (SLMDR) suggests that 

enhanced efflux capacity may facilitate secretion and prevent intracellular accumulation, a 

mechanism similarly reported in S. bombicola (Van Bogaert et al., 2013). Interestingly, we 

also observed that ergosterol biosynthesis genes were suppressed under high C/N conditions, 

which may redirect acetyl-CoA from membrane sterol production toward fatty acid synthesis, 

thereby supporting SL biosynthesis. This metabolic rerouting of acetyl-CoA has also been 

described in lipid-accumulating yeasts such as Yarrowia lipolytica (Beopoulos et al., 2009). 

Additionally, upregulation of nitrogen uptake and recycling genes (e.g., MEP2, GAP2, 

DUR3) indicates an adaptive response to scavenge limited nitrogen sources, similar to 

nitrogen catabolite repression relief observed in Saccharomyces cerevisiae (Magasanik & 
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Kaiser, 2002). Taken together, our data demonstrated that S. riodocensis GT-SL1R undergoes 

a global metabolic reprogramming in response to nitrogen limitation, where growth is 

suppressed while carbon flux and energy are redirected toward sophorolipid biosynthesis. 

This strategy reflects an evolutionary adaptation of Starmerella species to nutrient-fluctuating 

environments and provides a foundation for metabolic engineering to further enhance SL 

productivity. 

 The observed increase in SL production at a high C/N ratio can be attributed to the 

metabolic reallocation that occurs under nitrogen deficiency. When nitrogen is abundant, 

yeast cells preferentially channel carbon flux into biomass accumulation, protein synthesis, 

and cell division. However, under nitrogen-limited conditions, these growth-related processes 

are repressed, as evidenced by the strong downregulation of genes involved in DNA 

replication, ribosome biogenesis, and cytoskeletal organization. This metabolic downshift 

frees up both carbon and reducing equivalents, which are then redirected into lipid-related 

pathways, including SL biosynthesis. In this way, the yeast effectively uses SL as a strategy 

to balance intracellular carbon overflow, converting excess carbon into extracellular 

glycolipids rather than continuing to proliferate. This shift explains why a high C/N ratio 

leads to nearly a two-fold increase in SL production despite reduced cell dry weight 

(Papanikolaou & Aggelis, 2011; Li et al., 2016). 

 Mechanistically, nitrogen deficiency also acts as a cellular stress signal that 

reprograms global gene expression to favor survival under nutrient limitation. Previous 

studies in model yeasts such as Saccharomyces cerevisiae have shown that nitrogen 

starvation activates stress-response transcription factors and signaling pathways, including 

TOR (Target of Rapamycin) downregulation, which suppresses growth-related processes and 

induces autophagy, amino acid recycling, and secondary metabolite synthesis (Brauer et al., 

2008; Conrad et al., 2014). Consistent with this, our transcriptomic data revealed 

upregulation of genes involved in nitrogen scavenging (e.g., ammonium transporters and 

amino acid permeases) as well as transporters from the MFS and ABC families, which likely 

mitigate metabolic stress by exporting excess metabolites. At the same time, the strong 

induction of SL biosynthetic genes (CYP52M1, UgtA1, UgtB1, At, Sble) and the SL efflux 

transporter SLMDR suggests that nitrogen deficiency does not merely suppress growth but 

actively redirects metabolism toward SL synthesis and secretion (Van Bogaert et al., 2007; 

Roelants et al., 2019). Thus, the combination of metabolic rerouting, stress-responsive 

regulation, and enhanced transport capacity provides a mechanistic explanation for why a 

higher C/N ratio substantially enhances SL production in S. riodocensis. 

 

Conclusion:  
The results demonstrate that S. riodocensis GT-SL1R responded to nitrogen limitation (high 

C/N ratio) by markedly increasing SL production at the expense of cell growth. Cultivation at 

a C/N ratio of 100 yielded significantly higher SL levels compared to a C/N ratio of 25, 

despite reduced biomass. Transcriptomic analysis confirmed this metabolic shift, with strong 

repression of genes associated with cell cycle progression, ribosome biogenesis, and 

ergosterol synthesis, alongside pronounced upregulation of key SL biosynthetic genes, 

transporters, and nitrogen acquisition pathways. Collectively, these findings indicate that S. 

riodocensis undergoes a global reprogramming of cellular metabolism under nitrogen-limited 

conditions, redirecting resources from growth toward secondary metabolite production. This 

metabolic adaptation highlights the potential of nutrient manipulation as a strategy to enhance 

SL biosynthesis for industrial applications. 
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Abstract:   
Synechocystis sp. PCC 6803 is a model cyanobacterium extensively studied for its 

photosynthetic capacity and potential in the sustainable bioproduction of high-value 

compounds, herein carotenoids. Among these, ketocarotenoids are particularly valuable due 

to their potent antioxidant properties. However, Synechocystis sp. PCC 6803 naturally 

produces only limited types of carotenoids and lacks an efficient pathway for the biosynthesis 

of high value ketocarotenoids. In this study, we explored strategies to improve carotenoid 

biosynthesis via heterologous expression of the ɓ-carotene ketolase gene (bkt) 

from Haematococcus pluvialis (or OX_BKT) in Synechocystis sp. PCC 6803. All strains 

were cultured in BG11 medium containing 0.25%, 1%, and 2% (w/v) NaCl. Unknown peaks 

that were undetectable in WTc were found in certain HPLC chromatograms of the OX_BKT 

strain at 1% and 2% NaCl. It is considered that the peaks are either new carotenoid species or 

free astaxanthin. In addition, exposure to high NaCl concentrations altered the carotenoid 

profile in both WTc and OX_BKT; myxoxanthophyll and zeaxanthin contents decreased, 

whereas  ɓ-carotene and chlorophyll a contents increased. These findings suggest that salt 

stress may change carotenoid metabolism and pigment composition and also induce 

the bkt gene expression to produce new carotenoid products in Synechocystis sp. PCC 6803. 

 

In troduction:   
 

 
A. Synechocystis sp. PCC 6803   B. Haematococcus pluvialis 

Figure 1.  

Carotenoid biosynthetic  pathway in (A) Synechocystis sp. PCC 6803 (Makino et al. (2008)) 

and (B) Haematococcus pluvialis (Henríquez et al. (2016)). 
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Carotenoids are accessory pigments that play critical roles in photosynthesis and 

photoprotection, as well as serving as precursors for various bioactive compounds. Two 

classes of carotenoids including carotenes and xanthophylls are potentially applied in broader 

applications. Among these, ketocarotenoids, which contain a ketone group in the carotenoid 

molecule, like echinenone, canthaxanthin or astaxanthin, are particularly valuable carotenoids 

known for its potent antioxidant properties and wide-ranging applications in the food, 

cosmetic, and pharmaceutical industries.                  

 In recent years, Synechocystis sp. PCC 6803, a model cyanobacterium, has gained 

attention as a potential alternative for the sustainable production of valuable bioproducts. 

This organism offers several advantages due to its rapid growth, ability to utilize CO2, and 

established genetic manipulation techniques. The native carotenoid biosynthetic pathway 

in Synechocystis sp. PCC 6803 involves several key intermediates that can be further 

converted into various ketocarotenoids. However, Synechocystis sp. PCC 6803 naturally 

produces only a limited type of carotenoids and lacks an efficient pathway for the 

biosynthesis of high value ketocarotenoids. The native ɓ-carotene ketolase (encoded by crtO 

gene) catalyzes the conversion of ɓ-carotene to echinenone but shows limited activity toward 

further ketolation steps and produces the 3'-hydroxyechinenone as the final ketocarotenoid 

product via a conversion from echinenone by ɓ-carotene hydroxylase (encoded by the crtR 

gene). In contrast, comparing carotenoid synthesis in Haematococcus pluvialis, the beta-

carotene ketolase (bkt) can convert zeaxanthin into astaxanthin by adding keto groups. 

Additionally, it can catalyze the transformation of beta-carotene into canthaxanthin, which 

serves as an intermediate that can be further converted into astaxanthin through the action of 

beta-carotene hydroxylase (Figure 1). Therefore, to improve carotenoid synthesis, we created 

Synechocystis sp. PCC 6803 expressing the heterologous bkt gene from Haematococcus 

pluvialis (OX_BKT) in order to investigate the potential of this strain as a host.  

 

Methodology:  

1. Construction of the recombinant plasmid 

For the heterologous bkt gene from Haematococcus pluvialis, the gene sequence was 

obtained from NCBI database (GU143690.1). Restriction enzyme recognition sequences 

were added to the 5ô and 3ô ends of the gene sequence and the bkt gene fragment was 

synthesized by a commercial gene synthesis service (U2Bio (Thailand) Co., Ltd., Bangkok, 

Thailand). Before ligation, the bkt gene fragment was amplified by PCR. Next, the amplified 

gene fragment and the pEERM vector were digested with specific restriction enzymes and 

ligated using T4 DNA ligase. The reaction mixture was incubated at 4°C for 16-18 hours. 

Following ligation, the recombinant plasmid was transformed into the competent Escherichia 

coli DH5Ŭ cells using the heat shock method. Then, the transformants were spread on LB 

agar plates containing 30 ɛg/mL chloramphenicol and incubated overnight at 37ÁC. After 

incubation, a single colony was selected from the LB agar plate and inoculated into 3 mL of 

LB medium for 16-18 hours at 37°C with shaking. Following incubation, the plasmid DNA 

was extracted using the PrestoÊ Mini Plasmid Kit (Geneaid Biotech Ltd., Taiwan). To 

determine the size of the recombinant plasmid, the samples were digested with restriction 

enzymes and analyzed by agarose gel electrophoresis. 

 

2. Natural transformation into Synechocystis sp. PCC 6803 cells  
Synechocystis sp. PCC 6803 cells were grown in BG11 medium until the optical density (OD) 

at 730 nm of about 0.5. Then, the cell culture was harvested by centrifugation at 5,500 rpm, 

25°C for 10 minutes, and the cell pellet was resuspended in fresh BG11 medium before 

aliquoting into a new tube. Subsequently, 10 µL of recombinant plasmid was mixed 

with Synechocystis cell suspension, followed by incubation under white light with an 
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intensity of 40-50 µmol photons m Į s ĭ for 16-18 hours at 27-30°C. After incubation, the 

mixture was spread on a BG11 agar plate containing 10 µg/mL chloramphenicol. The plates 

were incubated until single colonies appeared. The transformants were transferred to a BG11 

agar plate containing up to 30 µg/mL chloramphenicol. The transformants were confirmed 

for gene size, location, and segregation by PCR using specific primers, and the results were 

verified by agarose gel electrophoresis. 

 

3. Growth culture and measurement of pigment content 
3.1 Culture condition  

Synechocystis sp. PCC 6803 wild type control (WTc) and OX_BKT strains were cultured in 

BG11 medium containing various NaCl concentrations. The conditions included normal BG11 

without NaCl as the control (0%, w/v), and BG11 supplemented with NaCl at 42.8 mM 

(0.25%, w/v), 171 mM (1%, w/v), and 342 mM (2%, w/v). The cultures were maintained at 

27ï30°C under continuous white light illumination with an intensity of 40-50 µmol photons 

m Į s ĭ. Culture flask, with an initial optical density (OD) of approximately 0.2 at 730 nm, 

was placed on a rotary shaker at 160 rpm for 14 days. Cell growth was monitored 

spectrophotometrically by measuring the OD  every two days to construct the growth curve. 

The representative growth rates were calculated regarding the logarithmic (log) phase and 

transition from the lag to the logarithmic phase. 

 

3.2 Determination of intracellular pigment content 

One mL of cell culture was extracted by N,N-dimethylformamide (DMF) and resuspended to 

dissolve cell pellet and incubated in the dark for 10 minutes. After centrifugation to remove 

debris, the absorbance of supernatant was measured at 461, 625 and 664 nm, respectively. 

The contents of chlorophyll a and carotenoids were calculated according to following 

equations;  

 

Chlorophyll a content (ɛg/OD730) = [(12.1 x A664) ï (0.17 x A625)] / OD730 (Moran, 1982) 

Carotenoid content (ɛg/OD730) = [(A461 ï (0.046 x A664)) x 4] / OD730 (Chamovitz et al., 

1993) 

 

4. Quantitative analysis of carotenoids by HPLC  

The Synechocystis cell cultures of both wild type (WTc) and OX_BKT strains were harvested 

by centrifugation at 5,500 rpm for 10 minutes. Before starting solvent extraction, the cell 

suspension was concentrated to an OD730 of approximately 1. Then cell culture 2 mL was 

centrifuged, after that supernatant was discarded, and the remaining pellets were extracted 

with 1 mL of absolute methanol for 10 minutes. Following centrifugation at 10,000 rpm for 5 

minutes, the supernatant was collected and filtered through a 0.45 ɛm. polypropylene 

membrane filter  

 Pigment extracts were analyzed by high-performance liquid chromatography (HPLC) 

using a reverse-phase C18 column with the UVïvis detector at 440 nm. The solvent system 

consisted of a gradient of mobile phase A (acetonitrile:water = 9:1) to mobile phase B (ethyl 

acetate) at a flow rate of 1 mL/ minutes. After elution, the retention times and spectra were 

analyzed and confirmed the identity of all peaks (Liang et al., 2023). Carotenoid content was 

calculated following equation  from Lagarde and Vermaas (1999);  

Ccar = Cchl Ĭ [(Ůchl × Acar)/(Ůcar × Achl)] 

 Where Cchl = the chlorophyll concentration in the pigments extracts determined by 

the extinction coefficient of chlorophyll a.Ůchl, and Ůcar = the specific extinction coefficients 

of the chlorophyll a and the carotenoids  obtained from Mantoura and Llewellyn (1983). 
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Results and Discussion:   
To evaluate the growth rate of wild type control (WTc) and the overexpressing strain 

(OX_BKT), Synechocystis cells were cultured in BG11 medium containing various NaCl 

concentrations. During days 6 to 10 (log phase) in Figure 2A,  the result  revealed that under 

normal BG11 condition (0% NaCl), OX_BKT showed a comparable growth rate (0.153 ± 

0.005) to WTc (0.129 ± 0.010). However, when NaCl was added at 0.25% and 1% 

concentrations, the growth rate of OX_BKT was insignificantly higher than WTc by 

approximately 5% and 4%, respectively. Unexpectedly, at 2% NaCl condition, the growth 

rate of OX_BKT (0.148 ± 0.015) demonstrated the insignificant decrease, which became 

lower than WTc (0.160 ± 0.005).  
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Figure 2.  

Growth rates of WTc and OX_BKT strains during (A) log phase (day 6 to day 10) and (B) 

adaptation from lag to log phase (day 4 to day 8) under various NaCl conditions. Data 

represent mean ± SD (n =3). Statistical analysis was performed using multiple t-test of the 

statistical difference of the data between the values of WTc and the engineered strain 

indicated by an asterisk at *p < 0.05, ñndò means no significant difference. 

 

 On the other hand, in Figure 2B, the growth rate from day 4 to day 8, representing the 

adaptation from lag to log phase, OX_BKT showed a higher growth rate than WTc under 

normal BG11 (0%) and 0.25% NaCl conditions by 35.91% and 29.98%, respectively. 

However, at 1% and 2% NaCl conditions, the growth rate of OX_BKT was comparable with 

the WTc. These results indicate that the heterologous expresssion of  beta-carotene ketolase 

gene from Haematococcus pluvialis apparently enhanced cell growth rate during the 

adaptation from  the lag to the log phase under normal condition and salt stress, particularly 

at 0.25% NaCl condition. This may be considerably explained by the role of carotenoids in 

protecting cells from oxidative stress generated by salinity. Carotenoids can stabilize 

membranes and scavenge reactive oxygen species (Widomska et al.,  2019), thereby 

supporting better growth performance. Consistent with studies in sweet potato, it has been 

demonstrated that the accumulation of carotenoids, particularly ɓ-carotene, reduces reactive 

oxygen species (ROS) and H O  levels under salt stress and enhances stress tolerance (Kim et 

al., 2012). 

 

(A) (B) 
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Figure 3.  
Total chlorophyll a contents of WTc and OX_BKT strains under various NaCl conditions 

during the lag phase (Day 2), logarithmic phase (Day 8), and late logarithmic phase (Day 14). 

Data represent mean ± SD (n =3). Statistical analysis was performed using two-way ANOVA 

followed by Tukeyôs multiple comparisons test of the statistical difference of the data across 

the various media. Bars labeled with different letters indicate statistically significant 

differences (p < 0.05) and sharing at least one letter are not significantly different. 
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Figure 4.  
Total carotenoid contents of WTc and OX_BKT strains under various NaCl conditions during 

the lag phase (Day 2), logarithmic phase (Day 8), and late logarithmic phase (Day 14). Data 

represent mean ± SD (n =3). Statistical analysis was performed using two-way ANOVA 

followed by Tukeyôs multiple comparisons test of the statistical difference of the data across 

the various media. Bars labeled with different letters indicate statistically significant 

differences (p < 0.05) and sharing at least one letter are not significantly different. 

 

 For the total content of major pigments (Figures 3 and 4), during the lag phase (Day 

2), both wild type (WTc) and the engineered strain (OX_BKT) showed similar levels of total 

carotenoids and chlorophyll a under all NaCl conditions. When the cultures entered the 

logarithmic phase (Day 8) and late logarithmic phase (Day 14), it was found that 

BS-P-008 



 

© The 37th Annual Meeting of the Thai Society for Biotechnology and International Conference (TSB2025) 

19 

chlorophyll a contents were increased under salt stress, particularly at 1ï2% NaCl conditions 

in comparison with those at the lag phase (Day 2) (Figure 3).  At 1% NaCl treatment, both 

strains had the highest chlorophyll a content, with WTc increasing by 27% and OX_BKT 

by 17%, compared to the normal medium BG11 condition. In contrast, the total carotenoid 

content of OX_BKT was decreased with increasing NaCl concentration in the medium. For 

the wild type strain, carotenoid levels remained relatively stable under 0%, 0.25%, and 1% 

NaCl conditions but exhibited a decrease under the 2% NaCl condition (Figure 4). Moreover, 

under all NaCl conditions, OX_BKT consistently contained lower levels of total carotenoids  

than WTc, in particular at 0.25% NaCl condition. In contrast, previous studies have shown 

that overexpression of bkt gene in Chlamydomonas reinhardtii significantly increased total 

carotenoid content by 2.13ï2.20 times (Chen et al., 2023). 

 

  

 

 
Figure 5.  

HPLC chromatogram of carotenoid profiles. (a.) WTc at 1% NaCl , (b.) WTc at 2% NaCl, 

(c.) OX_BKT at 1%NaCl (d.) OX_BKT at 2% NaCl (e.) a HPLC chromatogram 

of Haematococcus pluvialis carotenoid extracts obtained from Jurļackov§ et al. (2023). 

Abbreviation: ME, monoester astaxanthin; DE, dinoester astaxanthin. 

 

 HPLC chromatogram analysis revealed that both wild type (WT) and OX_BKT 

strains exhibited the same major carotenoid peaks at identical retention times, including peak 

1 (myxoxanthophyll), peak 2 (zeaxanthin), peak 3 (3-hydroxyechinenone), peak 4 

(chlorophyll a), peak 5 (echinenone), and peak 6 (ɓ-carotene). However, under elevated salt 

stress conditions (1% and 2% w/v NaCl concentrations), an additional peak (peak 7) was 

detected in the OX_BKT strain, but it was not found in the WTc. In Figure 5e, the free 

astaxanthin peak was found around 11 minutes of retention time (Jurļackov§ et al., 2023). 

Similarly, carotenoid profiling in cyanobacteria has demonstrated that astaxanthin peaks 

generally appear before other carotenoids due to its higher polarity (Pniewski, 2020). It is 

worthy to note that the unidentified peak (peak 7) detected only in the OX_BKT strain also 

appeared at an early retention time. Although it remained unclear, the peak no.7 in the 

a 
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OX_BKT strain was speculated to be free astaxanthin or a new carotenoid type, in particular 

induced by NaCl stress, in comparison with the WTc, due to the earlier retention time of the 

higher polarity of carotenoids. Previous studies suggested that successful astaxanthin 

biosynthesis requires the combined introduction of both heterologous ɓ-carotene ketolase 

(bkt) and ɓ-carotene hydroxylase genes from H. pluvialis (Liang et al., 2023). Despite this 

limitation, the appearance of an unidentified carotenoid peak in the OX_BKT strain 

suggested that heterologous bkt expression may potentially lead to the synthesis of new 

carotenoid species in Synechocystis sp. PCC 6803. 
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Figure 6.  

Carotenoid contents  in WTc and OX_BKT strains under different NaCl conditions. Data 

represent mean ± SD (n =3). Statistical analysis was performed using two-way ANOVA 

followed by Tukeyôs multiple comparisons test to determine significant differences between 

groups. Bars labeled with different letters indicate statistically significant differences (p < 

0.05). 

 

 To investigate the carotenoid profiles of wild type (WTc) and OX_BKT strains, the 

contents of myxoxanthophyll and zeaxanthin were decreased with increasing NaCl 

concentration, while ɓ-carotene and echinenone showed opposite trends (Figure 6). 

Specifically, ɓ-carotene content was increased under salt stress and reached higher levels 

under 0.25% and 2% NaCl conditions in both WT and OX_BKT strains. These findings 

suggest that Synechocystis cells may attempt to maintain an overall carotenoid balance 

(Figure 4) by adjusting the proportions of carotenoid species (Figure 6), each of which could 

play a different role in salt stress. Our results indicate that salt stress can lead to a higher 

content of carotenoids in the carotene group, specifically ɓ-carotene, compared to the 

xanthophyll group. This agrees with previous studies in microalgae, where moderate to high 

NaCl concentrations often promote ɓ-carotene accumulation as a protective cell under 

oxidative stress (Wolf et al., 2021). Interestingly, echinenone showed the highest 

accumulation at 1% NaCl condition. Notably, at 1% NaCl condition, ɓ-carotene content was 

lower compared to 0.25% and 2% NaCl conditions, while echinenone accumulation was at its 
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highest. This suggested that salt stress at 1% NaCl concentration may trigger the expression 

of both native and heterologous beta-carotene ketolase, which possibly catalyzes the 

conversion of beta-carotene into ketocarotenoids. Consequently, ɓ-carotene was utilized as a 

substrate rather than stored, leading to enhanced echinenone production. 

 

Conclusion:  
This study demonstrated that heterologous expression of the ɓ-carotene ketolase gene (bkt) 

from Haematococcus pluvialis in Synechocystis sp. PCC 6803 (OX_BKT) had influenced 

both growth rate and carotenoid accumulation under different NaCl conditions. OX_BKT 

showed the enhanced growth compared to WTc under normal and moderate salt stress. 

Chlorophyll a levels were increased under salt stress in both strains, whereas total carotenoid 

level in OX_BKT was decreased when increasing NaCl concentration. HPLC profiling 

confirmed the presence of native carotenoids in both strains, while an additional peak unique 

to OX_BKT under salt stress. This finding suggests that heterologous bkt expression may 

lead to the synthesis of novel carotenoid species. Furthermore, NaCl stress significantly 

altered carotenoid composition by reducing myxoxanthophyll and zeaxanthin while 

promoting ɓ-carotene and echinenone accumulation, especially at 1% NaCl condition. 

Together, the heterologous bkt expression in Synechocystis sp. PCC 6803 not only affected 

the biosynthesis of carotenoid under salt stress, but it also served as a basis for further 

metabolic engineering projects that aim to produce high-value ketocarotenoids. 
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Abstract:   
Bacillus species are spore-forming, Gram-positive bacteria that are widely distributed in 

diverse ecological niches. The B. cereus group is particularly significant due to its 

implications for human health and food safety. Members of this group contaminate a variety 

of raw and processed foods and can survive heat treatments owing to the high resistance of 

their spores. B. cereus is an opportunistic pathogen capable of causing gastrointestinal 

illnesses, including diarrheal and emetic syndromes, as well as extra-intestinal infections. 

These conditions arise from the production of exotoxins such as hemolysin BL, non-

hemolytic enterotoxin, and cytotoxin K, which are associated with diarrheal symptoms, and 

the emetic toxin cereulide, which induces nausea and vomiting. This clade exhibits notable 

medical and ecological diversity and is recognized for its resistance to multiple antibiotics, 

including ɓ-lactam agents. Although tetracycline remains one of the most effective 

treatments, emerging resistance is increasingly reported. Furthermore, biofilm formation 

enhances persistence and virulence, posing challenges for both treatment and food safety. In 

this study, two B. cereus group isolates obtained from food in Thailand were subjected to 

whole-genome sequencing using Oxford Nanopore technology. Genomic analyses revealed 

features consistent with the B. cereus sensu stricto lineage. Comparative phylogenomic and 

average nucleotide identity (ANI) analyses positioned the isolates within the B. cereus clade, 

clustering closely with reference genomes such as B. cereus WPySW2 and AFA01. Both 

isolates harbored multiple virulence genes, including nheA, nheB, nheC, entFM, cerA, and 

bceT, indicating dual diarrheal and hemolytic pathogenic potential. These findings highlight 

the importance of understanding the pathogenicity, resistance mechanisms, and ecological 

adaptability of B. cereus for mitigating foodborne risks and informing public health 

interventions. 
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Introduction:   
Bacillus species, which are spore-forming Gram-positive bacteria, are ubiquitous in nature as 

vegetative and spore cells. B. cereus group is a known human pathogen that can cause food 

poisoning that easily spreads to both raw and processed food such as rice, pasta, dairy 

products, vegetables, meat, and spices. This pathogen is capable of forming heat-resistant 

spores, allowing it to survive food processing and cooking conditions (1). Certain members 

of the B. cereus group are responsible for gastrointestinal illnesses including emetic and 

diarrheal types, as well as extra-intestinal infections, this can be severe in individuals with 

immunocompromised or ocular diseases. The B. cereus group, also referred to as B. cereus 

sensu lato (s.l), is composed of several closely related species as opportunistic pathogen 

towards extraintestinal infections, while B. anthracis is the causative agent of anthrax in 

humans and animals, and B. thuringiensis is widely applied as biopesticide, due to its 

insecticidal properties (2, 3). The group also compose with other species such as B. mycoides 

and B. pseudomycoides, which form rhizoidal colonies on agar media (3); B. 

weihenstephanesis, and B. wiedmannii, which are psychrotolerant (4-6); and B. cytotoxicus, 

noted for its thermotolerance. In addition, other members include B. albus, B. 

bingmayongensis, B. fungorum, B. gaemokensis, B. luti, B. manliponensis, B. mobilis, B. 

nitratireducens, B. pacificus, B. paramycoides, B. paranthracis, B. proteolyticus, B. 

toyonensis, and B. tropicus. Several more species have recently been classified within this 

group (7-9). Most foodborne illnesses are caused by cereulide, showing symptoms like 

nausea or vomiting within 15 minutes to 6 hours after ingesting contaminated food (10). 

Research suggests that cereulide activates 5-HT3 serotonin receptors, which stimulate the 

vagus nerve and subsequently trigger the center of medulla oblongata causing vomit (11). 

 B. cereus shows resistance to many antibiotics like erythromycin, tetracycline, and 

streptomycin, which can arise from both genetic factors and environmental influences, but 

more often in ɓ-lactam antimicrobial agents, including penicillin G, ampicillin, and 

cefotaxime, mainly because it produces ɓ-lactamase enzymes. Tetracycline, a broad-spectrum 

antibiotic mostly effective against many B. cereus; however, cases of resistance have been 

documented in certain countries. In addition, biofilm formation further contributes to its 

pathogenic potential, as biofilms provide protection against antibiotic treatments and host 

immune defenses.  This came from B. cereus secretion of damaging exotoxins such as 

hemolysins, phospholipases, pore-forming enterotoxins and emetic toxins.  Among these, key 

pore-forming enterotoxins are hemolysin BL (HBL), non-hemolytic enterotoxin (NHE), and 

cytotoxinK (CytK) (12, 13). Hbl and Nhe are tripartite complexes (B, L1,L2)  disrupt host 

cell membranes, which CytK is a single protein toxin capable of forming pores that lead to 

cell lysis, while enterotoxins are synthesized by vegetative cells that were introduced into the 

host cells or spores, within the small intestine causing  abdominal cramps and watery 

diarrhea. Another tripartite complex (NheA, NheB, NheC), which forms pores in host cell 

membranes, induces cell death, and activates the NLRP3 inflammasome that leads to 

apoptosis (14). In contrast, the emetic toxin cereulide is a plasmid-encoded cyclic peptide that 

is pre-formed in contaminated food and induces vomiting after ingestion. B. cereus  also 

produces degradative enzymes, most of which are regulated by the transcriptional activator 

PlcR (15). It functions as a quorum sensing system within B. cereus, this enables the 

bacterium to adjust to different environmental conditions. Two B. cereus group isolates from 

food were used in this experiment, and it is characterized by WGS using Oxford Nanopore 

sequencing, also the presence of genes related to virulence was observed in all isolates. 
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Methodology:  
Bacterial strain and growth condition 

Two B. cereus group isolates from foodstuff collected in 2018 in Pathum Thani province, 

Thailand, were performed in this study. The sampling procedure and microbiological analysis 

of the isolates were identified using both microbiological methods and API® 50 CHB/E 

Medium. The isolated bacteria were cultured on nutrient media and incubated at 35C. The 

glycerol stocks of bacterial culture were stored at -80 C. 

 

DNA extraction and Whole genome sequencing 

The genomic DNA was isolated using Monarch HMW DNA Extraction Kits (NEB, Ipswich, 

MA, USA) according to the manufacturerôs instructions and qualitatively characterized using 

a fluorometer.  The DNA library preparation was performed using the Native Barcoding kit 

prior to sequencing on a flow cell (version R10.4.1/FLO-MIN114) using the MinION MK1c. 

Raw signals from the sequencer were base called using a superhigh accuracy model and 

demultiplexed using Guppy v.5.0.7 followed by adapter trimming using Porechop v.0.2.4. 

ONT raw reads were filtered with >1,000 bases in length using NanoFilt v.2.8.0. Quality 

control of filtered reads was checked by NanoPlot v.1.28.1. The sequence data was used for 

genome assembly using CANU v2.2. Taxonomic identification was performed using 

BTyper2 and GTDB-TK v1.5.1.  

 

Genome annotation and circular map construction 

The completeness and contamination levels were determined using CheckM v1.1.6. The 

assembled genomes were annotated using Rapid prokaryotic genome annotation (Prokka) 

with default parameters. The circular map for each genome was created using Genovi v0.4.3.  

 

Whole-genome-based phylogenetic analysis and average nucleotide identity (ANI) 

All complete genome sequences of the B. cereus group in complete genome level used in this 

study were obtained from the NCBI Genbank database. A maximum likelihood phylogenetic 

tree of xx strains was conducted using GToTree v1.8.3 with the hidden Markov model 

(HMM) source Firmicutes and default parameters. The resulting phylogeny was visualized 

using the web-based iTOL. Average nucleotide identities (ANI) based on BLAST alignment 

of whole-genome sequencing were calculated and visualized using pyANI v0.2.12. 

 

Results and Discussion:  
Whole genome sequencing and annotation were performed on two Bacillus isolates. 

Taxonomic classification using BTyper2 and GTDB-TK identified it as B. cereus based on 

average nucleotide differences and alignment fraction. The circular genome maps (Figure 1A 

and 1B) illustrate the distribution of coding sequences (CDSs), GC content, and GC skew 

across both genomes. The general feature of B. cereus B08 and B69 strains genome consists 

of one circular chromosome (B08; 5,368,653 bp and B69; 5,304,230 bp) with an overall GC 

content of 35.3%, consistent with previously reported B. cereus genomes. Genome annotation 

results revealed 5,721 coding sequences, 108 tRNA genes, and 42 rRNA genes for B08, and 

5,407 coding sequences, 107 tRNA genes, and 39 rRNA genes for B69 (Table1). Functional 

classification of coding sequences using the Clusters of Orthologous Groups (COG) database 

revealed similar overall distribution patterns between the two isolates (Figure 1C and 1D). 

The most abundant functional categories included ñAmino acid transport and metabolism 

(E),ò ñCarbohydrate transport and metabolism (G),ò ñTranscription (K),ò and ñGeneral 

function prediction only (R).ò Notably, both isolates contained a high proportion of genes 

associated with ñDefense mechanisms (V)ò and ñSecondary metabolites biosynthesis, 

transport and catabolism (Q),ò which are linked to antimicrobial resistance and toxin 
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production. Therefore, comparative genome analysis revealed that B. cereus isolates maintain 

highly conserved core genomic features while displaying significant variability in regions 

encoding virulence factors and antimicrobial resistance determinants (1, 16). The 

identification of plasmid-borne genes underscores the critical role of mobile genetic elements 

in facilitating bacterial adaptation to environmental stressors and food-processing conditions. 

Functional enrichment analysis demonstrated overrepresentation of COG categories 

associated with diverse metabolic pathways, reflecting the metabolic versatility that enables 

B. cereus to successfully colonize varied food matrices and withstand adverse conditions, 

including thermal stress and desiccation. This genomic plasticity contributes to the 

organism's persistence in food production environments and its emergence as a significant 

foodborne pathogen. 

 

 
Figure 1. 

Circular genome maps and COG functional classification of two B. cereus strains.  (Top; A 

and B) Circular genome representation of B. cereus isolates. Outer rings indicate coding 

sequences (CDSs) on the forward (dark orange) and reverse (light orange) strands, followed 

by tRNA/rRNA genes (light blue), GC content (black), and GC skew (green/yellow). 

Genome size and organization are shown in Mbp scale. (Bottom; C and D) Distribution of 

coding sequences into Clusters of Orthologous Groups (COG) categories for each isolate. 

Highly represented categories include amino acid transport and metabolism (E), carbohydrate 

transport and metabolism (G), transcription (K), replication, recombination and repair (L), 

and defense mechanisms (V). Other notable categories observed are cell 

wall/membrane/envelope biogenesis (M), energy production and conversion (C), and 

secondary metabolites biosynthesis, transport, and catabolism (Q). Categories associated with 
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protein processing and stability, such as posttranslational modification, protein turnover, and 

chaperones (O), are also well represented. Less frequent but biologically relevant categories 

include cell motility (N), intracellular trafficking and secretion (U), and mobilome-related 

genes such as prophages and transposons (X), which may contribute to horizontal gene 

transfer and genome plasticity. 

 

Comparative genomic analysis of the B. cereus group isolates revealed clear clustering 

patterns consistent with species-level distinctions. The phylogenetic tree (Figure 2A), 

constructed from whole-genome sequence data using GToTree program, shows that the 

isolates segregate into distinct clades corresponding to recognized members of the B. cereus 

sensu lato complex, including B. cereus sensu stricto, B. pacificus, B. paranthracis, and B. 

tropicus. Isolates sequenced in this study (highlighted in blue) grouped closely with B. cereus 

strain MB1, AFA01, and WPySW2. Notably, two isolates clustered within the B. cereus s.s. 

clade, while others exhibited closer relationships to B. thuringiensis HM-311 and B. 

thuringiensis SA11 genomes. The ANI heatmap (Figure 2B) further supports these 

observations, with strong within-species similarity (>95% ANI) indicated by red diagonal 

blocks. Inter-species comparisons demonstrated ANI values of two B. cereus strains to B. 

cereus WPySW2 (B08; 98.92% and B69; 98.98%), B. cereus AFA01 (B08; 98.92% and B69; 

98.99%), and B. cereus AFA01 (B08; 98.91% and B69; 98.99%). 

 

 
  

Figure 2.  
Genome-based phylogenomics and Average Nucleotide Identity. (A) Maximum likelihood 

phylogenetic tree of two B. cereus strains (Blue font) and other strains of B. cereus group 

genome sequences, generated using the GToTree v1.8.3 workflow and visualized using the 

web-based tool iTOL v6. (B) Heatmap of whole genome-based average nucleotide identity 

(ANI) of the two B. cereus strains and other type strains of B. cereus group genome 

sequences, constructed using pyANI v0.2.12. 
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Table 1.  
Genome characteristics of two B. cereus isolated from food sample from Pathum Thani 

province, Thailand 

Sample Genome 

length (bp) 

GC content 

(%)  

Number of 

CDSa 

Number of 

rRNA  

Number of 

tRNA 

B08 5,368,653  35.3 5,721 42 108 

B69 5,304,230 35.3 5,407 39 107 
aCDS; coding DNA sequences. 

 

Virulence gene profiling of the two B. cereus group isolates was performed using BTyper2 

against the Virulence Factor Database (VFDB). As shown in Table 2, both isolates (B08 and 

B69) carried multiple virulence genes commonly associated with diarrheal food poisoning, 

including the non-hemolytic enterotoxin complex (nheA, nheB, nheC), enterotoxin FM 

(entFM), and the diarrheal toxin gene (bceT). In addition, both isolates possessed cereolysin 

A (cerA), a pore-forming toxin contributing to hemolytic activity. All predicted genes showed 

high coverage (>97%) and nearly complete sequence identity (97ï100%) to reference 

sequences in VFDB, suggesting strong conservation of these virulence determinants across 

the isolates. The identification of both diarrheal toxin genes (nhe complex, entFM, bceT) and 

hemolytic toxin genes (cerA) demonstrates the complexed pathogenic potential of these 

isolates. This dual toxin profile enables the production of enterotoxins that function within 

the gastrointestinal tract while simultaneously contributing to broader cytotoxic effects. 

These observations are consistent with previous studies indicating that foodborne B. cereus 

isolates frequently possess diverse enterotoxin repertoires, predisposing them to cause either 

diarrheal or emetic food poisoning syndromes depending on environmental conditions and 

differential gene expression patterns. The detection of highly conserved toxin genes across 

isolates emphasizes the significant threat these strains pose to food safety and public health. 

This genetic conservation suggests that pathogenic potential is maintained across diverse B. 

cereus populations, reinforcing the critical importance of implementing comprehensive 

genomic surveillance programs for foodborne pathogens to monitor virulence gene 

distribution and evolution in food production environments. 
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Table 2.  
Virulence genes predicted in two B. cereus isolates based on VFDB database using BTyper2. 

Sample Gene Product Source Percent 

coverage 

Percent 

identity  

B08 entFM enterotoxin NP_831723.1 97.2 100 

 cerA cereolysin A AGL98059.1 100 100 

 nheA non-hemolytic enterotoxin 

lytic component L2 

NP_831582.1 99.7 100 

 nheB non-hemolytic enterotoxin 

lytic component L1  

NP_831583.1 100 100 

 nheC enterotoxin C NP_831584.1 98.9 100 

 bceT diarrheal toxin BAA04134.1 99.4 97 

B69 entFM enterotoxin NP_831723.1 97.6 100 

 cerA cereolysin A AGL98059.1 97.7 100 

 nheA non-hemolytic enterotoxin 

lytic component L2 

NP_831582.1 99.7 100 

 nheB non-hemolytic enterotoxin 

lytic component L1  

NP_831583.1 100 100 

 nheC enterotoxin C NP_831584.1 99.4 100 

 bceT diarrheal toxin BAA04134.1 99.4 97 

 

Conclusion:  
This study provides genomic insights into two B. cereus groups isolated from food in 

Thailand, highlighting their potential threat to food safety and public health. Whole-genome 

sequencing using Oxford Nanopore technology revealed that both isolates possess genomic 

features consistent with the B. cereus sensu stricto lineage, including genome size (~5.3 Mb) 

and GC content (35.3%). Functional annotation and COG classification confirmed a broad 

metabolic versatility, with an overrepresentation of genes involved in amino acid and 

carbohydrate metabolism, defense mechanisms, and secondary metabolite biosynthesis, 

supporting their adaptability in diverse food environments. Comparative phylogenomic and 

ANI analyses positioned the isolates within the B. cereus s.s. clade, clustering closely with 

reference genomes such as B. cereus WPySW2 and AFA01. Importantly, virulence gene 

profiling demonstrated that both isolates carry highly conserved toxin genes including nheA, 

nheB, nheC, entFM, cerA, and bceT, with high coverage and identity to VFDB references. 

The presence of these diarrheal and hemolytic toxin genes underscores their dual pathogenic 

potential, consistent with strains associated with foodborne disease.  
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Abstract:   
Colorectal cancer (CRC) is among the most common malignancies worldwide and 

contributes substantially to cancer-related mortality. CRC progression is frequently 

associated with delayed diagnosis and limited effectiveness of current therapeutic strategies, 

as tumors can acquire resistance to chemotherapy or radiotherapy. Treatment outcomes are 

generally more favorable in early-stage CRC than in metastatic disease, underscoring the 

importance of reliable diagnostic tools to improve patient survival. Various diagnostic 

approaches, including tumor characteristics and gut microbiome profiling, have been 

proposed as potential sources of biomarkers. However, universal biomarkers for CRC 

diagnosis have not yet been established. Moreover, most previous studies have focused on 

specific gut microbes using a single metric to distinguish healthy individuals from CRC 

patients. 

 In this study, we utilized a metagenomic gut microbiome database to identify 

potential microbial biomarkers for CRC. Multiple analytical metrics, including microbial 

diversity, differential abundance, and microbial interaction networks, were applied to 

evaluate the diagnostic potential of candidate gut microbes and their associations. Our 

findings revealed no significant differences in the top ten most abundant species among the 

three groupsðcontrol, adenoma, and cancer. Both alpha and beta diversity analyses indicated 

comparable microbial diversity across groups. Differential abundance analysis at the species 

level, based on three independent approaches, identified Prevotella copri as a potential 

biomarker for CRC, supported by its high LDA score and increased abundance in cancer 

samples compared to controls. Nevertheless, the interactions between P. copri and other 

microbial species remain unclear, and further investigation is required to elucidate its 

potential role in promoting or inhibiting colorectal carcinogenesis. 

 

Introduction:   
Colorectal cancer (CRC), an epithelial malignancy of the colon, is considered one of the five 

most common cancers worldwide, including in Thailand, due to its high incidence and 

mortality rates. According to the World Health Organization (WHO), the age-standardized 

incidence rate is approximately 20 per 100,000 individuals, ranking fourth globally, while the 

mortality rate is around 10 per 100,000. These statistics indicate that nearly half of CRC 

patients die from the disease1.  

 The main contributors to CRC-related mortality are low survival rates and disease 

recurrence. The overall survival rate of patients with metastatic CRC treated at the University 

of Texas M.D. Anderson Cancer Center (UTMDACC) ranged from approximately 20ï40%, 

reflecting limitations in treatment effectiveness and late diagnosis2. Furthermore, recurrence 

rates are significantly higher in advanced stages of CRC compared to early stages. Both 

studies also suggested that longer delays until diagnosis reduce the effectiveness of treatment. 

Conversely, several studies reported survival rates up to 90ï100% in cases of early 

detection3. Therefore, early diagnosis is crucial to reduce CRC mortality. 
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 Conventional diagnostic methods, including patient history, biopsy, colonoscopy, and 

certain non-invasive tests, are not always efficient or reliable. The invasive standard approach 

of colonoscopy demonstrates high sensitivity (70ï95%) and specificity (~90%)4, providing a 

reasonably accurate diagnosis; however, complications related to bowel preparation and 

procedure-related discomfort cannot be avoided. Carcinoembryonic antigen (CEA), a non-

invasive biomarker, offers low sensitivity of approximately 50% for CRC diagnosis5. 

Additionally, factors such as comorbidities, infections, and bowel preparation can influence 

the accuracy of colonoscopy. Consequently, alternative diagnostic approaches are needed to 

improve reliability and patient comfort. 

 Biomarker characterization in CRC has focused on two main types: genetic 

biomarkers and gut microbiome profiles. Several studies have shown that CRC progression is 

associated with dysregulation of oncogenic genes. Comparisons between healthy individuals 

and CRC patients have also revealed significant differences in gut microbiota composition, 

where dysbiosisðcharacterized by an increase in opportunistic pathogens and a reduction in 

commensal floraðmay promote carcinogenesis. 

 The human gut microbiome plays a critical role in disease development, including 

CRC. Alterations in microbial composition in dysbiosis patients highlight differential 

abundances of specific microorganisms. Most studies have focused on a single matric to 

identify potential microbial biomarkers for CRC diagnosis, which may limit the reliability 

and robustness of the findings. 

 To address this knowledge gap, we aim to investigate potential gut microbial 

candidates as CRC biomarkers using metagenomic analysis. A multi-metric microbial 

profiling, including diversity metrics, differential abundance analysis, and microbial 

interaction networks, will be employed to distinguish CRC patients from healthy individuals. 

 

Methodology:  
Sample dataset and preprocessing 

A public fecal metagenomic shotgun sequencing of CRC dataset (PRJEB7774) was retrieved 

from NCBI. This dataset was retrieved from Austrian summitted by Beijing Genome Institute 

(BGI). Sequences were quality-filtered to remove low-quality reads and host contamination 

and assigned to their respective samples. 

 

OTU and Operational taxonomic profiling 

Filtered sequences were processed using the Quantitative Insights into Microbial Ecology 2 

(QIIME2) pipeline with the Kraken2 classifier for species-level taxonomic profiling, 

referencing the Kraken2 database. Operational taxonomic units (OTUs) and taxonomic 

profiles were exported for downstream metric calculations. 

 

Diversity, differential abundance, and network analysis  

OTU tables and taxonomic profiles from QIIME2 were processed using the Phyloseq R 

package for preprocessing prior to differential abundance analysis. Alpha and beta diversity 

were analyzed across three groups (Control, Adenoma, and Cancer) using the vegan R 

package. Differential abundance was assessed using three approaches: LEfSe (via the 

microbiomeMarker package), DESeq2, and ANCOMBC. Correlation networks of gut 

microbiomes in the three groups were constructed using the NetCoMi R package. Network 

metrics and properties were obtained and visualized in Cytoscape. 

 

Statistical analysis 

Alpha diversity indices and LEfSe results were tested using the KruskalïWallis test for 

multiple-group comparisons. Differences in BrayïCurtis distances (PCoA) and network 
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properties from NetCoMi were assessed using permutation-based methods. Parametric tests 

for differential abundance were conducted using Wald tests (DESeq2, negative binomial 

distribution) and log-linear models (ANCOMBC). Statistical analyses were performed in R 

(version 4.5.0), with significance defined as p < 0.05. P-values from overall tests were 

adjusted for multiple comparisons using the BenjaminiïHochberg false discovery rate (FDR), 

with adjusted p-values < 0.05 considered significant. 

 

Results and Discussion:  
Diversity and taxonomic profiling 

A total of 150 Austrian fecal samples were characterized based on the American Joint 

Committee on Cancer (AJCC) TNM staging system and classified into three groups: 63 

samples from healthy individuals (Control), 47 samples from adenoma patients, and 46 

samples from carcinoma (Cancer) patients. The Shannon index (Figure 1a) indicated no 

significant differences in alpha-diversity across the three groups in pairwise comparisons. 

Similarly, BrayïCurtis PCoA analysis of beta-diversity (Figure 1b) was plotted via 

PERMANOVA test across three group. It revealed significant difference with p-value = 

0.012 between three groups. This microbial community alteration could be defined as a pair 

of control and cancer groups that had greater difference significantly from pairwise 

comparison analysis (p-value = 0.001). Adenoma did not exhibit significantly greater 

diversity compared to the control or cancer group. These results suggest that the overall gut 

microbiome diversity is substantially affected during cancer development, consistent with 

one of cohort which findings reported by Zhang et al6. 

 The mean relative abundances of species-level OTUs were calculated and visualized 

as stacked bar plots for the top 10 OTUs (Figure 1c). Overall, microbial profiles showed only 

slight variations among control, adenoma, and cancer groups. However, Escherichia coli was 

markedly increased in the adenoma and cancer groups, with approximately a tenfold higher 

mean relative abundance compared to the control group. Previous studies have reported that 

E. coli may contribute to colorectal carcinogenesis through the release of toxins that induce 

inflammation in the colorectal region.7 
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Figure 1 Gut Microbiome Diversity and Top 10 species relative abundance 

The alpha diversity of gut microbiome in Control, Adenoma, and Cancer group was analyzed 

by Shannon diversity index (a). Beta diversity was assessed by BrayïCurtis principal 

coordinate analysis (PCoA) with PERMANOVA and pairwise tests (b). The mean relative 

abundance of species-level OTUs of thetop 10 most abundant bacterial species were depicted 

in bar plots, with remaining species categorized as ñOthersò (c). 

 

Differential abundance analysis 

LEfSE with a threshold of False Discovery Rate (FDR) < 0.05 provided Linear Discriminant 

Analysis (LDA) scores to determine potential species that were differentially abundant 

among the three groups. Species with LDA scores > 3.5 were plotted (Figure 2a), including 

eight species, with Prevotella copri, Escherichia coli, and Methanobrevibacter smithii 

showing the highest LDA scores in the cancer group. Four species, two Bacteroides species, 

Blautia, and Coprococcusðwere enriched in the adenoma group, with the highest LDA 

scores. In the control group, Bacteroides vulgatus and Bifidobacterium breve were identified 

as the top species with the highest scores. Previous studies have reported that the genus 

Prevotella serves as a common biomarker in colorectal cancer, supporting our findings. In 

addition, normal flora species observed in our analysis including Bacteroides vulgatus and 

Bifidobacterium breve have been characterized as cancer-preventive microbes due to their 

protective functions8,9. 

 DESeq2 analysis was also performed to identify significant changes in microbial 

abundance by applying log fold change, Wald test, and FDR correction with a threshold of < 
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0.05. The results were visualized as a heatmap (Figure 2b), highlighting the top 10 

differentially abundant species across all groups. Both adenoma and cancer groups exhibited 

higher abundances of several genera, including Porphyromonas and Prevotella, compared to 

the control group. Conversely, Lactobacillus was substantially reduced in adenoma and 

cancer groups. 

 Similarly, the ANCOM-BC method provided log fold change estimates combined 

with prevalence and robustness testing to identify potential differential abundances while 

accounting for zero inflation in microbiome data. This analysis revealed only minor 

differences between the control and adenoma groups, which did not reach significance after 

adjusted p-value, prevalence, and robustness testing (Figure 2c). In contrast, comparisons 

between cancer and control groups demonstrated a substantial increase in several species 

from the genera Porphyromonas, Prevotella, Lachnospiraceae, Bifidobacterium, and 

Lactobacillus, with absolute log fold change values > 1. Among these, six species were 

identified as potential biomarkers through prevalence and robustness testing: Porphyromonas 

asaccharolytica, Prevotella copri, Porphyromonas uenonis, Porphyromonas somerae, 

Porphyromonas sp. HMSC077F02, and Dialister pneumosintes. 

 Zhang et al.6 reported universal diagnostic genera for colorectal cancer across 

multiple populations, including cohorts from Australia, China, France, Italy, Germany, and 

the United States. Their findings highlighted Porphyromonas, Parvimonas, and 

Peptostreptococcus as the main genera altered during CRC progression. Consistent with their 

study, our results also demonstrated a pronounced increase in several Porphyromonas species 

in the cancer group. Moreover, Porphyromonas gingivalis has been reported as a potential 

biomarker associated with colorectal cancer prognosis7. However, our analyses did not detect 

this species as significant in either LEfSE or ANCOM-BC. 

 Taken together, across the three differential abundance methods, Prevotella copri 

consistently emerged as a candidate biomarker. It demonstrated a high LDA score in LEfSE 

and significant enrichment in the cancer group with a log fold change of approximately 3 in 

both DESeq2 and ANCOM-BC analyses. Previous studies by Yao et al10. and Niccolai et al11. 

have also emphasized the relevance of P. copri through mechanisms such as inflammatory 

responses mediated by IL-9 and its detection via quantitative PCR as a diagnostic tool. These 

findings support our results, underscoring P. copri as one of the most promising microbial 

biomarkers identified in this study. 
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Figure 2 Biomarker discovery from Differential Abundance Analysis 

Differential abundance analysis of species-level taxa based on three approaches: (a) LEfSe, 

showing taxa with LDA scores > 3.5; (b) DESeq2, visualized as a heatmap of log fold 

changes across the three groups; (cïd) continued on next page 
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Figure 3 (continued) Biomarker discovery from Differential Abundance Analysis 

(cïd) ANCOM-BC, represented as bar plots of log fold changes for pairwise comparisons 

between Healthy vs. Adenoma and Healthy vs. Cancer. Thresholds were set at absolute log 

fold change > 0.5 for the Adenoma comparison and > 1 for the Cancer comparison. In 

ANCOM-BC, six species passed both prevalence and robustness tests and were identified as 

potential biomarkers (e). Adjusted p-values (FDR) were applied across all analyses, with 

significance thresholds indicated as q < 0.05 (*), q < 0.1 (**), and q < 0.01(***).  
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Correlation Network Analysis 

Our findings suggest that Prevotella copri may represent a crucial microbe in colorectal 

cancer development within this Austrian cohort. Correlation network analysis provided 

additional insights into its interactions with the surrounding microbial community. Using the 

NetCoMi R package and visualizing the results in Cytoscape (Figure 3), we observed that P. 

copri lost its negative associations with certain Clostridia and Clostridium species during the 

progression from adenoma to carcinoma. Furthermore, negative interactions with other 

Prevotella species, which similarly opposed Clostridia and Clostridium, were also lost. In 

contrast, positive associations between P. copri and other Prevotella species were retained 

across cancer stages compared to the control group.  

 To assess network-level differences, Jaccard indices were calculated for dissimilarity 

tests across the three groups, considering multiple centrality metrics (Degree, Betweenness, 

Closeness, Eigenvector, and Hub taxa) (Table 1). Statistical analysis of the top 10 nodes for 

each centrality measure did not reveal significant differences. However, comparison between 

the Control and Cancer groups indicated similarity in Eigenvector centrality, with P(Ó Jacc) = 

0.006, suggesting that the key microbial contributors identified in this comparison were not 

significantly different between groups. 

 

Prevotella copri as potential candidate of CRC biomarkers 

Prevotella copri, a Gram-negative microbial species, is abundant in the human digestive 

system and has been identified in various microbiome profiles, both in beneficial and disease-

associated contexts12. A comparative study of gut microbiota between European and rural 

African children demonstrated that the Prevotella genus plays a key role in digesting 

polysaccharide-rich diets and provides protection against inflammation and colonic diseases 

caused by Escherichia, Salmonella, Shigella, and Klebsiella species13. In addition, studies on 

glucose metabolism in both human and mouse models have shown that the introduction of 

Prevotella improved glycogen storage14. 

 However, P. copri has also been associated with rheumatoid arthritis, as its high 

abundance was observed in fecal samples and in mouse models inoculated with P. copri. 

These mice exhibited increased colitis severity, which could contribute to a higher 

susceptibility to rheumatoid arthritis16.  

 Our findings indicate that P. copri was not among the top 10 most relatively abundant 

species in the gut microbiome of Austrian CRC cohorts, whether in healthy or cancer groups. 

Nevertheless, differential abundance analysis revealed significantly greater alterations in the 

cancer group compared to the healthy group, as determined by DESeq and ANCOM-BC 

approaches. 

 The study by Zhang et al6 identified differential abundance of P. copri and other 

microbial species using a two-sided Wilcoxon rank-sum test, comparing their relative 

abundance. In contrast, our study employed three differential analysis approaches to 

determine that P. copri may act as a key microbial regulator associated with colorectal 

cancer. In a DSS-induced mouse model, P. copri administration markedly increased 

susceptibility to rheumatoid arthritis15, and histological analysis of colon samples revealed 

enhanced colitis effects. Furthermore, previous studies investigating species abundance 

across different cohorts have identified P. copri as one of the top five most abundant species 

in colorectal cancer patients compared to healthy controls15. 

 These findings suggest that P. copri may contribute to colorectal cancer development 

by promoting inflammation, which can accelerate carcinogenesis. A study evaluating 

potential microbial biomarkers for CRC diagnosis by Yao et al10. also identified P. copri as 

one of the candidate biomarkers. However, P. copri alone may not serve as the most effective 

biomarker due to limitations in specificity and sensitivity. The most reliable diagnostic 

BS-P-016 



 

© The 37th Annual Meeting of the Thai Society for Biotechnology and International Conference (TSB2025) 

38 

markers for CRC are likely to involve a combination of multiple microbial species to achieve 

higher diagnostic accuracy. 

 Given that the gut microbiome composition varies substantially among different 

populations, further analyses in diverse cohorts are required to identify additional potential 

microbial candidates and to establish a consistent and reliable gut microbial biomarker profile 

for CRC diagnosis. 

  

 
Figure 3 Correlation Network Interaction comparisons on Prevotella copri 

Correlation networks centered on Prevotella copri were visualized across the three groups. 

Edges represent correlation metrics, with green lines indicating positive correlations and red 

lines indicating negative correlations. The strength of each correlation is depicted by line 

thickness, while node size reflects degree centrality. No significant differences were observed 

among the Control (a), Adenoma (b), and Cancer (c) groups (adjusted p-value < 0.5) 
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Table 1.  

Global Jaccard Index comparison between Control Vs. Cancer 

Centrality Value Jaccard Index  (P(<=Jacc) P(>=Jacc) 

Degree 0.298 0.342 0.756 

Betweenness 0.250 0.098 0.942 

Closeness 0.311 0.416 0.686 

Eigenvector 0.509 0.997 0.006** 

Hub Taxa 0.231 0.322 0.863 
*Footnote 1 p-value < 0.05 
** Footnote 2 p-value < 0.01 

 

Conclusion:  
Based on the current findings, differential abundance analyses suggest that Prevotella copri 

may serve as a potential biomarker in colorectal cancer development. However, its 

interactions within the gut microbial community remain insufficiently characterized, limiting 

our understanding of its role in shaping microbiome dynamics. 
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Abstract:   
Pseudomonas aeruginosa is a multidrug-resistant opportunistic pathogen capable of 

surviving diverse environmental stresses through efflux pumps, detoxification systems, and 

chemical transporters. Amino acid transporters have recently been recognized for roles 

beyond nutrient uptake, particularly in stress adaptation. In this study, the physiological 

function of the aromatic amino acid transporter gene (aaaT) was examined using knockout 

and complementation approaches, verified by sequencing. Plate sensitivity assays revealed 

that the aaaT-knockout strain exhibited pronounced sensitivity to paraquat (PQ), a superoxide 

generator, while complementation restored resistance, underscoring the role of aaaT in PQ 

tolerance. Strains with ectopic aaaT expression from a pBBR vector displayed growth defects 

compared with both wild-type and knockout strains, though no significant differences were 

observed under exposure to other oxidative agents, including hydrogen peroxide, cumene 

hydroperoxide, sodium hypochlorite, and N-ethylmaleimide. Antibiotic susceptibility testing 

by disk diffusion showed that the aaaT-knockout strain was more susceptible to ciprofloxacin 

and norfloxacin, but exhibited modestly increased resistance to cefepime, with no substantial 

changes to most other antibiotics. Collectively, these findings demonstrate that aaaT 

contributes to P. aeruginosa tolerance against oxidative stress and modulates its susceptibility 

to specific antibiotics, especially fluoroquinolones. Targeting aaaT may therefore represent a 

promising strategy to sensitize P. aeruginosa to existing antibiotics and enhance therapeutic 

efficacy. 

 

Introdu ction:  
Pseudomonas aeruginosa is a highly adaptable opportunistic pathogen that poses a 

significant challenge to public health due to its intrinsic and acquired resistance mechanisms 

against antibiotics and oxidative stress. The bacteriumôs resilience is attributed to its versatile 

metabolic pathways, efflux pumps, and stress response systems, which enable survival in 

diverse and hostile environments.1 Proteins involved in amino acid transport and metabolism 

are increasingly recognized as pivotal in maintaining redox balance and cellular 

homeostasis.1 However, the precise role in resistance and stress tolerance remains poorly 

understood. 

 Efflux pumps and amino acid transporters are key players in bacterial resistance to 

antibiotics and biocides. Efflux pumps, such as those from the resistance-nodulation-cell 

division (RND) family, actively expel toxic compounds, reducing their intracellular 

concentration and allowing bacteria to survive lethal exposures.2 Amino acid transporters, 

primarily responsible for nutrient uptake, can also contribute to resistance by facilitating the 

uptake or expulsion of antibiotics and biocides. These systems often work synergistically, 

with efflux pumps providing a broad-spectrum defense and amino acid transporters offering a 

targeted mechanism to enhance survival.3  
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 In P. aeruginosa, efflux pumps and amino acid transporters are critical contributors to 

its intrinsic and acquired resistance to antibiotics and biocides. The MexAB-OprM efflux 

pump, a member of the resistance-nodulation-division (RND) family, is well-known for 

conferring broad-spectrum resistance to antibiotics such as ɓ-lactams, fluoroquinolones, and 

macrolides, as well as to biocides like chlorhexidine.4 Similarly, the MexCD-OprJ and 

MexEF-OprN systems provide resistance to fluoroquinolones and chloramphenicol, with 

their overexpression linked to reduced susceptibility to multiple antimicrobials.5 The 

interplay between efflux pumps and amino acid transporters highlights the complexity of 

resistance mechanisms in P. aeruginosa, emphasizing the need for targeted approaches to 

combat this pathogen's adaptability. 

 The primary aim of this study was to investigate the physiological role of P. 

aeruginosa aromatic amino acid transporter gene (aaaT) in the contribution to the bacteria's 

survival under host-mediated stress, and the assessment on the antibiotic susceptibility. 

Ultimately, the study sought to uncover the potential of targeting this gene as a strategy to 

overcome antibiotic resistance. 

 

Methodology:  

Bacterial growth conditions  
Pseudomonas aeruginosa and Escherichia coli strains were grown in Luria-Bertani (LB) broth 

(Difco, USA) at 37 °C with continuous shaking at 180 rpm under aerobic conditions. As 

required for selective marker of plasmid, the medium was supplemented with 100 µg/mL 

ampicillin (Amp) or 10 µg/mL gentamicin (Gm) for E. coli cultivation while the medium was 

supplemented with 200 µg/mL carbenicillin (Cb) or 30 µg/mL gentamicin (Gm) for P. 

aeruginosa cultivation. All bacterial strains were cultured, maintained, and all experiments 

were performed in the BSL-2 laboratory according to the procedure MUSC2022-029, 

approved by the Biosafety Committee of the Faculty of Science at Mahidol University. 

 

Construction of P. aeruginosa aaaT-mutant 

A 339-bp fragment from the middle of the aaaT coding region in the PAO1 genome was 

amplified using primers EBI-1500 (5ǋ-CTTCTTCGGTATCAGCCC-3ǋ) and EBI-1501 (5ǋ- 

ACGAAGGTGGTCAGCATC-3ǋ). The resulting PCR product was isolated, purified, and 

subsequently ligated into the cloning vector pKNOCKGM at the SmaI restriction site. The 

ligated product, pKNOCK-aaaT, was transformed into E. coli BW20767 cells. Transformants 

were screened via PCR using primers BT543 (5ǋ-TGACGCGTCCTCGGTAC-3ǋ) and EBI-

1501 to confirm plasmid insertion and orientation. The plasmid was then sequenced to ensure 

accurate construction. Using a conjugation technique, plasmid pKNOCK-aaaT was 

transferred into the PAO1 wild-type strain. The aaaT-KO mutant was isolated based on its 

antibiotic resistance phenotype and confirmed through PCR amplification.6 
 

Construction of P. aeruginosa full -length aaaT 
The complete aaaT gene from the Pseudomonas aeruginosa genome was amplified using 

primers EBI-1499 (5ǋ-GCCGCCTCCCGCACAATG-3ǋ) and EBI-1502 (5ǋ-AAACAGCTA 

TGACCATG-3ǋ), which are designed to cover the entire coding sequence. The resulting 

1312-bp PCR product was cloned into the SmaI site of the expression vector pBBR1MCS-4. 

The recombinant plasmid carrying the aaaT gene was then transformed into competent 

Escherichia coli DH5Ŭ cells. PCR screening with primers M13F (5ǋ-

GTAAAACGACGGCCAGT-3ǋ) and EBI-1500 were used to verify the insertion and 

orientation of the plasmid, followed by sequencing to confirm the accuracy of the construct.6 
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Physiological studies 

Plate sensitivity assay  
The plate sensitivity assay was conducted to evaluate bacterial growth on plates, reflecting 

the resistance levels of the PAO1 wild-type strain and various mutant strains against a range 

of oxidants. All Pseudomonas aeruginosa strains will initially be cultured in 3 mL of fresh L-

broth containing suitable antibiotics. Overnight cultures were then subculture into 3 mL of 

fresh L-broth to adjust the OD600 to 0.05 and incubated at 37 ̄ C for 3 h. Exponentially 

growing cultures will be serially diluted 10-fold, and each dilution will be spotted onto L-

agar plates with or without specific concentrations of oxidants. The plates were be incubated 

overnight at 37 ̄C, and the growth differences between strains will be observed. Resistance 

to oxidants will be quantified as the percent survival, calculated as the ratio of CFU on 

oxidant-containing plates to CFU on plates without oxidants, expressed as a percentage.7 

Data will be presented as the mean and standard deviation from three independent biological 

replicates.6 

 

Disk Diffusion Assay 

The antibiotic susceptibility of P. aeruginosa PAO1 and its mutant derivatives was evaluated 

using the standard Kirby-Bauer disk diffusion method with a modification by Romsang et al.6 

and Hudzicki.5 Briefly, bacterial cultures were grown aerobically in Mueller Hinton (MH) 

broth at 37 °C with 180 rpm shaking until the exponential phase, after which 50 µL of each 

culture was mixed with 15 mL of pre-warmed soft agar and poured onto MH agar base plates. 

Antibiotic-impregnated disks were placed on the solidified bacterial lawn and incubated at 37 

C̄ for 18 h. The diameters of inhibition zones were measured in millimeters, and each assay 

was performed in triplicate.  

 

Statistical statements 

All groups of datasets were performed in mean Ñ standard deviation (SD). The studentôs t-test 

and ANOVA analyses were used to determine a difference between datasets with p-value < 

0.05 which was considered significant.  

 

Results and Discussion:  
To investigate the physiological role of the aaaT gene in P. aeruginosa, four isogenic strains 

were constructed including P. aeruginosa wild-type control (PAO1/pBBR), aaaT-knockout 

strain (aaaT-KO/pBBR), aaaT-complemented strain (aaaT-KO/pBBR-aaaT), and aaaT-

overexpression strain (PAO1/pBBR-aaaT). Sequencing confirmed correct insertion of the 

full -length aaaT gene into the pBBR vector without mismatches.8 

 When spotted on LB agar (LA) plates and incubated for 18 h, all strains displayed 

comparable colony numbers under non-stressed conditions. However, both the complemented 

and overexpression strains consistently exhibited smaller colony sizes compared with the 

wild-type and knockout strains, indicating a growth defect potentially associated with 

plasmid-based aaaT expression. Under oxidative stress conditions, no significant difference 

was observed on plates containing hydrogen peroxide (H O ), cumene hydroperoxide (CHP), 

sodium hypochlorite (NaOCl), and N-ethylmaleimide (NEM) (Figure 1). In contrast, the 

aaaT-knockout strain showed marked sensitivity to paraquat (PQ), a phenotype that was 

restored upon complementation via a transformation of an ectopic aaaT-expression vector 

(Figure 1). Interestingly, the overexpression strain also displayed PQ sensitivity in addition to 

its colony size defect (Figure 1), further suggesting that the ectopic aaaT expression imposes 

a physiological burden. Collectively, these findings implicate aaaT in the superoxide stress 

response, with PQ sensitivity emerging as the most consistent phenotype. The data suggests 

that the aaaT gene encodes a transporter that is able to recognize and import paraquat due to 
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its structural similarity to aromatic amino acids. The selective susceptibility to paraquat, but 

not other oxidative agents, strongly supports the hypothesis that the primary role of the aaaT 

transporter in this context is the uptake of paraquat, rather than a general role in managing all 

forms of oxidative stress. Research in E. coli has shown that paraquat susceptibility is linked 

to polyamine uptake. Polyamines are small, positively charged molecules essential for cell 

growth. The polyamine transport system in E. coli is known to also transport paraquat, 

contributing to its toxicity. Mutants with defects in this transporter exhibit increased 

resistance to paraquat because the herbicide can no longer efficiently enter the cell.9 

 

 
Figure 1.  

Plate sensitivity assays under oxidative stress.  

The exponential-phase cells of P. aeruginosa mutant strains were 10-fold serial diluted and 

spotted on LB agar (LA) plates with or without oxidants, including 2.1 mM CHP, 0.15 mM 

PQ, 0.35 mM H O , 0.75 mM NEM, and 8.88 mM NaOCl. After incubation at 37 °C for 18 h, 

growth between these strains was observed. The data presented were representative of three 

similar results. 

 

 Interestingly, we found that the aaaT-complemented and aaaT-overexpression strains 

displayed intrinsic growth defects on the LA and oxidant-containing plates (Figure 1). This 

intrinsic growth defects in the aromatic amino acid transporter gene aaaT-overexpression 

suggest that the delicate metabolic balance in the bacterial cells is disrupted by the 
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unregulated influx of aromatic amino acids or their toxic analogs,10 or by a significant 

energetic burden associated with maintaining the high number of transporters.11-13 This 

finding highlights the critical importance of gene regulation for maintaining optimal cellular 

function, demonstrating that both the absence and the excessive presence of this AaaT 

transporter can be detrimental to the overall survival and growth in P. aeruginosa. 

 Next, the antibiotic susceptibility test was performed in the wild-type (PAO1/pBBR) 

and the aaaT-knockout mutant (aaaT-KO/pBBR). The Kirby-Bauer disk diffusion assay5, 6 

revealed that most antibiotics produced comparable inhibition zone diameters between the 

two strains, supporting the notion that aaaT is not a broad determinant of intrinsic resistance. 

For example, no significant difference was observed in several antibiotics including 

imipenem (IPM10, p = 0.37), meropenem (MEM10, p = 0.066), ceftriaxone (CRO30, p = 

0.51), ceftazidime (CAZ30, p = 0.69), fosfomycin (FOS50, p = 0.68), tetracycline (TE30, p = 

0.24), polymyxin B (PB300, p = 1.00), and tobramycin (TOB10, p = 0.12), consistent with 

previous studies highlighting the dominant role of efflux pumps and other intrinsic 

mechanisms in P. aeruginosa resistance.1, 4 

 Nevertheless, the aaaT-knockout strain exhibited a significant increase in the 

inhibition zones against ciprofloxacin (CIP5, p = 0.0136) and norfloxacin (NOR10, p = 

0.0244), indicating dramatically increased sensitivity to fluoroquinolones (Figure 2). These 

results are consistent with the idea that amino acid transporters may indirectly influence 

quinolone susceptibility, possibly through effects on metabolic or redox balance.3, 10 Loss of 

aaaT could disrupt intracellular pools of metabolites required for redox homeostasis. This 

imbalance likely increases the susceptibility of the aaaT-knockout strain to PQ and 

fluoroquinolones, both of which generate ROS as part of their bactericidal action.14 Another 

explanation could be expressed that amino acid transporters and efflux systems are 

functionally linked in P. aeruginosa.1, 2 Knockout of aaaT may reduce efflux efficiency 

against fluoroquinolones, further sensitizing the mutant. Conversely, compensatory 

adjustments in efflux activity (e.g., MexAB-OprM upregulation) or changes in outer 

membrane permeability could selectively limit cefepime uptake, explaining the observed 

resistance phenotype. Together, these findings suggest that aaaT modulates susceptibility in a 

context-dependent manner: its loss predisposes cells to enhanced killing by ROS-inducing 

drugs (PQ, CIP, NOR) while paradoxically conferring a survival advantage under cefepime 

exposure. This dual effect underscores the complexity of metabolicïredox interactions in 

shaping antibiotic responses in P. aeruginosa.15 

 In contrast, the aaaT-knockout strain showed a smaller inhibition zone upon cefepime 

treatment (FEP30, p = 0.0082), a fourth-generation cephalosporin, compared to that in the 

PAO1/pBBR strain (Figure 2). This paradoxical outcome may reflect compensatory changes 

in efflux pump activity or outer membrane physiology that limit cefepime uptake. While 

cefepime requires specific porins for entry, the absence of the aaaT transporter may have 

triggered a global stress response within the cell. This response could lead to the upregulation 

of major multi-drug efflux pumps like the MexAB-OprM system, which are capable of 

expelling a broad range of antibiotics, including cephalosporins.16 This induced efflux system 

would effectively lower the intracellular concentration of cefepime, reducing its ability to 

reach its target and consequently resulting in increased resistance.  

 Altogether, these findings suggest that while aaaT is not a broad determinant of 

resistance, it contributes to enhanced sensitivity to fluoroquinolones and altered response to 

cephalosporins (Figure 2). This selective effect implies that aaaT may not directly interact 

with antibiotic targets but rather influence susceptibility through its role in maintaining 

cellular physiology. In particular, disruption of aaaT could perturb redox homeostasis or 

nutrient transport, indirectly altering the ability of P. aeruginosa to tolerate certain 
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antibiotics. Such context-dependent roles highlight the importance of considering metabolic 

background when studying resistance mechanisms. 

 

 
Figure 2.  

Antibiotic susceptibility of P. aeruginosa PAO1 and its aaaT knockout derivative (aaaT-

KO/pBBR) determined by the Kirby-Bauer disk diffusion assay. Bars represent the mean 

inhibition zone diameters (mm), and error bars indicate the standard deviation from three 

independent experiments. Asterisks (*) denote statistically significant differences between 

strains (p < 0.05, Studentôs t-test). 

 

 Taken together, these findings demonstrate that aaaT plays a specific role in the 

oxidative stress response and selectively modulates susceptibility to certain antibiotics. 

Rather than acting as a broad-spectrum resistance determinant, aaaT may indirectly influence 

drug tolerance through its role in maintaining cellular physiology and redox balance. Growth 

defects observed in complemented and overexpression strains highlight the limitations of 

plasmid-based systems and the importance of employing chromosomal integration 

approaches, such as mini-Tn7, to achieve balanced gene expression in future studies.1, 8, 10 

 

Conclusion:  
This study concludes that the aaaT gene plays a crucial role in P. aeruginosa stress response 

and antibiotic susceptibility. The aaaT-knockout strain's sensitivity to paraquat confirms its 

involvement in superoxide stress tolerance. Furthermore, the gene's influence on antibiotic 

interactions is complex; its absence increases susceptibility to fluoroquinolones while 

paradoxically conferring a modest resistance to cefepime. The findings indicate that the aaaT 

gene plays a key role in protecting P. aeruginosa from oxidative stress and influences its 

susceptibility to specific antibiotics, particularly fluoroquinolones. These findings suggest 

that targeting the aaaT transporter could be a potential strategy for overcoming antibiotic 

resistance in P. aeruginosa by sensitizing the bacteria to existing antibiotics, thereby 

improving the efficacy of current treatment regimens. 

 

* 
* 

* 
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Abstract:   
Songkhla lake basin is an important brackish water ecosystem in Thailand, supporting both 

biodiversity and aquaculture. Environmental changes and human activities affect water 

quality and the spread of Vibrio spp. which are associated with vibriosis in aquatic animals 

and severe infections in humans. This study investigated the occurrence of Vibrio spp. using 

the most probable number (MPN) method and examined correlations with water quality 

parameters. Isolates were identified using selective media, multiplex PCR for Vibrio 

vulnificus, and MALDI-TOF MS for other species. While V. vulnificus was not detected, V. 

albensis and other Vibrio species were present. Bacterial abundance correlated with elevated 

ammonia, nitrite, and organic matter, along with variations in pH, salinity, and temperature. 

These findings provide baseline data on Vibrio ecology in the Songkhla lake basin and 

underscore the importance of water quality monitoring to reduce risks for public health and 

aquaculture. 

 

Introduction:   
Climate change, particularly rising global temperatures, has significant impacts on public 

health and aquatic ecosystems. Increasing seawater temperatures and sea levels, together with 

pollution, have contributed to the rising incidence of Vibrio-associated illnesses and their 

emergence in previously unaffected regions1,2. The genus Vibrio comprises Gram-negative, 

motile, curved rod-shaped bacteria that naturally inhabit estuarine and marine environments3. 

Under nutrient-rich conditions, such as those found in aquaculture systems, Vibrio spp. can 

proliferate rapidly, disrupting ecological balance and facilitating bacterial cycling4. In 

aquaculture, Vibrio infections (vibriosis) are a major cause of mortality in fish and 

crustaceans, leading to severe environmental consequences and economic losses5. Their 

persistence in sediments enables long-term survival and recurrent contamination within the 

same ecosystem. Several Vibrio species are also pathogenic to humans, including V. 

cholerae, V. parahaemolyticus, and V. vulnificus. Notably, V. vulnificus is an opportunistic 

pathogen responsible for gastroenteritis, wound infections, and septicemia in humans6. 

 In Thailand, V. vulnificus infections have been reported by the Thai Ministry of 

Health among government-based hospital between 2001-2006 with 6-12 per years or 0.016 

cases per 100,000 populations per year. Septicemia by V. vulnificus infection causes rapid 

onset of limb swelling and hemorrhagic bullous skin lesion, septic shock with deadly 

disseminated intravascular coagulation7. 

 The Songkhla lake basin is the largest brackish water ecosystem in Thailand, 

encompassing three provinces: Songkhla, Phatthalung, and Nakhon Si Thammarat. This 

unique ecosystem supports high biodiversity and serves as a major aquaculture hub in 

southern Thailand. However, environmental changes and increasing human activities have 

significantly influenced water quality, creating favorable conditions for the proliferation of 

pathogenic bacteria8. Among the key bacterial groups inhabiting brackish water ecosystem, 

Vibrio spp. are of particular concern due to their dual role as natural inhabitants and 

opportunistic pathogens. 
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 Changes in the physical and chemical properties of water systems, such as 

temperature, dissolved oxygen (DO)9, salinity10, and organic matter11 resulting from human 

activity, can strongly impact the abundance and distribution of Vibrio spp. in the Songkhla 

lake basin. Understanding the distribution of these bacteria is important for monitoring and 

preventing the spread of pathogens that threaten both public health and the aquaculture 

sustainability. Therefore, this study aimed to investigate the distribution of Vibrio spp., with 

particular emphasis on V. vulnificus and related organisms, in the Songkhla lake basin. In 

addition, the relationship between water quality parameters and bacterial abundance was 

examine to better understand the environmental factors influencing Vibrio occurrence in this 

ecosystem. The findings of this study will contribute to identifying key diverse of Vibrio 

growth and provide a basis for water quality management strategies to reduce potential risks 

associated with seafood consumption and aquaculture production in the region. 

 

Methodology:  

Sample collection 

Brackish water samples were collected from multiple sites around the Songkhla lake basin 

from November 2024 to February 2025, yielding a total of 16 samples, as shown in figure 1. 

At each site, water was aseptically collected in sterile bottles and stored at 4oC. All samples 

were transported to the laboratory and processed on the same day to minimize changes in 

microbial composition.  

 

Enumeration of Vibrio spp. by MPN method 

For bacterial enumeration, 25 ml of each brackish water sample was added to 225 ml of 

alkaline peptone water (APW, pH 8.5) to obtain a 1:10 dilution (total of 250 ml). The 

bacterial concentration was estimated using the three-tube most probable number (MPN) 

method. Briefly, ten-fold serial dilutions (10 Į, 10 į, and 10 ) were prepared in triplicate and 

incubated at 37 °C for 18ï24 h. As a presumptive Vibrio test, all turbid tubes were streaked 

onto Thiosulfate Citrate Bile Salt Sucrose (TCBS) agar and incubated at 37 °C for 18ï24 h. 

Tubes showing turbidity and yielding colonies on TCBS agar were considered positive. The 

number of positive tubes at each dilution was recorded and used to calculate the MPN values. 

 

Identification of Vibrio spp. isolates 

Colonies grown on TCBS agar were sub-cultured on CHROMagarTM Vibrio and incubated at 

37oC for 18 ï 24h. Turquoise colonies were presumptively identified as V. vulnificus.  

 Genomic DNA of bacterial isolates was extracted using the boiling method. In brief, a 

single colony from an overnight culture was suspended in 200 µl of sterile deionized water, 

boiled at 100oC for 10 min, cooled on ice for 10 min, and centrifuged at 14,000 rpm for 5 

min. The supernatant was collected and used as DNA template for multiplex PCR. 

 Species identification was performed by multiplex PCR targeting the 16S rRNA gene, 

and the vvhA (cytolysin) gene, using MyTaqTM DNA polymerases (Bioline). Primer 

sequences are shown in Table 1. PCR conditions included an initial denaturation at 96 °C for 

6 min, followed by 30 cycles of denaturation at 94 °C, annealing at 57.3 °C, and extension at 

72 °C. A final extension was carried out at 72 °C for 7 min. PCR products were resolved on 

1.5% agarose gels to confirm the presence of target amplicons for V. vulnificus. 
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Figure 1.  

Sampling sites of brackish water in Songkhla lake basin includes 16 sites. 

 

 In addition, unidentified isolates were analyzed using Matrix-Assisted Laser 

Desorption/Ionization Time-of-Flight Mass Spectrometry (MALDI-TOF MS) for species-

level identification. 

 

Table 1.  
Primer sequence of targeted genes specific to V. vulnificus 

 

Water quality analysis 

Several water quality parameters were analyzed to evaluate their potential influence on the 

growth and distribution of Vibrio spp. Dissolved oxygen, ammonia, nitrite, sulfide, and total 

alkalinity were measured at the Central Equipment Division, Faculty of Science, Prince of 

Songkla University, using standard protocols. The temperature, salinity, and pH were 

determined in situ at the time of sample collection. 

Targeted gene primer  Sequence (5ô-3ô) Tm 

(oC) 

Size (bp) 

16S rRNA12  

 

27-F AGAGTTTGATCATGGCTCAG 53.7 1,465 

1492-R TACGGCTACCTTGTTACGACTT 

vvhA13  

 

vvh-F TTCCAACTTCAAACCGAACTATGA 59.4 205 

vvh-R ATTCCAGTCGATGCGAATACGTTG 
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Results and Discussion:  

1. Wate quality  

The water quality was assessed using several parameters, including dissolved oxygen (DO), 

ammonia, nitrite, sulfide, total alkalinity, temperature, salinity, and pH (Table 2). DO levels 

ranged from 6.80 to 9.35 mg/L, which is considered acceptable, as concentrations above 5 

mg/ml are generally sufficient to support aquatic life. Lower DO values typically indicate 

pollution or organic contamination.  

 Ammonia concentrations across the sampling sites ranged from 0.15 to 8.62 mg/L, 

exceeding the recommended safe level of < 0.1 mg/L for fish and aquatic animals14. Elevated 

ammonia levels may reflect sewage discharge or organic waste input into the water source15. 

Nitrite levels ranged from 0.13 to 1.41 mg/L, whereas the optimal nitrite concentration should 

remain below 1 mg/L. High nitrite value may indicate poor water associated with oxygen 

depletion and waste, which is in turn can stimulate microbial proliferation16. Notably, sulfide 

was not found in all samples sites. Sulfide is toxic to aquatic animals and typically indicates 

wastewater contamination. Its absence suggests limited direct sewage inflow.  

 Other parameters also provided insight into water quality. Total alkalinity ranged from 

4.09 to 81.90 mg/L, with higher levels in some areas suggesting greater buffering capacity 

against pH fluctuations. The pH values ranged from 5.63 to 7.72, with the lowest value (5.63 

at site B) potentially linked to sewage input. Temperature and salinity values ranged from 

28.0 ï 30.4 °C and 0.00 ï 1.00 ppt, respectively, reflecting typical tropical brackish water 

conditions. Our results suggest that Songkhla lake basin provides an environment conducive 

to the persistence and growth of Vibrio spp. 
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Table 2.  

Sampling sites, physical and chemical parameters of brackish water from Songkhla lake basin 

 

2. Most probable number (MPN) 

The distribution of Vibrio spp. and related organisms in the Songkhla lake basin is 

summarized in Table 3. Site M and site N exhibited the highest bacterial concentration, each 

exceeding 1,100 MPN/g, followed by stie B with the 1,100 MPN/g. The elevated abundance 

in these locations likely reflects localized accumulation of organic matter. There organic 

matter can enhance the growth of indigenous bacteria15,16. 

 In contrast, site D, G, and H indicated relatively low bacterial concentration, ranging 

from 43 to 93 MPN/g. Bacterial counts at the remaining sites varied between 150 and 460 

MPN/g. These findings indicate that bacterial abundance is not evenly distributed across the 

basin but instead follows site-specific patterns, likely influenced differences in environmental 

and physicochemical conditions. 

Site Isolates Latitude  Longitude 

Parameters 

DO 

(mg/L) 

Ammonia 

(mg/L) 

Nitrite  

(mg/L) 

Sulfide 

(mg/L) 

Total 

alkaline 

(mg/L) 

Temperature  

(°C) 

Salinity 

(ppt) 
pH 

A 
Vsb111 7°07ô55.0 

N 

100Á28ô43.0 

E 

7.85 1.15 0.99 N 81.90 28.00 1.00 7.05 

B 
Vsb121 7Á07ô07.0 

N 

100Á28ô20.0 

E 

8.90 7.53 1.41 N 8.19 28.2 0.20 5.63 

Vsb122 8.80 8.62 1.12 N 4.09 28.00 0.00 6.02 

C 
Vsb 

231 

7Á03ô35.2 

N 

100Á27ô14.5 

E 

8.25 0.37 0.53 N 24.57 28.00 0.00 6.83 

D 

Vsb 

241 7Á11ô06.7 

N 

100Á24ô48.9 

E 

9.00 0.24 0.47 N 20.48 28.20 0.00 7.13 

Vsb 

242 

9.35 0.18 0.35 N 20.48 28.00 0.00 7.09 

E 
Vsb 

251 

7Á21ô11.4 

N 

100Á19ô27.3 

E 

8.60 0.50 0.25 N 18.43 28.20 0.00 6.24 

F 
Vsb 

261 

7Á26ô26.1 

N 

100Á14ô01.7 

E 

6.80 0.19 0.38 N 18.43 28.40 0.00 7.72 

G 
Vsb 

271 

7Á30ô48.5 

N 

100Á10ô38.9 

E 

8.45 0.15 0.13 N 22.52 29.20 0.00 7.58 

H 
Vsb 

281 

7Á37ô33.4 

N 

100Á09ô24.6 

E 

9.05 0.18 0.24 N 40.95 29.00 0.00 7.04 

I 
Vsb 

291 

7Á46ô52.7 

N 

100Á07ô23.0 

E 

8.00 0.21 0.20 N 22.52 29.00 0.00 7.21 

J 
Vsb 

2101 

7Á46ô47.9 

N 

100Á11ô47.8 

E 

8.55 0.15 0.22 N 10.24 29.20 0.00 6.96 

K 
Vsb 

2111 

7Á47ô52.6 

N 

100Á15ô56.2 

E 

8.65 0.27 0.22 N 20.48 30.00 0.00 7.07 

L 
Vsb 

2121 

7Á47ô50.1 

N 

100Á17ô03.8 

E 

8.85 0.29 0.22 N 20.48 30.00 0.00 7.10 

M 
Vsb 

2131 

7Á34ô50.1 

N 

100Á18ô20.6 

E 

7.50 0.75 0.32 N 34.81 30.40 0.00 5.97 

N 
Vsb 

2141 

7Á27ô46.5 

N 

100Á24ô41.6 

E 

8.65 0.20 0.23 N 36.86 29.20 0.00 6.52 

O 
Vsb 

2151 

7°15ô15.39 

N 

100°28ô47.55 

E 

9.00 0.21 0.21 N 30.71 30.40 0.00 7.29 

P 
Vsb 

2161 

7Á06ô50.9 

N 

100Á33ô23.9 

E 

7.00 0.63 0.40 N 24.57 29.00 1.00 7.39 
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Table 3.  
Abundance of Vibrio spp. in Songkhla lake basin by Three-tube MPN method 

Site Isolates 
Positive tubes 

MPN/g 
 

Site 
Isolates Positive tubes 

MPN/g 
0.1 0.01 0.001  0.1 0.01 0.001 

A Vsb111 3 2 2 210  H Vsb 281 3 1 0 43 

B 

Vsb121 3 3 2 1100  I Vsb 291 3 3 1 460 

Vsb122 3 3 1 460  J Vsb 

2101 

3 3 1 460 

C Vsb 

231 

3 3 1 460  K Vsb 

2111 

3 3 1 460 

D 

Vsb 

241 

3 1 0 43  L Vsb 

2121 

3 2 1 150 

Vsb 

242 

3 2 0 93  M Vsb 

2131 

3 3 3 >1100 

E Vsb 

251 

3 3 1 460  N Vsb 

2141 

3 3 3 >1100 

F Vsb 

261 

3 3 1 460  O Vsb 

2151 

3 3 1 460 

G Vsb 

271 

3 1 0 43  P Vsb 

2161 

3 3 1 460 

 

3. Identification of Vibrio spp. isolates 

Bacterial identification from the Songkhla lake basin was determined by using the selective 

media, CHROMagarTM Vibrio, followed by multiplex PCR and MALDI-TOF MS (Table 4).  

Several Vibrio species and related organisms were detected, reflecting their natural 

abundance in the lake environment. Turbid tubes from the MPN that yielded colonies on 

TCBS agar confirmed the widespread presence of Vibrio spp. and associated bacteria in the 

water samples. 

 To specifically investigate V. vulnificus, turquoise colonies from CHROMagarTM 

Vibrio were further analyzed by multiplex PCR. The suspected isolates including Vsb111, 

Vsb121, Vsb241, Vsb242, Vsb251, Vsb261, Vsb2141, Vsb2151, and Vsb2161 tested positive 

for the 16S rRNA gene but negative for the vvhA gene, which is specific for V. vulnificus. 

This result indicated that none of them were V. vulnificus. 

 MALDI -TOF MS analysis identified some isolates as V. albensis, while others could 

not be reliably identified at the species level. All these results suggested that the Songkhla 

lake basin is a low-prevalence area for V. vulnificus, with other Vibrio species being more 

commonly represented. 

4. Occurrence of V. albensis 

Among the isolates analyzed, some were identified as Vibrio albensis using MALDI-TOF 

MS. V. albensis belongs to the non-O1/non-O139 Vibrio cholerae (NOVC) group17 and 

naturally inhabits aquatic environments where it can also associate with marine animals. 

Phylogenetically, this species shares more than 80% similarity with V. cholerae, reflecting its 

close genetic relationship. 
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Table 4. 
Bacterial identification from sampling sites around Songkhla lake basin 

Site Isolates 
CHROMagarTM  

Vibrio b 

PCR (Multiplex ) 
MALDI -TOF 

MSc 16S 

rRNA  

vvhA 

A Vsb111 + + - No 

B 
Vsb121 + + - No 

Vsb122 - ND ND ND 

C Vsb 231 - ND ND ND 

D 
Vsb 241 + + - V. albensis 

Vsb 242 + + - V. albensis 

E Vsb 251 + + - V. albensis 

F Vsb 261 + + - V. albensis 

G Vsb 271 - ND ND ND 

H Vsb 281 - ND ND ND 

I Vsb 291 - ND ND ND 

J Vsb 2101 - ND ND ND 

K Vsb 2111 - ND ND ND 

L Vsb 2121 - ND ND ND 

M Vsb 2131 - ND ND ND 

N Vsb 2141 + + - No 

O Vsb 2151 + + - No 

P Vsb 2161 + + - V. albensis 
aTCBS agar: + (Green colony), - (Yellow colony),    
bCHROMagarTM Vibrio : + (Green to turquoise colony), - (Purple and white colony) 
cMALDI -TOF MS: No (No Organism Identification Possible) 

        : ND (Not determine) 

 

 Although V. albensis is primarily considered an environmental bacterium, previous 

reports have documented its ability to infect humans18. Clinical cases have included 

gastroenteritis and septicemia, particularly in immunocompromised individuals. However, 

knowledge regarding its infection mechanisms and virulence factors remains limited 

compared with well-studied pathogenic Vibrio species19. 

 The detection of V. albensis in the Songkhla lake basin highlights the ecological 

diversity of Vibrio spp. in this environment. While its clinical relevance is less established 

than that of V. vulnificus or V. parahaemolyticus, its occurrence in a major aquaculture hub 

suggests the need for continued monitoring and further investigation into its potential 

pathogenicity. 

 

5. Prevalence of V. vulnificus in relation to salinity 

Although high concentrations of Vibrio spp. and related organisms were detected across the 

sampling sites, no V. vulnificus isolates were confirmed. Previous studies have demonstrated 

that both temperature and salinity strongly influence the ecology and life cycle of V. 

vulnificus20. This species is known to proliferate over a wide salinity range, typically between 

5 and 25 ppt21. In contrast, the salinity of the brackish water samples collected from the 

Songkhla lake basin during this study ranged from 0 to 1 ppt, which is below the optimal 

threshold for V. vulnificus growth. 
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 Climatic conditions during the sampling period likely contributed to this observation. 

According to the Thai Meteorological Department, the northeast monsoon brings humid air 

from the Gulf of Thailand between October and February, often resulting in tropical 

depressions, storms, or typhoons that generate heavy rainfall in southern Thailand, including 

the Songkhla region22. The influx of freshwater during this period likely reduced salinity in 

the lake, creating an environment less favorable for V. vulnificus proliferation. 

 These findings suggested that in the Songkhla Lake Basin, V. vulnificus occurrence 

may be primarily regulated by salinity rather than temperature or organic matter availability. 

Consequently, seasonal fluctuations in salinity should be considered a critical factor when 

assessing the risk of V. vulnificus outbreaks in this ecosystem. 

 

6. Environmental Factors Influencing Distribution 

The distribution of Vibrio spp. in the Songkhla lake basin appeared to correlate with several 

physicochemical parameters of the water. For example, isolates Vsb2131 (Site M) and 

Vsb2141 (Site N) were recovered from areas with dissolved oxygen (DO) levels of 7.50 and 

8.65 mg/L, respectively, where bacterial concentrations exceeded 1,100 MPN/g. As 

facultative anaerobes, Vibrio spp. and other indigenous aquatic bacteria do not require high 

DO for growth23, which may explain their persistence in these environments. 

 Nutrient levels, particularly ammonia and nitrite, were also associated with bacterial 

distribution. Isolate Vsb122 was obtained from a site B with elevated ammonia (8.62 mg/L), 

while isolate Vsb121 was found at the same site where nitrite reached 1.41 mg/L. Both 

compounds are byproducts of protein decomposition in aquatic systems. Their accumulation 

can stimulate microbial growth by serving as nitrogen sources15,16. 

 pH also appeared to influence bacterial abundance. Site B, with the lowest pH value 

(5.63), still supported concentrations up to 210 MPN/g. This suggests that Vibrio spp. and 

related bacteria are capable of adapting to suboptimal pH conditions, particularly in 

environments rich in organic matter. 

 Salinity was another key factor. Sites with low salinity (0.00 ppt) nevertheless 

contained bacterial concentrations exceeding 1,100 MPN/g, indicating that various Vibrio 

spp. and marine bacteria can thrive in both estuarine and nearly freshwater conditions. 

Temperature likely further supported this growth. Previous studies have shown that 25ï35 °C 

provides favorable conditions for Vibrio proliferation10, consistent with the range observed in 

this study (28ï30 °C). 

 Overall, these findings demonstrate that Vibrio spp. are highly adaptable and capable 

of persisting under diverse environmental conditions in the Songkhla Lake Basin. The 

interplay of nutrient availability, pH, salinity, and temperature collectively shapes their 

distribution and abundance, reinforcing the importance of environmental monitoring in 

managing microbial risks in aquaculture ecosystems. 

 

Conclusion:  
This study demonstrates the first evidence linking the distribution of Vibrio spp. in the 

Songkhla lake basin to water quality parameters. Key factors, including ammonia, nitrite, and 

temperature were strongly associated with bacterial diversity and abundance. DO and pH also 

influence growth directly. These findings highlight the importance of organic matter 

dynamics in shaping microbial communities within the basin. 

 Although V. vulnificus was not detected, the widespread presence of other Vibrio spp. 

and related microorganisms underscores the ecological significance of this environment and 

the potential risks to public health and aquaculture. Continuous monitoring of pathogenic 

Vibrio species is therefore essential to support sustainable aquaculture practices and 

safeguard seafood safety in this important ecosystem. 
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Abstract:   
This study describes the development of a novel lateral flow dipstick assay for the rapid 

screening of chronic kidney disease (CKD). The assay utilizes gold nanoparticles as a signal 

and is based on competitive antigen-antibody binding for the detection of microalbumin in 

urine, a key indicator of CKD. This point-of-care test is designed for convenient initial 

screening, particularly for microalbuminuria. The qualitative colorimetric dipstick, with a 

cutoff value of 20 µg/mL, provides results based on visual inspection of the color change, 

eliminating the need for specialized personnel. The method is cost-effective, provides rapid 

results, and can be implemented in various healthcare settings. In a study of 237 urine 

samples, the dipstick assay showed agreement with a standard reference method in 229 

samples (51 positive, 178 negative), while 8 samples yielded discordant results. Statistical 

analysis revealed a sensitivity of 87.93%, a specificity of 99.44%, and an accuracy of 96.62% 

for the urine microalbumin dipstick. These results suggest that this dipstick assay is a 

promising tool for CKD screening by monitoring urine albumin levels for microalbuminuria, 

enabling physicians to make timely decisions regarding patient care. Positive results should 

be further confirmed by standard laboratory testing. 

 

Introduction:   
Chronic Kidney Disease (CKD) is a major public health challenge in Thailand. Patients with 

end-stage CKD often require hemodialysis or peritoneal dialysis. Early detection of declining 

kidney function is crucial, and monitoring protein leakage in urine is essential for assessing 

kidney health. Normally, the kidneys reabsorb proteins during filtration, preventing their 

excretion in urine. The presence of protein in the urine indicates a potential risk of CKD or 

other kidney diseases, which can severely impact health. 

 A standard and accurate method for assessing proteinuria involves analyzing protein 

leakage in urine over a 24-hour period. Albumin is the primary protein excreted; 

microalbuminuria is defined as albumin excretion in the range of 30-300 mg per 24 hours. 

Quantitative measurement of albumin in urine in clinical laboratories typically relies on 

immunoassays, such as immunoturbidimetry, immunofluorescence, ELISA, and 

radioimmunoassay. However, these methods require significant quantities of antibodies, 

expensive instrumentation, and trained personnel, leading to high costs and lengthy 

turnaround times. 

 The Microalbumin Dip Test Strip offers a rapid, point-of-care solution for detecting 

microalbumin in urine using a lateral flow immunochromatographic assay. This test is 

suitable for early-stage kidney disease screening by healthcare professionals and for 

convenient at-home testing. With a microalbumin detection cutoff value of 20 µg/mL, the test 

strip eliminates the need for complex analytical equipment. Results are available within 5-10 

minutes by simply dipping the strip into urine for 10 seconds, enabling the preliminary 
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identification of kidney disease (microalbuminuria) in patients. Therefore, this study aims to 

assess the efficacy of a novel dip strip test for albumin detection in urine and to compare its 

performance against standard laboratory methods for the screening of individuals at risk of 

chronic kidney disease. 

 

Methodology:  

Preparation of Gold Nanoparticle and Monoclonal Antibody Conjugates 

The monoclonal antibody (mAb) against human albumin was obtained from IBGE, 

Chulalongkorn University. The GNP-mAb conjugate was prepared following a previously 

described method (Pimpitak et al., 2020). Briefly, the optimal mAb to GNP ratio was first 

determined using the sodium chloride precipitation method. This ratio was then used for 

GNP-mAb conjugation. 

 To prepare the conjugate, 10 mL of mAb solution at the optimized concentration was 

added dropwise to 100 mL of the GNP solution. The mixture was gently stirred for 30 

minutes at room temperature. Subsequently, 10 mL of 10% bovine serum albumin (BSA) in 

20 mM sodium borate buffer, pH 8.2, was added. After gentle mixing for 10 minutes, the 

solution was centrifuged at 25,000 × g at 4°C for 30 minutes. The resulting GNP-mAb 

conjugate pellet was washed three times with 20 mM sodium borate buffer containing 0.01% 

thimerosal. The conjugate solution was stored at 4°C until use. 

 

Preparation of Dip Test Strip  

The dip test strip comprised a 4 × 17 mm sample pad (Whatman® Standard 17; Whatman, 

Kent, UK), a 4 × 10 mm conjugate pad (Whatman® GF33; Whatman, Kent, UK), a 4 × 25 

mm analytical pad AE 99 (GE Healthcare), and a 4 × 17 mm adsorption pad (Whatman® 

CF7; Whatman, Kent, UK). Human serum albumin (HSA) (4 mg/mL) and goat anti-mouse 

immunoglobulin (1 mg/mL) (Jackson ImmunoResearch, USA) were applied to the analytical 

pad at the test line (T-line) and control line (C-line) using a BioJet HRÊ Non-Contact 

Solenoid Dispenser coupled with an XYZ3210 Dispense Platform (Biodot, CA, USA) at a 

flow rate of 1 µL/cm. The GNPïmAb conjugate was applied to the conjugate pad at a flow 

rate of 15 µL/cm. All pads were dried at 40°C for 30 minutes and then assembled onto a 4 × 

60 mm plastic backing card (MIBA-080; DCN, CA, USA) in a conventional layout (Figure 

1A) and covered with transparent plastic tape. The test strips were then placed in a sealed 

aluminum foil bag containing silica gel and stored in a humidity-controlled chamber (Ò20% 

relative humidity) at room temperature until use. 
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      Negative                Positive       Invalid  

 

Figure 1.  

(A) Schematic diagram of the microalbumin dip test strip. (B) Interpretation of test results. 

 

Clinical performance study 

The performance of the dip test strips was evaluated using urine samples with known albumin 

concentrations, as quantified by a standard microalbumin turbidimetric immunoassay.  

 Performance parameters were defined and calculated as shown in Tables 1 and 2. 

 

Table 1.  
Definition of Test Result 

 

Dip Strip 

Test**  

Immunoturbidimetry *  

Positive Negative total 

Positive TP (True positive) = 51 FP (False positive) = 1 (TP+FP) = 52 

Negative FN (False negative) = 7 TN (True negative) = 178 (FN+TN) = 185 

total (TP+FN) = 58 (FP+TN) = 179 N = 237 

* Positive when microalbuminuria > 20 Õg/mL and negative when microalbuminuria Ò 20 

µg/mL 
**  Positive when the cherry red color was not observed at the T-line and negative when the 

cherry red color was observed at the T-line. In all cases, a cherry red color had to be observed 

at the C-line; otherwise, the test was classified as invalid. 

(A) 

(B) 
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Table 2.  
Parameters Used for Dip Strip Test Performance. 

 

Parameter Calculation 

Estimated Accuracy (%) 

Estimated Specificity (%) 

Estimated Sensitivity (%) 

False Positive (%) 

False Negative (%) 

Based on evaluation specimens with disease prevalence (%) 

Positive Predictive Value (PPV) 

Negative predictive value (NPV) 

[(TP+TN)/(N)]x100 

[TN/(FP+TN)]x100 

[TP/(TP+FN)]x100 

[FP/(TP+FP)]x100 

[FN/(FN+TN)]x100 

[(TP+FN/(N)]x100 

[TP/(TP+FP)]x100 

[TN/(FN+TN)]x100 

 

Results and Discussion:  

Clinical Performance of Microalbumin Dip test strips. 

In-house produced Microalbumin Dip Test Strips were tested in a laboratory controlled 

according to ISO 13485:2016. Results were compared to a standard immunoturbidimetric 

method (gold standard) performed by an ISO 15189:2012-certified laboratory (Table 1). 

Relative accuracy (AC), specificity (SP), sensitivity (SE), positive predictive value (PPV), 

and negative predictive value (NPV) were calculated using the equations in Table 2. 

 The dip test strip's efficiency was assessed using urine samples from patients at the 

Center of Excellence in Critical Care Renal Disease, Chulalongkorn Hospital, Thai Red Cross 

Society. Figure 2 illustrates the dip test strips being tested in urine. Of the 237 samples, 51 

tested positive and 178 tested negative by both the dip test strip and the standard method. 

Eight samples yielded discordant results (Table 1). Analysis of the test results (Table 3) 

revealed a sensitivity of 87.93%, a specificity of 99.44%, and an accuracy of 96.62%. 

 These results demonstrate that the developed prototype dip test strips are suitable for 

microalbuminuria detection in the early stages of CKD. The high sensitivity and low false 

negative rate (3.8%) indicate the potential of this test for early and accurate diagnosis. 
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Figure 2  

shows an example of microalbumin dip test strips when tested with a urine sample. 
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Table 3.  

Clinical Performance of Microalbumin Dip Strip Test. 

 

Parameter  

Number of samples 

Estimated Accuracy (%) 

Estimated Specificity (%) 

Estimated Sensitivity (%) 

False Positive (%) 

False Negative (%) 

Based on evaluation specimens with disease prevalence (%) 

Positive Predictive Value (PPV) (%) 

Negative predictive value (NPV) (%) 

237 

96.62 

99.44 

87.93 

1.9 

3.8 

24.5 

98.1 

96.2 

 

Conclusion:  
The developed urine microalbumin dip test strips offer a promising point-of-care tool for 

early screening of chronic kidney disease, particularly in resource-limited settings. Early 

detection of kidney dysfunction is crucial for enabling timely interventions and lifestyle 

modifications to slow the progression of CKD. These dip test strips have the potential to 

improve patient outcomes and reduce the burden of CKD, especially in underserved 

communities. 

 Further research should focus on evaluating the long-term stability and shelf life of 

the dip test strips under various storage conditions. This is essential to ensure the reliability 

and effectiveness of the test in real-world settings, particularly in areas with varying climates 

and limited access to controlled storage facilities. 
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Abstract:   
Poaceae speciesðthe main contributors to pollen allergy within Thailandðhave almost 

identical pollen, often only differing significantly in size, so grains cannot be discriminated at 

species level visually. Exact taxonomical identification of grasses, necessary for research, is 

only achieved by experts when the entire plant, including inflorescence, is available. As this 

is often unobtainable, and sequencing can be time-consuming, other ways to verify a sample's 

classification must be found. Here, we demonstrate a way of aiding in the identification of 15 

common grass species found around the Bangkok area, based on PCR amplification of its 

conserved internal transcribed spacer (ITS) region. Using eight different primers, a unique 

amplification pattern was created for each species, allowing to distinguish between the 

grasses of the Panicoideae and Chloridoideae families. While the close resemblance of all 

collected ITS sequences does not allow for precise characterization, directed PCR 

amplification may be used as an immediate species indicator, before the sequencing results 

return and verify the identification. However, the scarcity of ITS sequences for Thai grasses 

limits further improvement of this method. It is therefore important to also expand relevant 

databases to aid development of better processes, improving speed and quality of research. 

  

Introduction:   
The number of people experiencing allergic reactions to grass pollen in Asia is increasing 1ï3, 

making it the third most common cause of airborne allergen-related allergies in Thailand. 

Palynological and allergological research has mostly focused on Western countries, with 

limited data, especially long-term, available on South-East Asia (SEA) 4ï6. This scarcity 

poses hurdles, given that the predominant allergenic plants differ depending on the 

geographical location. Consequently, there is a lack of regionally relevant data and specific 

allergenic components, and new emerging allergenic species remain inadequately studied 7,8. 

A key challenge lies in the first step, identification of relevant Poaceae species. 

 For this, it is essential for pollen research to determine the composition of a sample 

accurately. Traditionally, this is achieved through microscopic examination and comparison 

to known references. Poaceae species, however, lack distinctive differentiating features 

between pollen grains, often only varying significantly in size. Hence, this method is prone to 

overlooking contaminations and cannot discern different grasses accurately. Further, grass 

identification at species level is difficult, necessitating trained experts and mostly the entire 

plant including blade, sheath and most importantly inflorescence. An alternative to this 

expertise-dependent and labor-intensive process is DNA sequence analysis 9ï11, which offers 

improved detection for different species from any part of a plant sample 12,13,  

 Identification through DNA barcoding 14ï16, using the internal transcribed spacer 

(ITS) region, is particularly suitable. The ITS region is present in all plants and comprises the 

standardized short sequences ITS1, 5.8S, and ITS2, located within the ribosomal RNA 

(rRNA) gene cluster. These regions, spanning approximately 590 to 630 base pairs, are easily 
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isolated and characterized by DNA sequencing, making them effective for species 

identification 17ï19.  

 Sending each sample for sequencing is time-consuming and costly, so a fast, 

laboratory-based verification alternative should be available to identify species commonly 

dealt with within the lab. Due to the vast diversity of the Poaceae family, which encompasses 

over 11000 species (in 768 genera and 12 subfamilies)20, out of which ca. 500 species are 

found within Thailand 21,22, a small assay that identifies all would not be feasible. Thus, this 

study focused on investigating species-specific digestion and amplification patterns to 

identify commonly found grasses around Bangkok.  

 

Methodology:  
Sample Collection 

Plant samplesðincluding leaves, inflorescence and rootsðof Poaceae species found within 

the Bangkok area were collected. Species were identified by a taxonomic expert. DNA was 

extracted using a cold CTAB extraction protocol. Approximately 0.1 g of fresh tissue (blade, 

sheath, inflorescence, and/or pollen) sample was ground in liquid nitrogen and extracted with 

2% CTAB buffer (1.5 M NaCl, 100 mM Tris-HCl pH 8, 20 mM EDTA pH 8.0, 0.2% ß-

mercaptoethanol) at a ratio of 1:20 (w/v). 

 

Acquisition and Analysis of ITS Region Sequences 

PCR amplification of extracted DNA with Vivantis® Taq DNA Polymerase (Vivantis, 

Malaysia) targeting the ITS region using the standard primers ITS4 (5ô-

TCCTCCGCTTATTGATATGC-3ô) and ITS5 (5ô-GGAAGTAAAAGTCGTAACAAGG-3ô) 

(Macrogen Inc., Seoul, KOR) yielded amplicons of approx. 590ï630 base pairs. Amplicon 

sequences were compared against the GenBank database using Blastn (BLAST®, NLM, 

USA) and aligned using Multiple Sequence Alignment (Clustal Omega, EMBL-EBI, UK). 

Sequences were retrieved in RStudio 2024.04.2+764 using the packages ape for 

phylogenetics and comparative methods, and seqinr for nucleotide sequence management. 

 

In Silico Cleaved Amplified Polymorphic Sequences (CAPS) assay 

ITS sequences of collected specimens and publicly available GenBank sequences of interest 

were analyzed for interspecific differences. In silico restriction enzyme (RE) digestion was 

performed using the NEBcutter v3.0.19 tool (New England Biolab, UK) to identify the 

smallest number of restriction enzymes (RE) capable of producing distinguishable 

fragmentation patterns between the selected species. 

 

Primer-Based Species Identification 

Primers for differentiation were designed to amplify ITS regions of several specific species, 

thereby separating them into different groups via a decision tree based on the initially 

collected grass samples. The primer was deemed suitable if it successfully paired with 

standard ITS primer (ITS4 or ITS5) (Table 1). Further single species-specific primers were 

designed for final verification of each grass. PCR amplification was performed using 

genomic DNA as template, with each designed differentiation-primer and species-specific 

primer, in pair with the according standard ITS primer under conditions established for ITS 

amplification. PCR products were analyzed by gel electrophoresis on a 1.5% TAE-Gel, run at 

100 V for 30 minutes.  
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Results and Discussion:  
ITS Region 

The internal transcribed spacer (ITS) region is widely used for DNA barcoding in plants, and 

hence may be used for taxonomical identification of Poaceae species when a matching 

 

Table 1.  
Differentiation primers. Primers designed for differentiation between the collected grass 

species, which were either designed as a pair with the standard primer ITS4 or ITS5 

 

Primer Sequence 

Length 

(bp) 

GC content 

(%) 

Tm 

(°C) 

ITS5 5ô-GGA AGT AAA AGT CGT AAC AAG G-3ô 22 41.0 59.0 

P1. 5'- GAA GGC GTC AAG GAI CAC -3ô 18 55.6 60.3 

P2.1.2 5'- CAA AAC AGA CIG TGA ACG TGT C -3' 22 45.5 61.9 

P2.1.3 5'- GTG ACC CTT AAA CAA AAI AGA CC -3' 23 43.0 61.9 

P3.2. 5'- GTG CAG CGA TIC TAT CTT AAT C -3' 22 41.0 59.0 

P3.3 5'- GIA TGG CGT CAA GGA AAA C -3' 19 52.6 61.9 

Reverse Primers with ITS 5 used as forward 

Primer Sequence 

Length 

(bp) 

GC content 

(%) 

Tm 

(°C) 

ITS4 5ô-TCC TCC GCT TAT TGA TAT GC-3ô 20 45.0 60.0 

P2.1.1 5'- GIC ICT GCA ICG AGA ACA AC-3' 20 50.0 61.0 

P3.1 5'- GAA CAA CTT GIA GTC GCC CAC -3' 21 53.4 63.1 

P2.2 5'- GTC ATC CAC CIT GTG CTG -3' 18 55.6 60.1 

 

 Forward Primers with ITS4 used as reverse reference sequence is available 23ï25. 

However, for several of the 18 collected specimens in this study, reference sequences were 

either limited or entirely absent, therefore, confirmation of two species, Cenchrus sp. and 

Echinochloa colona, by sequencing was not possible.  

 The observed high conservation within the ITS region leads to close alignment 

between the different species and complicates determination of suitable unique segments for 

species differentiation. The collected ITS sequences span approximately 610ï650 base pairs, 

but with the highly conserved 5.8S region26,27 excluded (159 bp in all collected sequences but 

for Zea mays with 160 bp), only 450ï490 bp remain available for identifying RE cut sites. 

Further, this limited size and conserved nature of the ITS region restrict the number of unique 

primers that can be designed (Figure 1).  

 In most cases, sequence differences between individual species are limited to isolated 

single nucleotide polymorphisms (SNPs) rather than longer divergent regions, making it 

difficult to design primers with high specificity to one single species. This increases the 

likelihood of non-specific binding and cross-amplification. Additionally, the presence of 

point mutations due to geographical variation cannot be ruled out when working with field-
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collected samples from different locations in the future28ï30. Nevertheless, in this study, the 

two specimens collected for Urochloa reptans, Cynodon dactylon and Chloris barbata at 

separate locations, all show identical sequences. 

 

CAPS Assay 

Digestion of collected samples using HinfI, NgoMIV, and BmgBI restriction enzymes 

combined did not allow for unambiguous identification. Even within a single genus 

(Urochloa), analysis of ten sequences produced only six distinguishable CAPS profiles, 

demonstrating that genus-specific CAPS patterns are not feasible, as considerable overlap 

exists between species. However, intraspecific consistency was observed, with specimens 

collected at different locations showing identical restriction patterns. The repetition of 

digestion profiles in several related and unrelated species prevents direct identification of 

collected grass samples, nevertheless.  

 While simultaneous digestion with multiple REs may increase the variability between 

patterns, it would also produce many fragments under 100 bp, difficult to separate using gel 

electrophoresis, and limiting its practicality. Other alternative restriction enzymes could 

improve species differentiation; however, due to the diversity within Poaceae, it is unlikely 

that a single enzyme (or set of enzymes) will resolve all taxa. It may be more practical to 

develop CAPS profiles using readily available enzymes and validate them for target species 

groups relevant to local biodiversity or allergen studies.  

 

Primer-based Differentiation 

Eight primers were designed to enable species identification using a minimal number of PCR 

reactions, ideally following a decision tree. Alternatively, all primers may be run 

simultaneously to reduce experiment duration, especially when analysing an individual 

sample. As Primer 2.1.3 produces identical results to Primer 2.1.2 it was found redundant and 

may be excluded from the protocol. Due to the highly conserved 5.8S rRNA region between 

the ITS1 and ITS2 region, most differentiation primers were designed in close proximity and 

if bound amplified one band between 420-620 bp in length. However, the performed PCR 

amplifications did not match the predictions. 

 Across all primer sets, at least two more species were amplified than the design 

intended, which may be attributed to genomic repeats and non-target binding, and unspecific 

primer binding possibly due to short primer length and high GC content. Regardless, 12 

distinctive amplification patterns for the 15 grasses were produced, based on 

presence/absence and fragment length (Table 2). Patterns were shared between multiple 

species in the case of Eriochloa procera, Panicum repens and Megathyrsus maximus. While 

all three are found in the same tribe, Paniceae, other species belonging to this tribe had 

different amplification patterns. Urochloa reptans, Eleusine indica and Dactyloctenium 

aegyptium, which belong to different subfamilies, were amplified by every tested primer.  

 The limited sample size likely means that future additional species may share 

amplification patterns. Still, the current primers offer preliminary guidance for species 

identification within a known confined area. For instance, Cynodon dactylon, the most 

common cause of airborne grass allergen sensitization in Thailand 31, could be identified here 

through a distinct amplification pattern out of a group of 16 species.  

 To enable fast in-lab identification, the total extracted plant DNA rather than purified 

ITS amplicons was used and primers were validated using standard PCR conditions. This 

allowed amplification of large (>1000 bp) fragments, due to non-target genomic binding sites 

outside the ITS region. Further, some unexpected amplifications may be a result of minor but 

frequent polymorphisms between sequences. Subsequently, when applied to purified ITS-
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region amplicons, several primers (e.g., P1, P2.2, P3.2) amplified all species tested, and this 

approach was therefore abandoned. 

 The main challenge encountered was the lack of primer specificity. Even primers 

designed to only align to a single species amplified multiple. Out of 13 primer pairs tested, 

only the U. reptans-specific primer pair demonstrated species specificity. Again, the high 

sequence conservation across the Poaceae ITS region complicates the design of species-

specific primers. Consequently, using these differentiation primers may narrow down species 

identity within established collection sites, but they cannot provide definitive identification.  

 

Table 2.  
Amplification Pattern. Resulting amplicons after PCR-amplification with differentiation 

primers for each Poaceae sample. Red indicates no amplification, while blue indicates a 

successful amplification. 

 

  Primer 

Sample Abbr. 1 2.1.1 2.1.2 2.1.3 3.1 3.2. 2.2 3.3 ITS 

Eriochloa procera EP 500 600 600 600 500 450 0 0 600 

Panicum repens PR 500 600 600 600 500 450 0 0 600 

Cenchrus echinatus CE 0 0 0 0 0 450 0 0 600 

Cenchrus sp. CS 500 600 600 600 500 450 

500, 

1000 0 600 

Echinochloa colona ES 500 600 600 600 500 450 0 600 600 

Megathyrsus maximus MM 500 600 650 600 500 450 0 0 600 

Digitaria bicornis DB 0 0 0 0 500 450 0 0 600 

Urochloa reptans UR 500 600 600 600 500 450 500 600 600 

Eragrostis tenella ET 500 0 600 600 500 450 500 600 600 

Zoysia matrella ZM 0 0 600 600 500 0 0 0 600 

Eleusine indica EI 500 600 600 600 500 450 500 600 600 

Cynodon dactylon CD 500 0 650 600 1000 450 500 600 600 
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Chloris barbata CB 0 0 600 600 0 0 500 600 600 

Dinebra panicea DP 0 0 0 0 0 0 0 0 600 

Dactyloctenium 

aegyptium DA 500 600 600 600 500 450 500 600 600 

 

 
Figure 1. 

Schematic overview of the standard primer (ITS5 and ITS4) and designed differentiation 

primer locations in the ITS region. 

 

Conclusion:  
Rapid and reliable identification of the multitude of grasses is critical, particularly in allergen 

research, where timely sample confirmation affects both study accuracy and the ability to 

collect pollen of interest. While DNA sequencing is the most accurate approach, it is time-

consuming and not always feasible in lab settings. 

 This study demonstrates that PCR-based primer amplification and CAPS (cleaved 

amplified polymorphic sequences) analysis offers preliminary guidance for verifying species 

identity. Although no single assay differentiated all species, a combination of the methods 

may distinguish between the 15 tested grasses. 

 However, the results also highlight important limitations. The high sequence 

conservation within the ITS region significantly reduces primer specificity, and unpredictable 

amplification patterns across species indicate that each primer must be empirically validated 

for every sample. Furthermore, the methodôs utility is currently restricted by the lack of ITS 

reference sequences for Thai Poaceae species in public databases. Expanding the available 

sequence data will improve the possibilities for grass species verification.  

 This is not only important for environmental and allergy-related studies, but also for 

broader applications supporting ecological and climate-related research32,33. As such, the ITS 

region remains valuable for plant identification in various stages of growth through 

sequencing and DNA barcoding 18, however, its limitations for fast, in-lab assays suggest the 

need for additional or alternative loci formats in future development.  
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Abstract:   
In the past, the study of biological conditions such as scoliosis relied heavily on physical 

detection through human eyes, with limited access to advanced technology. This often made 

it difficult for doctors to accurately identify and differentiate between each type of scoliosis, 

which are thoracic, thoracolumbar, and lumbar. Nowadays, with advancements in artificial 

intelligence, a deep learning image classification model can assist in recognizing these spinal 

curvatures more quickly and accurately. The model that is being used is the Xception model, 

trained using spinal X-ray images. The model achieved a validation accuracy of 68% and a 

test accuracy of 96%. This can potentially be introduced as a tool to aid in the detection of 

scoliosis. In the future, doctors can possibly compare their manual classification of scoliosis 

types with the modelôs predictions and discussed spinal. 

 

Introduction:   
Scoliosis is a spinal deformity that leads to an abnormal curvature and rotation of the spine.1 

Traditionally, it has been diagnosed through physical examinations and manual interpretation 

of X-ray images. These conventional methods, while foundational in medical practice, were 

limited by subjectivity and time consumption. In the past, healthcare settings did not have 

access to advanced diagnostic technologies. This makes early detection and precise 

classification of scoliosis type, including thoracic, thoracolumbar, and lumbar, more 

challenging. 

 With the advancement of artificial intelligence, particularly deep learning, the area of 

medical diagnostics has undergone a significant transformation. Deep learning, a branch of 

AI that simulates human neural processing, is now being utilized in hospitals to enhance the 

accuracy and speed of scoliosis detection.2 By analyzing spinal X-rays, AI models can 

identify complex curvature patterns, predict disease progression, and support clinicians in 

classifying scoliosis types more efficiently than ever before. 

 The integration of AI into orthopedic diagnostics, especially for scoliosis, reflects a 

broader shift in modern medicine where data-driven tools are increasingly embedded into 

clinical workflows.3 As these technologies continue to evolve, their role in improving 

diagnostic precision, treatment outcomes, and healthcare efficiency becomes more critical.4 

Scoliosis detection is just one example of how deep learning is reshaping the future of 

medical imaging and patient care. 

 Scoliosis classification plays an important role in spinal diagnostics and treatment 

planning. Clinically, scoliosis is often categorised based on the location of the spinal 

curvature, with thoracic, thoracolumbar, and lumbar types being the most common.5 Each 

type reflects a distinct pattern of spinal deviation observed in radiographic imaging. 

However, traditional diagnostic tools, such as manual interpretation of X-rays, can be limited 

by image quality and variability between practitioners. These limitations may hinder the early 

and accurate identification of scoliosis types, potentially delaying treatment, which might 

cause further damage. The integration of advanced technologies like deep learning has 

introduced a new level of precision in classification. This allows for more consistent analysis 
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of spinal curvature patterns and contributes to improved diagnostic accuracy and clinical 

outcomes. 

 A study by Zhu et al. demonstrates a method for the automated classification of 

scoliosis using spinal X-ray images.6 Deep learning techniques, particularly convolutional 

neural networks, are applied to analyze curvature patterns and vertebral alignment in the 

human body. The study shows that precise spatial features of spinal deviation, such as Cobb 

angle and curve location, are critical for the model to accurately classify scoliosis types.6 

While there are numerous studies exploring the use of image processing and AI in medical 

imaging, many of these operate at a complex clinical or research level.6 Despite the progress, 

integration of AI-based scoliosis classification into a broader clinical setting remains limited, 

and accessibility outside of specialized institutions is still evolving. 

 

Methodology:  
In this study, the Xception model was trained with a total of 129 spinal X-ray images. The 

model was trained on the Google Colab platform. The methodology includes dataset 

preparation, model training, and performance evaluation. Three anatomical types of scoliosis 

are being classified: thoracic, thoracolumbar, and lumbar. A total of 129 spinal X-ray images 

were used, with 40-43 images per category. These images were sourced from public 

repositories. The dataset was divided into 60% for training, 20% for validation, and 20% for 

testing.  

 To enhance the modelôs generalizability, augmentation techniques such as image 

rotation, zooming, and horizontal flipping were applied. The data was split into 60-20-20 to 

minimize the risk of overfitting and enhance the modelôs reliability. The model was trained 

over 17 epochs. It performance was measured through the accuracy curve of training and 

validation. 

 

Results and Discussion:  
This research developed a deep learning model for automated scoliosis classification, 

demonstrating strong performance using radiographic images. The Xception model is used to 

categorize thoracic, thoracolumbar, and lumbar scoliosis types. The model achieved an 

overall accuracy of 96%, suggesting that it can accurately distinguish features between the 

three scoliosis types. This high accuracy demonstrates the model's capability to generalize to 

unseen data. When the dataset is augmented before the classification process, the model 

performs better in terms of generalizability. This is crucial for application in clinical practice.  

 Figure 1 displays the training and validation curves over 17 epochs. By epoch 17, the 

training accuracy steadily increased from 24% in the very first epoch to 96%. At the last 

epoch, the validation accuracy was 96%, with a sign of overfitting of the data. While both the 

training and validation loss curves steadily decreased, the training loss dropped more 

significantly. This demonstrates how well the model works with the provided dataset. 

Furthermore, the model's remarkable capability of generalizing unknown data is 

demonstrated in Figure 2, which displays an example of predictions in which 15 out of 16 

images are accurately identified. This high accuracy suggests the modelôs potential to 

generalize unseen data within the available dataset. 
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Figure 1.  

Training and validation accuracy and loss curve 

  

 

 
Figure 2.  

Example of model predictions 

 

 A confusion matrix revealed strong classification performance across all three 

categories (thoracic, thoracolumbar, and lumbar scoliosis), though some overlap can be 

evident. The confusion matrix in Figure 3 shows that the model attains 100% accuracy in 

classifying thoracic scoliosis. This exceptional accuracy shows that the model can classify the 

features of the thoracic scoliosis well. However, there is a slight misclassification of 

MB-P-012 



 

© The 37th Annual Meeting of the Thai Society for Biotechnology and International Conference (TSB2025) 

74 

thoracolumbar and lumbar scoliosis. These results are consistent since the thoracolumbar 

curve exhibits features of both thoracic and lumbar abnormality, making it more challenging 

to classify. Also, some of the images that are being classified may lie on a spectrum rather 

than fitting into one specific category. 

 

 
Figure 3.  

Confusion matrix 

 

 Despite these minor misclassifications, the model can be highly applicable for real-

world scenarios. Automated scoliosis classification using radiographic images presents a 

remarkable advancement in biomedical image analysis and diagnostic tools. Conventional 

classification of scoliosis mostly depends on manual interpretation by orthopedic surgeons or 

radiologists, which can be time-consuming.8 This diagnosis is difficult and subjective, 

especially for cases on a spectrum. In both clinical and remote locations, a 96% accurate AI-

powered tool can be used as a decision support system, reducing diagnostic uncertainty and 

speeding up the screening process. This is highly beneficial in underdeveloped places with 

little access to a specialist. 

 The integration of these deep learning models with medical biotechnology tools 

suggests an advancement toward enhanced medical decision-making and precise diagnostics.9 

The model can be improved by adding techniques like Grad-CAM. By making it easier to see 

what parts of the spinal imaging had the greatest influence on the model's prediction, this 

method can improve the interpretability of the model.10 

 Thus, the results indicate that our deep learning model is useful and accurate for 

medical diagnosis. This model has the potential to be a useful tool in orthopedic diagnostics 
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with additional validation on larger datasets and integration into easily accessible platforms. 

Its ability to automatically categorize different types of scoliosis makes an important 

contribution to the growing field of medical AI. It also demonstrates how deep learning can 

improve healthcare by providing a practical solution. 

 However, the data set is very small, which might cause overfitting and introduced bias 

to the model. Therefore, in future work, validation with the use of a larger and more diverse 

dataset collected from multiple hospitals to ensure that the modelôs generalizability across 

different groups of patients. In addition, X-ray images from different machines may vary in 

orientation, potentially influencing the modelôs performance. This model should be viewed as 

a diagnostic support tool, not replacing clinical expertise. Its integration into hospital 

workflows in the future could help doctors rapidly verify manual classifications, especially in 

hospitals with limited resources. Moreover, future improvements also should include 

additional evaluation metrics such as precision, recall, and F1-score to improve the reliability 

of accuracy and a more comprehensive evaluation. This would allow a more complete 

understanding of the modelôs performance and limitations. Cross-validation, such as k-fold, 

will also be included to increase generalization of the model. 7  

 

Conclusion:  
This study explored the integration of a deep-learning image classification model in the 

medical field, focusing on the classification of types of scoliosis. The objective of the study 

was to use the advances in technology to aid in the detection of diseases in a medical way.  

 Three types of scoliosis have been classified using the Xception model: thoracic, 

thoracolumbar, and lumbar. The model was trained on a dataset of 129 images over 17 

epochs. The Xception model achieved an accuracy of 96%. The model performed well in 

identifying thoracic; every image in this category was correctly identified. 

 This study demonstrates the potential of AI in enhancing clinical diagnostics. The 

model's predictions supported physicians in identifying and classifying scoliosis types more 

efficiently. This offers a supporting tool for the early detection of spinal deformities. In the 

future, by comparing the AI-generated classifications with their evaluations, doctors could 

cross-validate the result, investigate the misclassification, and refine diagnostic accuracy. 

This integration of deep learning into clinical workflows supports diagnostic consistency and 

informed decision-making. 

 Despite certain limitations, primarily related to the size of the dataset, the study 

demonstrates how AI can effectively enhance detection in medicine. By including a variety of 

datasets, future research may create platforms for broader clinical or medical use, evaluate 

long-term learning outcomes, and expand this model to include more classifications. 

 Overall, the results indicate that AI models developed in this work can significantly 

contribute to improving the identification of scoliosis. It can become a useful tool for doctors, 

especially for their accuracy, and reducing the time-consuming part of detection. While the 

findings indicate promising generalization capability, further testing on another separated 

datasets is required to confirm clinical applicability. 
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Abstract:  
Osteoarthritis (OA) is a chronic disease primarily affecting individuals over 60 years old, 

with a higher prevalence in females. The global incidence of OA is continuously rising due to 

aging populations and increasing rates of obesity and injury. Unlike other tissues, damaged 

cartilage has limited self-healing capabilities due to its avascular nature, low cell count, and 

abundant extracellular matrix (ECM). Current treatments for OA include surgical 

interventions such as drilling, subchondral abrasion, microfracture, and Autologous 

Chondrocyte Implantation (ACI). However, these approaches face challenges such as issues 

with cell handling and scaffold imperfections. This study aims to explore optimal in vitro 

culture conditions that support cartilage matrix production for potential application in cell-

based therapies. Gene expression of Piezo2, ACAN, Col2A1 as well as glycosaminoglycan 

(GAG), DNA, and hydroxyproline content, were analyzed to identify which culture method 

best preserves the chondrocyte phenotype and promotes early-stage cartilage matrix 

synthesis. The results showed that the monolayer culture was superior in maintaining crucial 

gene expression. This culture also demonstrated enhanced extracellular matrix efficiency, as 

evidenced by significantly higher GAG/DNA and hydroxyproline/DNA ratios. These results 

suggest that monolayer culture provides a promising environment for in vitro cartilage matrix 

synthesis, paving the way for future injectable cell-based therapies for OA in both humans 

and animals. 

 

Introduction:   
Osteoarthritis (OA) is a chronic degenerative joint disease commonly found in the elderly, 

affecting small, medium, and large joints. It can occur in both males and females over the age 

of 60 years old, with the incidence rate in women being higher than that in men(Geng et al., 

2023) and is a leading cause of disability among older adults. OA significantly impairs 

mobility and often requires costly treatments, especially joint replacement surgery in severe 

cases7. The knee joint, in particular, bears substantial mechanical load, and its articular 

surface is protected by cartilage tissue. This tissue has a thick layered structure of hyaline 

cartilage composed of chondrocytes embedded within an abundant extracellular matrix 

(ECM) containing water, collagen type II, and proteoglycans6. ECM plays a critical role in 

absorbing compressive forces and reducing friction during movement. These mechanical 

stimuli influence mechanosensitive ion channels, which in turn regulate mechanotransduction 

pathways crucial for cartilage maintenance and regeneration. 

 Chondrocytes express several types of mechanosensitive ion channels, including 

members of the Transient Receptor Potential (TRP) family and the recently identified Piezo 

channels, namely PIEZO1 and PIEZO2, which are involved in intracellular calcium 

regulation10. Additionally, Voltage-Gated Calcium Channels (VGCCs) mediate calcium 

influx in response to changes in membrane potential. Calcium ions (CaĮ ) serve as vital 

second messengers in signaling pathways that control ECM synthesis. Specifically, CaĮ  can 

activate the MEK/ERK signaling pathway, which promotes GlcAT-I gene transcription by 

enhancing Sp1 binding to its promoter, thereby regulating glycosaminoglycan (GAG) 

synthesis2. Furthermore, this signaling pathway also influences the expression of the SOX9 

gene, which upregulates Col2A1, a key gene involved in collagen production (Sahu et al., 

2020). 
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 Currently, among the various treatment approaches for OA, only a limited number of 

surgical interventions are routinely recommended. Procedures including drilling, subchondral 

abrasion, and microfracture induce cartilage regeneration through the activation of bone 

marrow-derived mesenchymal stem cells; however, the regenerated tissue has consistently 

been reported as fibrocartilage, lacking the properties of native hyaline cartilage (Mitani et 

al., 2009). To address this critical need for functional cartilage regeneration, various tissue 

engineering methods have emerged. For instance, Autologous Chondrocyte Implantation 

(ACI), a tissue engineering method, allows for the regeneration of thick hyaline cartilage by 

implanting scaffold-embedded chondrocytes. However, concerns regarding scaffold adhesion 

and biocompatibility remain. The cell-sheet technique, a scaffold-free alternative, also 

regenerates thick hyaline cartilage by layering cultured chondrocyte sheets. However, its 

limitations include the fragility of single sheets, necessitating layering and prolonged culture 

periods14. 

 Recognizing these existing limitations in current cartilage regenerative strategies, 

especially regarding the quality of regenerated tissue, scaffold-related issues, and prolonged 

culture periods, this study aims to explore novel approaches by investigating the effects of 

various culture conditions on chondrocyte proliferation, extracellular matrix (ECM) 

production, and the expression of key cartilage-related genes in monolayer culture, ultimately 

working towards a simplified and efficient method for cartilage regenerative medicine. 

 

Methodology:  
Chondrocyte Isolation 

Cartilage was collected from porcine knees and cut into 1 mm pieces under sterile conditions. 

The tissue was first incubated in chondrocyte culture medium containing 0.1% pronase at 

37ÁC with 5% CO  for 1 hour to digest protein in the ECM of cartilage, followed by digestion 

in 0.1% collagenase type II under the same conditions for 14ï16 hours to digest the collagen 

type II. The digested solution was filtered through 100 µm and 70 µm cell strainers, then 

centrifuged at 2,0 0 0  rpm for 1 5  minutes. The resulting cells were washed twice with 

phosphate-buffered saline (PBS) containing penicillin and streptomycin, followed by another 

centrifugation12. The cell pellet was then resuspended in DMEM with HEPES buffer or 

HEPES buffer alone to achieve a final density of 1× 108 cells/mL.  

 

Cell culture 

Cells were plated into T25 flasks containing 5 mL of chondrogenic medium at densities of 1 

× 106 cells/mL and 5 × 105 cells/cm² for monolayer and cell sheet cultures, respectively. For 

pellet culture, 1 mL of cells was seeded at a density of 3 × 105 cells/mL in 15 mL conical 

tubes and centrifuged at 600 ×g for 5 minutes. The pellets were incubated overnight at 37°C 

with 5% CO . After incubation, the medium was replaced with high-glucose DMEM 

supplemented with HEPES buffer, 10% FBS, 0.4 mM L-proline, 0.25 mM ascorbic acid 

phosphate magnesium salt N-hydrate, 1 mM sodium pyruvate, and penicillin-streptomycin. 

The culture medium was changed every 3 days for a total of 7 days, after which the samples 

were subjected to biochemical analyses. 

 

GAG Quantification 

GAG content was measured using the dimethyl methylene blue (DMMB) assay. A 50-µL 

sample digested with papain in PBS (pH 7.5) was mixed with 200 µL of DMMB solution (46 

µM DMMB, 40 mM NaCl, 40 mM glycine, pH 3). Absorbance was read at 525 nm. A 

standard curve was generated using chondroitin sulfate at 0-40 µg/mL in PBS5.  
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DNA Quantification 

A 40-µL papain-digested sample was mixed with 200 µL of Hoechst 33258 dye (0.2 µg/mL) 

in a 96-well black plate, in triplicate. Calf thymus DNA (0ï1 µg/mL in PBS) was used as the 

standard. Fluorescence intensity was measured with excitation at 365 nm and emission at 460 

nm5. 

 

Hydroxyproline Quantification 

Samples were hydrolyzed in 2 M HCl at 121ÁC for 15 minutes, followed by neutralization 

with 2 M NaOH. To each 100-µL sample, 625 µL of 0.05 M chloramine-T was added and 

incubated at room temperature for 25 minutes, followed by the addition of 625 µL of 1 M 

Ehrlichôs reagent and incubation at 65ÁC for 20 minutes. The reaction was stopped with cold 

water, centrifuged at 600 ×g for 5 minutes, and 200 µL of supernatant was transferred to a 

96-well plate (in triplicate). Absorbance was measured at 550 nm3,8 . 

 

Gene Expression Analysis (qRT-PCR) 

RNA was extracted from the chondrocytes, followed by reverse transcription reaction to 

obtain complementary DNA (cDNA). Gene expression levels of GAPDH, TRPV, Piezo, 

Piezo2, Col2A1, ACAN, and SOX9 were measured using SYBR Green-based qRT-PCR. 

PCR conditions included an initial denaturation at 95°C for 10 minutes, followed by 40 

cycles of 95°C for 15 seconds and 60°C for 60 seconds. Melting curve analysis was 

performed from 65°C to 95°C with a 0.2°C increment1. Primer sequences for extracellular 

matrix gene analysis were as follows:  

 

GAPDH, (forward 5ô-ACCCCTTCATTGACCTCCAC-3ô, reverse 5ô-ATACTCAGCACCAGCATCGC-3ô), 

TRPV4, (forward 5ô-CACCGTGGTGTGGTAAGGGT-3ô, reverse 5ô-GGAGCTTTGGGGCTCTGT-3ô), 

Piezo1, (forward 5ô-GCCCCCAACGGACCTGAAGC-3ô, reverse5ô-TGCGCAGCTGGATACGCACC-

3ô,) Piezo2, (forward 5ô-CCAGCTGGATCTGCGTGGAGG-3ô, reverse 5ô-TGGTTGATCACC 

CCGGCGAC-3ô), COL2A1, (forward5ô-GCTATGGAGATGACAACCTGGCTC-3ô, reverse 5ô-

TCACCGTGCAGCCATCCTTCAGAA-3ô) ACAN,(forward5ô-CGAGGAGCAGGAGTTTGTCAAC-

3ô, reverse 5ô-ATCATCACCACGCAGTCCTCTC-3ô)13, Sox9, (forward 5ô-

CAGGGCTCTGTGCTCTACTCC-3ô,  reverse 5ô-GGGTTACGGTCTTTCTTCGGT-3ô)11. 

 

Results and Discussion:  
Gene expression analysis of TRPV4, Piezo1, Piezo2, Col2A1, ACAN, and SOX9 revealed 

that on day 7 after culturing chondrocytes in different formats, which were pellet, monolayer, 

and cell sheet cultures, the expression levels of most genes tended to decrease compared to 

fresh cells, which were used as a control group (Figure 1). TRPV4 expression significantly 

decreased in all groups. This indicates that the culture environment could not maintain 

TRPV4 gene expression. Piezo1 and Piezo2 expression also decreased, with the monolayer 

culture showing the highest expression among the test groups, while the cell sheet culture had 

the lowest level. This suggests Piezo1 and Piezo2 responded differently depending on the 

culture format. Col2A1, a key gene for cartilage matrix, was drastically reduced in all culture 

formats, indicating that the culture conditions at this stage were not suitable for maintaining 

collagen type II gene expression. ACAN expressions also declined in all groups but remained 

detectable. The monolayer culture had the highest level (0.39-fold), while the pellet culture 

showed a marked decrease (0.01-fold). This suggests that monolayer culture may better 

preserve the chondrocyte phenotype at day 7. SOX9, a key transcription factor for cartilage 

development, also showed decreased expression in all groups. Overall, culturing for 7 days 

led to a marked decrease in the expression of mechanotransduction-related genes (TRPV4, 
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Piezo1, Piezo2) and cartilage-specific genes (Col2A1, ACAN, SOX9), especially in the pellet 

culture format. In contrast, the monolayer culture tended to maintain better gene expression, 

particularly for Piezo1, Piezo2, Col2A1, and ACAN, whereas the cell sheet culture did not 

show apparent efficacy in preserving gene expression. 

 
Figure 1.  

Relative expression levels of mechanotransduction-related genes (TRPV4, Piezo1, Piezo2) 

and cartilage-specific genes (Col2A1, ACAN, SOX9). Values are expressed as fold changes 

relative to fresh cells. Statistical analysis was performed using one-way ANOVA. 

 

 DNA quantification showed that pellet culture had the highest DNA content 

(0.34±0.04 µg/sample), compared to monolayer culture (0.04±0.004 µg/mg) and cell sheet 

culture (0.11±0.06 µg/mg) (p < 0.0001). Thus, pellet culture maintained a higher cell number 

compared to monolayers and cell sheets within the same time frame, while monolayer culture 

resulted in the lowest DNA content (Figure 2).  

 

 
Figure 2.  

DNA content in chondrocytes cultured under different conditions. Statistical analysis was 

performed using one-way ANOVA. 
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 GAG quantification revealed that the pellet culture had a significantly higher GAG 

content (1.18±0.1 µg/sample) compared to the monolayer (0.51±0.03 µg/sample) and cell 

sheet (0.57±0.22 µg/sample) cultures. Pellet culture thus better promoted GAG synthesis, 

likely due to its three-dimensional nature, allowing greater cell-to-cell and cell-environment 

interaction. However, there was no significant difference between the cell sheet and the 

monolayer, indicating similar GAG production efficiency (Figure 3A). 

 

 
Figure 3.  

GAG content in chondrocytes cultured under different conditions. (A) GAG content 

normalized by tissue weight (µg/sample), (B) GAG content normalized by DNA amount 

(µg/µg). Statistical analysis was performed using one-way ANOVA. 

 

 When the GAG/DNA ratio was analyzed, monolayer culture had the highest ratio 

(16.19±1.79 µg/µg), significantly higher than cell sheet (5.18±0.37 µg/µg) and pellet 

(3.35±0.79 µg/µg) (p < 0.0001) (Figure 3B). This shows that despite having the fewest cells, 

monolayer culture enabled the highest GAG production per cell. Pellet culture had the lowest 

GAG/DNA ratio, suggesting a lower ECM synthesis capability per cell. Although the cell 

sheet had a higher GAG/DNA ratio than the pellet, it remained significantly lower than the 

monolayer, possibly due to limitations in nutrient distribution or inefficiencies in early-stage 

matrix synthesis. Therefore, monolayer culture produces the most GAG per cell, despite 

having the lowest DNA content. 

 Hydroxyproline content, which is a direct correlation to total collagen content, 

showed that monolayer culture produced the most hydroxyproline (0.77±0.24 µg/sample), 

followed by pellet (0.44±0.23 µg/sample) and cell sheet (0.34± µg/sample) cells. However, 

hydroxyproline content were not statistically significant between monolayer and cell sheet 

culture. This indicates that pellet culture promotes collagen synthesis more effectively than 

others within 7 days (Figure 4A). 
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Figure 4.  

Hydroxyproline content in chondrocytes cultured under different conditions. (A) 

Hydroxyproline content normalized by tissue weight. (B) Hydroxyproline content normalized 

by DNA amount. Statistical analysis was performed using one-way ANOVA. 

 

 Hydroxyproline/DNA ratio analysis revealed that monolayer culture had the highest 

total collagen production per cell at day 7 (24.06 ± 7.31 µg/µg), significantly higher than 

pellet (0.92 ± 0.10 µg/µg) and cell sheet culture (3.14 ± 1.62 µg/µg) (p < 0.001) (Fig. 4B). 

This confirms that monolayer-cultured cells, despite being fewer, synthesized the most total 

collagen and GAG during the early culture period. 

 Overall, monolayer culture in the early stage (7 days) was the most efficient in 

promoting ECM production per cell, particularly GAG and collagen, which are key 

components of cartilage. Limitations of each culture format should be considered in 

designing future cartilage tissue engineering strategies. While monolayer culture 

demonstrated the highest ECM production efficiency per cell, its low DNA content indicates 

a smaller cell population, which may limit its capacity to generate sufficient tissue volume for 

therapeutic applications. Conversely, pellet culture supported a higher overall cell number, 

but the ECM synthesis efficiency per cell was considerably lower, suggesting that although 

pellet may provide greater tissue bulk, the quality of matrix production is reduced. Cell sheet 

culture showed intermediate performance, but its fragility and potential nutrient diffusion 

limitations restrict its practicality for large-scale applications.  

 

Conclusion: 

Each culture format presents trade-offs between cell number, ECM production efficiency, 

and structural feasibility, which should be carefully considered when designing cartilage 

tissue engineering strategies. Extending the time course will clarify whether the high ECM-

per-cell observed in the monolayer at Day 7 is sustained or a transient response, and whether 

pellet or cell-sheet formats produce greater bulk matrix over a more extended period. 
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Abstract:  
Pooled CRISPR knockout (KO) screens enable large-scale functional analysis of genotypic-

phenotypic relationships for cell line models, leading to insights into cellular functions and 

disease development. However, applying this approach to primary human cells remains 

challenging due to limited culture sizes and windows, as well as low delivery efficiency of 

CRISPR components. Here, we explored a CRISPR-based KO approach compatible with 

pooled screens using a split lentiviral system for the sequential delivery of sgRNA- and Cas9-

expressing vectors in mesenchymal stem cells derived from human exfoliated deciduous teeth 

(SHED). Our results show that serial transduction using common CRISPR screening 

lentiviral vectors is compatible with SHED, with up to 76% guide RNA vector delivery 

efficiency and 56.8% Cas9 vector co-delivery efficiency in serial transduction. The delivery 

efficiency directly correlated with lentiviral doses with stable expression for both vectors. 

Gene knockout was validated at the HBB locus, resulting in an average indel mutations of 

28%. Notably, knockout efficiency is considerably lower than Cas9 delivery efficiency, 

highlighting Cas9 vector delivery and CRISPR component expression as key limiting factors. 

These findings establish a proof-of-concept framework for split lentiviral CRISPR/Cas9 

delivery in primary MSCs and provide a foundation for future pooled CRISPR screening in 

MSC models. 

 

Introduction:   
The CRISPR/Cas9 system is a powerful tool for inducing loss-of-function mutations at a 

specific gene through complementary sequences of guide RNA (gRNA) and the nuclease 

activity of Cas9. Following the precise introduction of double-strand breaks, error-prone 

repair via non-homologous end joining (NHEJ) generates insertion or deletion mutations 

(indels), leading to disruption of gene expression.1 One of its most powerful applications is 

the pooled CRISPR knockout (KO) screen, which enables large-scale functional analysis of 

gene-phenotype relationships. Pooled CRISPR screens are a technique where genetic 

perturbations are introduced in a pooled library, and correlations between gene targets and 

phenotypes of interest are subsequently analyzed by sequencing-based quantification to 

reveal changes in guide RNA abundance after the pooled cells are challenged with a related 

selection pressure.2  

 Although pooled CRISPR screens are widely used with cell lines3, there are still 

challenges in primary human cells. Shalem and colleagues demonstrated that an all-in-one 

lentiviral vector is compatible with gene KO in genome-scale screening of pluripotent stem 

cells, but it resulted in low delivery and editing efficiencies due to lentiviral vector packaging 

limit.4 To overcome these limitations, a split lentiviral system, using separate vectors for 

gRNA (lentiGuide-Puro) and Cas9 (lentiCas9-Blast), has been developed, offering higher 

functional titers and improved delivery efficiency.5 

 Primary human mesenchymal stem cells (MSC) are multipotent stromal cells capable 

of triple-multilineage. Owing to their self-renewal ability, tissue regeneration potential, and 

immunomodulatory properties, MSCs have become a key candidate in tissue engineering and 
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cell-based therapies.6 However, further research is needed to better understand how MSC 

functions, improve their effectiveness and benefits, and develop guidelines for clinical use.7  

 In this study, we aimed to optimize a suitable protocol for pooled CRISPR screening 

using a split lentiviral delivery system for CRISPR/Cas9-based KO in dental tissue-derived 

MSC, namely, stem cells from human exfoliated deciduous teeth (SHED). Our approach 

involves sequentially delivering gRNA and Cas9 via a two-step lentiviral transduction 

protocol, using commonly used vectors for pooled CRISPR screens (lentiGuide-Puro and 

lentiCas9-EGFP vectors). We optimized the delivery protocols and evaluated delivery 

efficiencies and gene KO efficiencies using the aforementioned vectors to establish a protocol 

compatible with future pooled CRISPR screening in primary human MSCs. 

 

Methodology:  
2.1 Preparation of Lentivirus-Producing (HEK293T) and Target Cells (SHED) 

Human embryonic kidney 293T (HEK293T; ATCC® CRL-3216TM) cells were cultured in 

Dulbeccoôs Modified Eagle Medium high glucose media (DMEM high glucose; Gibco) 

supplemented with 10% fetal bovine serum (FBS; Gibco), 1% penicillin-streptomycin 

(Gibco). The cells were maintained at 37ÁC in a humidified incubator with 5% CO . The 

medium was replaced every 2 days. Upon reaching 80ï90% confluency, the cells were 

subcultured at a 1:8 ratio in a T75 flask using TrypLEÊ Express Enzyme (Gibco), according 

to ATCC recommendations. HEK293T cells were used exclusively for lentiviral vector 

production. 

 Stem cells from human exfoliated deciduous teeth (SHED) were kindly provided by 

Dr. Hathaitip Sritanaudomchai, Department of Oral Biology, Faculty of Dentistry, Mahidol 

University, Thailand. SHED were originally isolated from deciduous tooth pulp of healthy 

donors following informed consent, under protocols approved by the Mahidol University 

Ethics Committee (IRB 2014/041.2110).8 SHED were cultured in complete media consisting 

of Dulbeccoôs Modified Eagle Medium (DMEM, Gibco) supplemented with 10% fetal 

bovine serum (FBS, PAN-biotech GmbH), 1% penicillin-streptomycin (Gibco), and 

maintained at 37ÁC in a humidified incubator with 5% CO . The medium was replaced every 

2ï3 days, and cells were subcultured upon reaching 80ï90% confluency using TrypLEÊ 

Express Enzyme (Gibco). For all experiments, cells from two biological donors between 

passages 6ï12 were used to minimize phenotypic drift. SHED identity was previously 

confirmed by their MSC marker expression and their fibroblast-like morphology. 

 

2.2 Lentiviral production and transduction 

The split lentiviral CRISPR/Cas9 system consisted of two plasmids: 1) lentiGuide-Puro was a 

gift from Feng Zhang (Addgene plasmid # 52963 ; http://n2t.net/addgene:52963 ; 

RRID:Addgene_52963)5 and 2) lentiCas9-EGFP was a gift from Phil Sharp & Feng Zhang 

(Addgene plasmid # 63592 ; http://n2t.net/addgene:63592 ; RRID:Addgene_63592).9  

Lentiviral particles were produced in HEK 293T cells. In brief, 1x106 HEK 293T cells were 

seeded in 6-well plates and overnight transfected with 2 µg of transfer vector plasmid (either 

lentiGuide-Puro or lentiCas9-EGFP), 1.5 µg of psPAX2 (a gift from Didier Trono (Addgene 

plasmid # 12260 ; http://n2t.net/addgene:12260 ; RRID:Addgene_12260)), and 0.5 µg of 

pMD2.G (a gift from Didier Trono (Addgene plasmid # 12259 ; http://n2t.net/addgene:12259 

; RRID:Addgene_12259)), using LipofectamineTM 2000 Transfection Reagent (Thermo 

Fisher Scientific) according to manufacturer protocol. The lentiGuide-Puro viral supernatants 

were harvested after 24 hours, and lentiCas9-EGFP viral supernatants were harvested after 48 

hours in complete SHED culture medium, then filtered through a 0.45 ɛm syringe filter 

(SartoriusTM). Lentiviral volumes were added to SHED (seeded at 12,500 cells/cm2) at 

different percentages of the final transduction medium volume, including 3.125%, 6.25%, 
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12.5%, 25%, and 50% in complete medium, to evaluate dose-dependent delivery efficiency. 

After 24 hours, the transduction medium was replaced with fresh complete culture medium.   

 

2.3 Measurement of lentiGuide-Puro vector delivery efficiency and long-term expression via 

puromycin resistance selection 

Four days after lentiGuide-Puro transduction, cells were split into two groups, including non-

treated (Puro-) and puromycin-treated (Puro+) groups. Puromycin (Gibco) (2µg/ml) was 

administered to Puro+ group, whereas Puro- group served as a control. Delivery efficiency 

was measured at the endpoint of puromycin selection, defined as the time when all the Puro+ 

non-transduced cells group (0% of lentiviral dose) were eliminated. And the delivery 

efficiency of lentiGuide-Puro was calculated as the percentage of viable cells in the Puro+ 

group by that in the Puro- group at the same lentiviral dose. For long-term expression 

stability, the percentages of puromycin-resistant fraction were calculated for at least 3 

passages after transduction. All experiments were performed in biological replicates. 

 

2.4 Measurement of lentiCas9-EGFP vector delivery efficiency using flow cytometry 

Following lentiCas9-EGFP transduction into SHED, green fluorescence protein (GFP) 

expression was assessed after two days by fluorescence microscopy (Zeiss; Axiocam 105 

color) using a FITC channel set (excitation 488 nm, emission 509 nm) to qualitatively 

confirm successful transduction. Four days post-lentiCas9-EGFP transduction, the percentage 

of GFP-positive cells (GFP+) was quantified by flow cytometry (Beckman Coulter, USA).  

 The samples were stained with propidium iodide (PI; Biolegend®) for 30 minutes at 

room temperature (RT) in the dark to monitor the viable cell population. An unstained PI 

control and a non-transduced negative control (GFP- cells) were included to establish baseline 

control, serving as a reference to set the threshold for a positive GFP signal and minimizing 

false positives from autofluorescence. Flow cytometry data were acquired by recording at 30 

µL per sample. Sequential gating was applied to exclude debris (FSC/SSC), doublets (FSC-A 

vs. FSC-H), and dead cells (PI-positive), followed by quantification of GFP+ cells within the 

viable population. Data were analyzed using the CytExpert software (Beckman Coulter). 

Results were expressed as the percentage of GFP+ cells, with experiments performed in 

biological replicates. 

 

2.5 Measurement of serial transduction efficiency 

The two-step transduction strategy ensures that Cas9 activity is restricted to cells already 

carrying sgRNAs. By introducing the sgRNA-expressing cassette first and selecting gRNA-

positive cells before delivery of Cas9, this approach avoids increasing cellular stress that 

would occur from puromycin selection concurrently with DNA double-strand breaks, which 

would occur if Cas9 were expressed before sgRNA delivery. In addition, for future pooled 

screening experiments, selecting gRNA-positive cells before Cas9 delivery allows additional 

proliferation steps to maintain the recommended coverage of 100ï200 cells per target for 

positive selection screens and 500ï1,000 cells per target for negative selection screens prior 

to the introduction of Cas9, thereby minimizing bottlenecks and preserving the quality of 

pooled CRISPR screens.2 

 First, SHEDs were seeded in a T75 flask at a density of 12,500 cells/cm2. Two days 

later, the cells were transduced with the lentiGuide-Puro vector (HBB gene targeting) at a 

viral dose corresponding to 12.5% of the culture volume. Following 24 hours of incubation, 

the medium was replaced with fresh culture medium. Three days after transduction, 

puromycin (2 µg/ml) was added for selection, allowing sufficient time for integration and 

expression of the puromycin-resistance gene. Puromycin selection eliminated non-transduced 

cells, thereby enriching the sgRNA-positive population. Once the puromycin-resistant cells 
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reached 80% confluency, they were subcultured and seeded into a 12-well plate at the same 

density (12,500 cells/cm²).  

 Two days after seeding, the cells were serially transduced with various lentiCas9-

EGFP vector supernatant ratios (3.125%, 6.25%, 12.5%, 25%, and 50% in complete medium) 

to evaluate dose-dependent delivery efficiency. To confirm transduction, GFP expression was 

qualitatively assessed by fluorescence microscopy two days later. When the cells reached 

80%-90% confluency after transduction, the percentage of GFP+ cells were quantified using 

flow cytometry. All experiments were performed in biological replicates. 

 

2.6 Validation of gene knockout efficiency by measuring indel mutation percentage  

Following the successful serial transduction and quantification, the efficacy of CRISPR-

Cas9ïmediated gene knockout was validated by measuring indel mutation frequencies at the 

HBB locus. Genomic DNA was extracted from cells that received a single lentiGuide-Puro 

and from cells that received serial lentiGuide-Puro and lentiCas9-EGFP transductions using 

the Genomic DNA Extraction Kit (BIOSEARCH technologies). The targeted genomic region 

(HBB) was amplified using polymerase chain reaction (PCR) with primers designed to 

produce 438 bp amplicon (Forward: 5ô-TCTGTCTCCACATGCCCAGT-3ô, Reverse: 5ô-

CAGGGCAGAGCCATCTATTG-3ô). The resulting amplicons were analyzed using Sanger 

sequencing.  

 Sequencing chromatograms were analyzed using Inference of CRISPR Edits (ICE) 

software (ICE CRISPR Analysis. 2025. v3.0. EditCo Bio, URL: https://ice.editco.bio/) to 

calculate editing efficiency and identify profiles of insertion and deletion mutations, thereby 

providing a quantitative measure of gene knockout efficiency.  

 

Results and Discussion: 
This study focused on optimizing protocol of split lentiviral delivery system for 

CRISPR/Cas9-based gene knockout. The human beta globin (HBB) gene, which is not 

required for SHED function and therefore whose indel mutation should not affect cell 

viability or cellular behavior, was selected as a gene target to evaluate delivery of CRISPR 

components and gene knockout efficiencies.  

 First, we determined the optimal lentiviral dose for lentiGuide-Puro vector 

transduction (Figure 1A). Our study utilized the lentiGuide-Puro vector, which contains a U6 

promoter (an RNA polymerase type III (Pol III) promoter) for sgRNA expression and an 

elongation factor-1Ŭ (EF1Ŭ) promoter (an RNA polymerase type II (Pol II) promoter) that 

drives stable expression of the puromycin resistance gene (PuroR), thereby enabling both 

gRNA expression and antibiotic selection of transduced cells (Figure 1B). We found that 

while puromycin (2 µg/mL) was sufficient to induce cytotoxicity in non-transduced parental 

controls, it was much less cytotoxic to the transduced cells, thus demonstrating successful 

transduction of the lentiGuide-Puro transgene cassette (Figure 1C). Furthermore, we observed 

that delivery efficiencies were dependent on the lentiviral dose, with the highest estimated 

efficiency of 76.0% achieved at a 25% (v/v) lentiviral supernatant in culture medium (Figure 

1D). The stable expression of the lentiGuide-Puro vector was confirmed at each dose for up 

to three passages post-transduction (Figure 1E). These results suggest that lentiGuide-Puro 

vector is compatible with SHED cells across different biological donors. 
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Figure 1.  

Optimization for lentiGuide-puro vector transduction and long-term stability 

 

A. Schematic diagram of experiment for optimized lentiGuide-puro vector protocol 

B. Components of the lentiGuide-Puro vector  

C. Representative phase-contrast images of SHED cells after 3 days of puromycin selection 

at 50X magnification, demonstrating the resistance of transduced cells (12.5% lentiviral 

dose shown) to puromycin with selective pressure applied  

D. Dose-response curve showing the relationship between lentiviral concentration and 

delivery efficiency, indicated by percentage of puromycin-resistant cells 

E. Evaluation of the stability of lentiGuide-Puro expression over three passages, showing 

percentages of puromycin resistance fraction for SHED transduced at different viral 

dosages 

 

 Furthermore, we observed compatibility of lentiCas9-EGFP vector to SHED cells 

using various lentiviral doses with single- and serial-transductions (Figure 2A, 2B, 

respectively). We used the lentiCas9-EGFP vector, which contains an EF1Ŭ promoter (a Pol 

II promoter) that drives stable expression of both Cas9 and GFP proteins (Figure 2C). The 

lentiCas9-EGFP vector was compatible with SHED, as confirmed by fluorescence 

microscopy at 100X magnification for GFP expression. Moreover, we observed that serial 
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transduction induced minimal cytotoxicity and preserved cell proliferation capacity (Figure 

2D). As expected, the number of GFP+ cells correlated with the lentiviral dose, with up to 

68.0% transduction efficiency of single-vector transduction using 50% lentiviral supernatant 

volume in culture medium. Importantly, the serial transduction groups showed a slightly 

lower percentage of GFP+ cells compared to the lentiCas9-EGFP only group, suggesting that 

a split CRISPR/Cas9 lentiviral delivery system is feasible but may be affected by slightly 

reduced transduction efficiency of the second vector (Figure 2E). Collectively, these findings 

demonstrate that the lentiCas9-EGFP vector is compatible with SHED in both single and 

serial transductions, with minimal cytotoxicity despite the reduced efficiency observed in the 

serial system. 

 

 
Figure 2.  

Optimization fo lentiCas9-EGFP vector transduction 

 

A. Schematic diagram of experiment for optimized single lentiCas9-EGFP vector protocol  

B. Schematic diagram of experiment for optimized serial lentiCas9-EGFP vector protocol 

C. Components of the lentiCas9-EGFP vector 

D. Representative phase-contrast and fluorescence images of SHED cells post lentiCas9-

EGFP transduction versus serial transduction at 100X magnification (50% lentiviral 

dose shown) 

E. Dose-response curve showing the relationship between lentiviral concentration and 

percentage of GFP+ cells, comparing single transduction to serial transduction 

 

 Finally, we validated the gene knockout efficiency of the split lentiviral CRISPR/Cas9 

system. PCR analysis confirmed the successful amplification of the target HBB gene, 

producing a 438 bp amplicon at the CRISPR/Cas9 cutting site (Figure 3A). Subsequently, the 

PCR products were sequenced using the Sanger sequencing technique. The resulting 

chromatogram of the serial transduced sample showed overlapping peaks downstream of the 
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target site, indicating a heterogeneous sequence and confirming gene editing that leads to 

indel mutation, represented by heterogeneity of the allelic sequences found in the serially 

transduced samples (Figure 3B upper row). This was in contrast with single lentiGuide-Puro 

(HBB) sample, well-defined peaks with no evidence of indel formation (Figure 3B lower 

row). ICE analysis of the sequencing data revealed an average indel mutation of 28% in the 

serially transduced sample. Furthermore, we found that the percentage of indel mutation was 

less than half of the lentiCas9-EGFP delivery efficiency (Figure 3C). Finally, we successfully 

generated gene knockout from split lentiviral CRISPR/Cas9 system. 

 

 
Figure 3.  

Assessment of Gene Editing Efficiency 

 

A. Agarose gel electrophoresis of PCR products confirming the successful amplification of 

the target gene (L: VC 100 bp plus ladder; lane 1: no-template control lane; 2: 

lentiGuide-Puro only; 3-7 PCR products of serial transduction from 2 donors) 

B. Representative Sanger sequencing chromatograms validating indel mutations in the 

edited sample, indicated by overlapping peaks downstream of the target site, compared 

with the well-defined peaks of the control sample (lentiGuide-Puro only) 

C. Bar plots comparing lentiCas9-EGFP transduction efficiency (percentage of GFP-

positive cells) and gene editing efficiency (percentage of indel mutation) 
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 In this study, we investigated the application of a split lentiviral system for sequential 

delivery of sgRNA- and Cas9-expressing vectors in MSCs from human exfoliated deciduous 

teeth (SHED). Our findings demonstrate the technical feasibility of this approach, high 

efficiency delivery of sgRNA-expressing vector, and moderate frequency of the Cas9-

expressing vector of choice. While the system was successfully adapted for SHED, its overall 

efficiency remained lower compared to immortalized cell lines, likely due to the 

heterogeneous biological characteristics of primary cells, their limited proliferation capacity, 

and high sensitivity to transgene-induced stress, as previously reported in other primary 

human cells.10,11 Previous studies have shown that the two-step Cas9 expressing cells serially 

transduced lentiGuide-Puro vector achieved higher knockout efficiency when compared to 

the one-step lentiCRISPRv2 system. However, this advantage was offset by reduced cell 

viability, particularly when targeting safe harbor genes in pooled CRISPR screens.12  

 Our findings underscore the critical importance of Cas9 expression levels in achieving 

efficient gene knockout. Elevated Cas9 expression has been shown to accelerate editing 

kinetics, thereby enhancing knockout efficiency.12 Potential strategies include redesigning the 

vector backbone to optimize promoter strength and enhance Cas9 expression13, adopting non-

viral delivery methods such as lipid nanoparticles14, electroporation15, or delivering Cas9 in 

alternative formats such as mRNA or protein.10  

 

Conclusion: 
In conclusion, our results demonstrate that the split lentiviral delivery system is compatible 

with primary human MSCs derived from dental tissue (subtype SHED), showing no 

cytotoxicity in single transductions and only minimal cytotoxicity in serial transductions. 

Future studies should further investigate the correlation between serial delivery efficiency 

and cell viability to quantitatively assess potential cytotoxic effects. Although the HBB gene 

was successfully edited, the efficiency was still lower than GFP+ cell frequencies in the 

puromycin-resistant fraction. Notably, the indel frequency correlated with Cas9 delivery 

efficiency, highlighting the importance of improving Cas9 delivery strategies to achieve 

higher knockout efficiency. However, excessive Cas9 activity may also increase cytotoxicity 

and off-target effects, underscoring the need for balanced optimization. The split delivery 

system, with Cas9 delivered after puromycin selection steps, would minimize the time 

window between Cas9 delivery and the beginning of screening assays. This helps reduce the 

chance of off-target mutations compared to an all-in-one vector, in which a puromycin 

selection step is added after the introduction of Cas9 and lengthening the gap between Cas9 

expression and the start of screening assays. Regardless, potential off-target sites should be 

identified through computational predictions and help inform guide gRNA library design. 

Overall, these findings provide proof-of-concept that a split lentiviral delivery system can be 

applied in primary MSCs, and future optimization of Cas9 delivery will be critical to unlock 

its full potential for pooled CRISPR screens in future studies. 
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Abstract:   
Somatic cell nuclear transfer (SCNT) is an assisted reproductive technique involving a donor 

cell is transferred into an enucleated oocyte. Its efficiency remains low due to abnormal 

nuclear reprogramming. Previous studies have shown that SCNT blastocysts exhibit aberrant 

expression of OCT-4 and related genes. OCT-4 transcription factor is crucial for embryonic 

development, maintaining pluripotency, and regulating primordial germ cell formation. On 

the other hand, DNA methylation plays an important role in mammalian embryogenesis, such 

as gene imprinting, X chromosome inactivation, and genome stability. In the cloning 

technique, SCNT-derived embryos are highly methylated compared with in vitro fertilized 

embryos. Therefore, abnormal SCNT embryos may be caused by an incomplete 

reprogramming of DNA methylation. Enhancing OCT-4 expression in SCNT embryos may 

improve their reprogramming efficiency. In this study, we investigated the optimal 

concentration and effects of OCT-4 Activating Compound 1 (OAC1) that was reported to 

induce the expression of OCT-4 and NANOG in bovine SCNT embryos. Comparisons were 

made with porcine embryos derived from in vitro fertilization (IVF). The results of this study 

indicated that treatment with OAC1 at a concentration of 1.5 µM significantly increased the 

blastocyst formation rate and total cell numbers in SCNT embryos (p < 0.05). Furthermore, 

OAC1 enhanced the expression of OCT-4, SOX2, and NANOG specifically at the 8-cell stage, 

but did not significantly affect gene expression at other developmental stages. Regarding 

DNA methyltransferase (DNMT), IVF embryos exhibited lower expression levels than SCNT 

embryos during early development, with expression levels increasing from the 8-cell to the 

blastocyst stages involving re-methylated occurs and new genomic imprints are established 

by activating the methylation. In conclusion, OAC1 appears to exert beneficial effects on 

embryonic development in SCNT embryos by promoting OCT-4 and related genes 

expression and reprogramming through modulation of DNA methylation.  

  

Introduction:   
Somatic cell nuclear transfer (SCNT) involves transferring a donor cell into an enucleated 

oocyte. Currently, SCNT has been successfully applied to a range of species. Animal 

production based on SCNT offers a range of opportunities in basic and applied research, in 

agriculture, genetic conservation, and human medicine [1]. However, SCNT efficiency is still 

low because of incomplete epigenetic reprogramming of donor cell nuclei [2]. Consequently, 

the improvement of epigenetic reprogramming is a crucial factor in enhancing the 

developmental efficiency of SCNT embryos [3]. 

 OCT-4 (Octamer-binding transcription factor 4) is a major transcription factor in 

embryonic stem cells and primordial germ cells [4] The OCT-4 gene is essential for complete 

embryo development [5] and regulating pluripotency in embryonic stem cells [6] 

 Previous SCNT-related studies reveal that the expression level of the OCT-4 gene in 

donor cells improves developmental efficiency, promotes nuclear reprogramming of SCNT 

embryos in bovine and porcine [7] and enhances the expression level of the OCT-4 during 

cleavages resulting in a higher developmental rate of mouse SCNT embryos. Oct4-activating 

compound (OAC1) has been widely applied to increase the expression activity of the OCT-4 
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in mouse [9]. Moradi-Hajidavaloo et al. (2023) [10] reported that using 1.5 µM of OAC1 in 

IVC medium improves the quality of bovine SCNT embryos. However, the effects of OAC1 

on porcine SCNT embryos have not yet been reported. 

 This study aimed to determine the optimal concentration and the effects of OAC1 as a 

small-molecule supplemented in IVC medium on cleavage rate, blastocyst formation rate, 

expression level of OCT-4, SOX2, NANOG, and DNMT1genes of porcine SCNT embryos. 

 

Methodology:  
Chemicals  

Chemicals used in this research were purchased from Sigma-Aldrich Corporation (St. Louis, 

MO, USA), if not, specify additionally.  

 

Preparation of oct-4 activating compound 1 (OAC1) solution 

Commercially available OAC1 was dissolved in 1 ml dimethylsulphoxide (DMSO) to 

produce a 21.07 mM 1,000X stock solution. Porcine zygote medium-3 (PZM-3) was used to 

dilute the stock solution to obtain a working solution. 

 

Donor cell preparation 

Fibroblast cells were isolated from the ear skin tissues of a male piglet. The skin was washed 

with 70% alcohol, and root hair and cartilage were removed before being manually cut into 

small pieces. The tissue pieces were placed on culture dishes and covered with a sterilized 

glass slide. Four milliliters of culture medium were then added to each culture dish, and the 

tissues were cultured under a humidified atmosphere of 5% CO  at 37 ÁC. The culture 

medium consisted of Minimum Essential Medium Eagle, Alpha modification (ŬMEM) 

supplemented with 10% fetal bovine serum (FBS, Gibco, 10270-098), 1 mM L-glutamine, 

100 IU/ml penicillin-G, and 100 ɛg/ml streptomycin sulfate. The medium was changed every 

3 days. After the fibroblasts reached at least 80% confluency, they were harvested using 

trypsin/EDTA and passaged until the third passage. At the third passage, the harvested cells 

were resuspended in freezing medium, loaded into 0.5 ml straws, stored at ï80 °C overnight, 

and subsequently transferred to liquid nitrogen until use. For donor cell preparation, 

fibroblasts were thawed and cultured in a culture dish with 3 ml of culture medium under a 

humidified atmosphere of 5% CO  at 37 ÁC for 2ï3 days. Porcine fibroblasts at the fourth 

passage were used as donor cells. 

 

Oocyte collection and in vitro maturation (IVM) 

Porcine ovaries were obtained from a local slaughterhouse and kept in 0.9% NaCl solution at 

room temperature within 2 h during transport to the laboratory. Then, cumulus-oocyte 

complexes (COCs) were collected from antral follicles using an 18-gauge needle equipped 

with a 10 ml syringe. COCs with homogeneous cytoplasm and at least three layers of intact 

cumulus cells were cultured in IVM-I medium (50 COCs/500 ɛl) in 4-well dishes covered 

with mineral oil under 5% CO  at 38.5 ÜC for 23 h, followed by culture in IVM-II medium 

under the same conditions for 22 h. 

 

Somatic cell nuclear transfer (SCNT) 

SCNT was performed following a previously published protocol [11]. Briefly, cumulus cells 

were removed from COCs after 42ï44 h of IVM. Only A- and B-graded metaphase II (MII) 

oocytes were used, and the zona pellucida above the first polar body was cut before 

enucleation with a glass needle squeeze. Complete enucleation was confirmed by staining the 

extruded cytoplasm and the first polar body with 5 ɛg/ml Hoechst 33342 and visualization 

under a fluorescence microscope (IX71, Olympus, Tokyo, Japan). Donor cells at passage 4 
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were inserted into the perivitelline space of enucleated oocytes. The oocyteïdonor cell 

complexes were fused using an electro-cell fusion machine (SUT F-1, Suranaree University 

of Technology) with two DC pulses of 24 V for 16 ɛsec. Reconstructed embryos were 

activated by incubation in 3 µM Ionomycin diluted in TCM199H for 4 min at room 

temperature, followed by incubation in 2 mM 6-Dimethylaminopurine (6-DMAP) diluted in 

PZM-3 under 5% CO  in air at 38.5 ÁC for 3 h. 

 

In vitro embryo culture with OAC1 treatment 

After the SCNT processes, groups of 50 oocytes were cultured in 500 µl of PZM-3 medium 

[12] supplemented with 0, 1.0, 1.5, or 3.0 µM OAC1 in 4-well dishes covered with mineral 

oil at 38.5 ÁC under 5% CO , 5% O , and 90% N  for 6 days. Embryo development was 

examined on days 3 and 6 to record cleavage and blastocyst formation, respectively.  

 

Total cell number of porcine SCNT embryos 

Total cell numbers were determined using Hoechst 33342 staining [13]. After 144 h of IVC, 

10 blastocysts per treatment were incubated with 25 ɛg/ml Hoechst 33342 in PBS (without 

CaĮ  and MgĮ ) for 5 min at room temperature. Stained embryos were mounted on glass slides 

and observed under a fluorescence microscope (IX71, Olympus, Tokyo, Japan). 

 

In vitro fertilization (IVF) 

Embryos from the IVF group were used as a positive control. After 44 h of IVM (2.4), 

oocytes were washed three times in modified pig-FM medium [14] containing 10 mM 

HEPES, 2 mM caffeine, and 5 mg/ml BSA. Fresh semen from the SUT farm was diluted in 

BTS extender [15] at 15ï20 °C. Sperm were preincubated in washing medium (TCM199 

with Earleôs salts, 4.12 mM calcium lactate, 3.05 mM glucose, and 12% FBS, pH 7.8) under 

5% CO  in air at 37 ÁC for 30 min, centrifuged, and resuspended in pig-FM to a final 

concentration of 1.0 Ĭ 10 /ml. For fertilization, 10ï15 oocytes were co-incubated with a 50 µl 

sperm droplet in 35-mm culture dishes covered with mineral oil under 5% CO  at 38.5 ÁC for 

4ï6 h. After fertilization, cumulus cells were removed by gentle pipetting, and embryos were 

cultured in PZM-3 medium under 5% CO , 5% O , and 90% N  at 38.5 ÁC. Developmental 

stages (PN, 2-, 4-, 8-cell, and blastocyst) were evaluated on days 1, 2, and 5ï6, respectively. 

 

Effect of OAC1 on the expression level of OCT-4, SOX2, NANOG and DNMT1by qPCR 

Embryos at PN, 2-, 4-, 8-cell, and blastocyst stages from IVF and SCNT groups were 

harvested in PBS (ï) and stored at ï80 °C until RNA extraction. Embryos at PN (n = 150), 2-

cell (n = 120), 4-cell (n = 60), 8-cell (n = 40), and blastocyst (n = 20) stages were lysed in 

lysis buffer, and mRNA was extracted using the FavorPrepÊ Tissue Total RNA Mini Kit 

(Favorgen Biotech, Pingtung, Taiwan) according to the manufacturerôs protocol. mRNA was 

reverse-transcribed to cDNA using the biotechrabbitÊ cDNA Synthesis Kit (Biotechrabbit, 

Berlin, Germany). The reaction was incubated at 25 °C for 30 s and 52 °C for 30 min, 

followed by 99 °C to inactivate reverse transcriptase. cDNA was stored at ï20 °C until use. 

Quantitative real-time PCR (qPCR) was performed with the KAPA SYBR-Green PCR  

 

Master Mix (Applied Biosystems, Carlsbad, CA, USA) on a CFX Opus 96 real-time PCR 

system (Bio-Rad, Hercules, CA, USA) using specific primers (Table 1). Relative gene 

expression was normalized to GAPDH (reference gene) and compared with IVF embryos 

(normal control) using the 2ïȹȹCt method. 
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Table 1. 
Primer sequences used in this study 

 

Statistical analysis 

Statistical analysis was performed by GraphPad version 5 (GraphPadSoftware, San Diego, 

CA, USA), and data were represented as the mean ± SEM. A value of p < 0.05 was 

considered significant with different superscript-case letters. The differences between data 

were indicated using a one-way analysis of variance (ANOVA), followed by the Tukeyï

Kramer Honest Significant Difference (HSD) Post hoc test to compare differences between 

the two groups. 

 

Ethical Approval Statement 

 This study was approved by the Institutional Animal Care and Use Committee, 

Suranaree University of Technology. The protocol number is IACUC-67-43. 

 

Results and Discussion:  

Results 

Cleavage and blastocyst rate of porcine SCNT cultured with OAC1 

To evaluate the optimal concentration of OAC1 supplemented in IVC medium on porcine 

SCNT embryos development. After the SCNT process, the reconstructed embryos were 

cultured in IVC medium supplemented with 0, 1.0, 1.5, and 3.0 µM OAC1. The results from 

Table 2 showed that supplemented with 1.5 µM OAC1 significantly higher cleavage rate than 

the untreated group (86.33 ± 1.2% vs 74.2 ± 1.8%, p < 0.05). The blastocyst rate of the 1.0 

and 1.5 µM OAC1 was significantly higher than untreated group (42.87 ± 1.9% and 48.07 ± 

0.8% and 36.1 ± 0.9% p < 0.05, respectively) (Table 2) 

 

Total cell number of porcine SCNT cultured with OAC1  

In the next step, we examine the effect of OAC1 supplemented in IVC medium on 

the total cell number in the blastocysts. The results showed that total cell number of 

supplemented with 1.5 µM OAC1 was significantly higher than the other group (Table 2). 

genes Primer Sequence5ô to 3ô 
Product 

Length, bp 
Accession No. 

genes related to embryo development 

OCT4 F: 

TTTGGGAAGGTGTTCAGCCAAACG 

R: 

TCGGTTCTCGATACTTGTCCGCTT 

198 NM_001113060 

SOX2 

 

F: ATGCACAACTCGGAGATCAG 

R: TATAATCCGGGTGCTCCTTC 
130 NM_001123197 

NANOG F: GGTTTATGGGCCTGAAGAAA 

R: GATCCATGGAGGAAGGAAGA 
98 NM_001129971 

genes related to epigenetic reprogramming 

DNMT1 F: TCGAACCAAAACGGCAGTAC 

R: CGGTCAGTTTGTGTTGGACA 
215 NM_001032355 

GAPDH F: GTCGGTTGTGGATCTGACCT 

R: TTGACGAAGTGGTCGTTGAG 
207 NM_001206359 
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Table 2 
The effect of different concentrations of OAC1 on the development of porcine SCNT embryos 

 

OAC1 

concentration 

(µM) 

No. of 

embryos 

cultured 

No. of cleaved  

(mean ± SEM, 

%) 

No. of blastocysts 

(mean ± SEM, %) 

Total cell number  

in blastocyst (mean ± 

SEM) 

0 156 117 (74.2 ± 1.8) c 57 (36.1 ± 2.9) c 53.8 ± 1.6 c 

1.0 158 124 (79.0 ± 1.7) 
bc 

68 (42.8 ± 1.9) b 61.1 ± 1.2 b 

1.5 160 140 (86.3 ± 1.2) a 76 (48.1 ± 1.8) ab 66.0 ± 1.8 a 

3.0 158 130 (82.5 ± 1.6) 

bc 

66 (41.53 ± 2.0) bc 58.2 ± 1.1 b 

9 replicates were performed  
a, b,c Values with different superscripts in the same column are significantly different 

(P<0.05) 

 

OAC1 affected the expression of genes related to the development and pluripotency of 

porcine SCNT embryos 

We investigated the OAC1 that regulated the mRNA expression level of OCT-4, SOX2, and 

NANOG genes at PN, 2-, 4-, 8- cells and blastocyst stages between untreated SCNT embryos 

group as a negative control (SCNT-Untreated), IVF group as a positive control (normal 

control) and SCNT embryos treated with 1.5 µM of OAC1 as a treatment group (SCNT-

OAC1) with the results shown in Figure 1 

 The expression level of the OCT-4 gene in the treatment group showed variation 

across the developmental stages. At PN and 8-cell stages, the OCT-4 expression level of the 

SCNT-OAC1 group was significantly higher than the SCNT-Untreated group (p < 0.05), but 

no significant difference when compared with the IVF group. At 2- and 4-cell stages, the 

OCT-4 expression level of the SCNT-OAC1 group was significantly higher than the SCNT-

Untreated and IVF groups (p < 0.05). Finally, at the blastocyst stage, the OCT-4 expression 

level of the SCNT-OAC1 group had no significant difference when compared with the 

SCNT-Untreated and IVF groups. The expression level of the SOX2 gene in the treatment 

group showed variation across different stages.  At PN stage, the SOX2 expression level of 

the SCNT-OAC1 group was significantly higher than SCNT-Untreated and IVF groups (p < 

0.05). At the 2-cell stage, the SOX2 expression level of the SCNT-OAC1 group was 

significantly lower than the SCNT-Untreated, but no significant difference when compared 

with the IVF groups. At 4-cell and blastocyst stages, the SOX2 expression level of the SCNT-

OAC1 group was significantly lower than the IVF group (p < 0.05), but was significantly 

higher than the SCNT-Untreated group (p < 0.05). Finally, at 8-cell stage, the SOX2 

expression level of the SCNT-OAC1 group was significantly higher than SCNT-Untreated 

and IVF groups (p < 0.05), but the IVF group was significantly higher than the SCNT-

Untreated group (p < 0.05). The expression level of the NANOG gene in the treatment group 

showed variation across different stages. At PN and 4-cell stages, the NANOG expression 

level of the SCNT-OAC1 group was significantly lower than the IVF group (p < 0.05), but no 

significant difference when compared with the SCNT-Untreated group. At the 2-cell stage, 

the NANOG expression level of the SCNT-OAC1 group was significantly lower than the IVF 

group (p < 0.05), but was significantly higher than the SCNT-Untreated group. Finally, at 8-

cell and blastocyst stages, the NANOG expression level of the SCNT-OAC1 group was 

significantly higher than the SCNT-Untreated group (p < 0.05), but no significant difference 

when compared with the IVF group.  
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Figure 1 

 

 Comparison of mRNA expression levels (mean ± SEM) of genes related to 

development and pluripotency of porcine embryos between the SCNT-OAC1, IVF, and 

SCNT-Untreated groups at PN, 2-cell, 4-cell, 8-cell, and blastocyst stages: (A) Expression 

levels of OCT-4 gene, (B) Expression levels of SOX2 gene, and (C) Expression levels of 

NANOG gene. Embryos at PN stage (n=150), 2-cell stage (n=120), 4-cell stage (n=60), 8-cell 

stage (n=40), and blastocyst stage (n=20) were examined. a, b, and c Values with different 

superscripts indicate a significant difference (p < 0.05). Error bar = standard error of the 

mean. 
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OAC1 affected the expression of genes related to DNA methylation of porcine SCNT embryos 

We investigated the OAC1 that regulated the mRNA expression level of the DNA 

methylation of porcine SCNT embryos, including DNMT1genes at PN, 2-, 4-, 8- cells, and 

blastocyst stages between untreated SCNT embryos group as a negative control (SCNT-

Untreated), IVF group as a positive control (normal control) and SCNT embryos treat with 

1.5 µM OAC1 as a treatment group (SCNT-OAC1) with the results shown in Figure 2. 

 The expression level of the DNMT1 gene in the treatment group showed variation 

across different stages. At the PN stage, the DNMT1 expression level of the SCNT-OAC1 

group was significantly higher than the IVF group (p < 0.05), but no significant difference 

when compared with the SCNT-Untreated group. At the 2-cell stage, the DNMT1 expression 

level of the SCNT-OAC1 group was significantly higher than SCNT-Untreated and IVF 

groups (p < 0.05), and the SCNT-Untreated group was significantly higher than the IVF 

group. At the 4-cell stage, the DNMT1 expression level of the SCNT-OAC1 group was 

significantly lower than the SCNT-Untreated group (p < 0.05), but no significant difference 

when compared with IVF group. Finally, at 8-cell and blastocyst stages, the DNMT1 

expression level of the SCNT-OAC1 group was significantly lower than the IVF group (p < 

0.05), but no significant difference when compared with the SCNT-Untreated group.  
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Figure 2 

 

 Comparison of mRNA expression levels (mean ± SEM) of genes related to DNA 

methylation of porcine embryos between the SCNT-OAC1, IVF, and SCNT-Untreated 

groups at PN, 2-cell, 4-cell, 8-cell, and blastocyst stages. Embryos at PN stage (n=150), 2-cell 

stage (n=120), 4-cell stage (n=60), 8-cell stage (n=40), and blastocyst stage (n=20) were 

examined. a, b, and c Values with different superscripts indicate a significant difference (p < 

0.05). Error bar = standard error of the mean. 

 

Discussion: 
In our study, first of all, we treated various concentrations of OAC1 supplemented in IVC 

medium and cultured for 6 days to examined the optimal concentration by measuring the 

quality and development of porcine SCNT embryo (cleavage rate, blastocyst rate, and total 

cell numbers) between treated and untreated OAC1. The results showed that 1.5 µM of 

OAC1 gives a significantly increased the embryo development particular at cleavage and 

blastocyst rates, and the total cell numbers of blastocyst-derived porcine SCNT. The results 

of this experiment are similar to a SCNT bovine embryo that was treated with 1.5 µM of 

OAC1, showing an increased developmental rate [10]. We used 1.5 µM of OAC1 to 

investigate the mRNA expression of OCT-4, SOX2, and NANOG genes that pluripotency 

markers of embryonic cells play an important role in self-renewal and maintaining the 
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pluripotency of cloned embryos [16,17]. The effect of pluripotent markers induced by OAC1 

has not yet been reported in a porcine SCNT embryo. However, the OCT-4 expression in our 

study showed an increase in the SCNT-OAC1 group at the PN until 8-cell stages than the 

untreated and IVF group but no significant difference was observed at blastocyst stages 

between the untreated and IVF group. This result is consistent with the report in SCNT 

porcine embryo, the OCT-4 expression level is detected until the 8-cell stage from 

transcription using maternal mRNA, and the zygote OCT-4 expression being from 8 ï 16-cell 

stage [18]. In addition, in mouse embryos, the loss of OCT-4 expression showed at the 

blastocyst stage due to the occurrence of differentiation of totipotent cells to somatic lineages 

[19]. During early embryonic development, transcription factors (TFs) play a crucial role in 

determining the fate of blastomere by regulating the activation or suppression of OCT-4, the 

key development gene is a core component of the pluripotency regulation network, guiding 

blastomere to ICM, which later gives rise to embryonic stem cell or toward differentiation 

into trophoblast cell, with contribution to extra-embryonic structure [6]. Several studies have 

demonstrated a function of OCT-4 in the embryo development [20]. Further studies on the 

transcription regulation of OCT-4 in porcine improved the developmental efficiency of nuclei 

transfer embryos, suggesting that high OCT-4 expression in donor cells are more efficient 

promote nuclei reprogramming [21,22]. However, the mRNA expression of OCT-4 in porcine 

and bovine SCNT embryos was significantly lower than that derived by IVF [23]. Previous 

studies have made progress on identifying an OCT-4 promoter-activating compound to 

promote the OCT-4 expression to enhance the efficiency of reprogramming [24]and 

differentiated cells into pluripotent cells [10,24,25] The SOX2 expression level of SCNT-

OAC1 group showed higher than untreated and IVF groups at PN and 8-cell stages, lower 

than IVF group at 4-cell and blastocyst stage but no difference at the 2-cell stage. Sox2 acts 

cooperatively with OCT-4 at promoters activating the transcription of several genes, which 

play important roles in embryo development [26]. The downregulate of SOX2 expression is 

possible to decreasing OCT-4 expression levels influence several transcription factors and 

induce developmental arrest [18].  

 The NANOG expression level in the OAC1 treatment group was lower than in the IVF 

group at the PN stage until the 4-cell stage, and there was no difference at the 8-cell to 

blastocyst stages. The results were consistent with the previous study, the OCT-4 and SOX2 

network stimulates the expression of NANOG has shown that the expression of OCT-4, 

SOX2, and NANOG follows the same trend, with high expression level of NANOG at the 8-

cell stage to the blastocyst stage [27,28] and the distinct expression pattern of OCT-4 

compared to NANOG at certain stages of embryo development supports previous studies 

indicating that OAC1 promotes the expression level of OCT-4 and NANOG [24].  

 DNA methylation occurs at the fifth carbon of cytosine residues within CpG 

dinucleotides and is essential for long-term transcriptional silencing as well as normal 

mammalian embryonic development. Somatic cells with high levels of DNA methylation 

areoften used as nuclear donors for cloning, resulting in cloned embryos that typically exhibit 

increased DNA methylation, which is abnormally hypermethylated [29]. DNMT1, a 

maintenance methyltransferase, is recruited to the replication fork during the S-phase of the 

cell cycle, where it methylates the newly synthesized DNA strand [30] DNA demethylation 

occurs during early embryonic development, followed by re-methylation at later stages 

[31,32]. We investigate the mRNA expression of DNMT1 involved in the dynamics of DNA 

methylation. The results showed that the expression of DNMT1 in the OAC1 treatment group 

was higher than IVF group at PN, and 2-cell stages, but no significant difference at the 4-cell 

stage, and significantly lower than the IVF group at 8-cell to blastocyst stages. Normally, the 

DNMTs expression at the early stage of IVF is lower than SCNT embryos [33] but it could be 

higher than SCNT embryos that possible explanation may be the limitation of IVM oocytes to 
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process several spermatozoa entering the ooplasm [34]. Inconsistent reports of SCNT 

embryos can be high DNA methylation expression is partially retained its methylation pattern 

even after the nucleus has been structurally remodeled into a pronucleus-like state [35]. 

Another reason that porcine IVF embryos at early stages still increase more than SCNT 

embryos is that after fertilization, the parental epigenomes undergo significant changes to 

restore totipotency in the zygote. The tightly packed paternal genome quickly unravels, sperm 

protamines are replaced with histones, and DNA is actively demethylated without the need 

for replication [36,37]. In addition, from the 8-cell to the blastocyst stage, normalized DNA 

methylation levels continuously increased in IVF embryos, but contrasted to SCNT embryos 

that decreased DNA methylation is possibly the result of de novo methylation related to the 

activity of de novo DNA methyltransferases [38,39]. On the other hand, the report of global 

DNA methylation at an early stage and blastocyst stage does not different between IVF and 

SCNT embryos but at the 8-cell stages, the IVF embryo increases more than the SCNT 

embryo possibly re-methylated occurs and new genomic imprints are established by 

activating the methylation [33,35,40] 

 

Conclusion:  
The optimal concentration of OAC1 at 1.5 µM could enhance cleavage and blastocyst rates, 

as well as the total cell numbers. Additionally, it improved the expression of genes related to 

the pluripotency and DNA methylation of SCNT embryos, including OCT-4, SOX2, NANOG 

and DNMT1 at the 8-cell to the blastocyst stages. However, more of the OAC1 dynamic on 

the development and epigenetic modification of porcine SCNT embryos need to be confirmed 

in the future. The suggestion of the study might be to investigate such as the optimal time to 

culture OAC1 after the SCNT process, the suitable period of treatment, the IVM or IVC 

period, the mechanism of OAC1, co-culture with another small molecule, another position of 

histone modification, and the number of healthy offspring after embryo transfer. 
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Abstract:  
Cellular senescence is a major concern for humans, caused by both natural aging and external 

environmental factors. From these factors, if the body accumulates oxidative stress in the 

body weakens physiological functions, leading to cellular deterioration, organ dysfunction, 

and aging. As a result, people are increasingly turning to dietary supplements or commercial 

cosmetic to maintain their health and beauty. However, one major problem with most 

products may have long-term side effects and could increase the risk of chronic diseases. 

Human placental extract (HPE) has gained increasing attention in scientific and clinical fields 

as a promising natural supplement whose advantages include being naturally sourced and 

having few side effects. Itôs rich in nutrients, cytokines, and growth factors. Which contribute 

to its antioxidant properties, restores cells, and delay cells senescent. Therefore, this study 

aims to evaluate the effects of human placental extract at optimal concentrations under both 

normal and oxidative stress conditions through MTT assay, DCFH-DA assay, and gene 

expression analysis using RT-PCR. The expected results suggest that HPE enhances 

antioxidant defense mechanisms by regulating the expression of antioxidant enzymes, 

thereby preventing ROS production and cause delay cells senescent. 

 

Introduction : 

Cellular senescence builds up in the organs of aging animals and is triggered by both internal 

and external factors [1].  External elements, such as ultraviolet radiation (UVR), can 

accelerate this process by increasing oxidative stress. UVR promotes the production of ROS 

in mitochondria, leading to DNA and protein damage, which weakens cell function and 

structure. This contributes to premature aging and the development of diseases like cancer, 

neurodegenerative disorders, and other age-related conditions [2, 3]. Antioxidant enzymes 

such as SOD, CAT, and GPX play a key role in neutralizing ROS and protecting cells from 

oxidative damage [4, 5]. 

 Mesenchymal stem cells (MSCs) are versatile cells that can develop into different 

types of specialized cells, such as bone, cartilage, fat, and muscle cells [6]. They play an 

essential role in healing and tissue regeneration by replacing damaged cells and also have 

strong anti-inflammatory effects. Because of these abilities, MSCs have attracted growing 

attention in medical research for their potential use in treating various health problems, 

including joint disorders like osteoarthritis, heart diseases, and immune system conditions [7, 

8]. 

 Human placental extract (HPE) is a natural substance rich in bioactive compounds, 

including nutrients, peptides, enzymes, amino acids, fatty acids, vitamins, minerals, and 

growth factors like FGF-2, VEGF, and TGF-ɓ [9, 10]. HPE has been shown to reduce 

oxidative stress, support anti-inflammatory activity [11] and promote autophagy, which helps 

rejuvenate skin by encouraging the formation of new cells and reducing signs of aging [12, 

13]. It also helps regulate hormonal balance. because the placental is rich in beneficial 

molecules, HPE has become popular in the health and beauty industries [14]. Placental 

extracts from human is considered low-risk, cost-effective, and valuable for developing 
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therapeutic and commercial cosmetic products [15]. With its strong regenerative potential and 

safety profile, HPE continues to be explored for use in various medical therapeutic 

applications and commercial cosmetic [16, 17]. 

 

Materials and Methods: 

Cell culture and MTT cells survival assay 

The umbilical cord-derived human mesenchymal stem cells (UC-MSCs) were obtained from 

the American Type Culture Collection (ATCC) (Manassas, VA, USA). Cells were cultured in 

MEM alpha medium containing 10% (v/v) FBS, 1% (v/v) penicillin-streptomycin, 1% (v/v) 

nonessential amino acids, and 1% (v/v) L-glutamine in a humidified incubator with a 5% CO2 

atmosphere at 37 °C. Cells were cultured until they reached 80% confluence which was 

found to be optimal for both utilization and expansion. The determination of cell viability and 

cell proliferation was performed by using MTT (3-[4,5-dimethyl-2-thiazolyl]-2,5-diphenyl-

2H-tetrazolium bromide) assays. MSCs were seeded in a 96-well plate at a density of 4 × 10³ 

cells/well and incubated overnight until the cells were approximately 80% confluent. The 

cells were treated with various concentrations of 0.5, 1, 2, 5, 10, 50, 100, 1000, and 1800 

ɛg/mL HPE for 24 hours. After treatment, cells were washed once with 1x PBS and 

incubated with MTT 0.5 mg/mL in serum-free medium with a 5% CO2 atmosphere at 37 °C 

for 3 hours. The MTT solution was discarded and formazan crystals were solubilized by 

adding DMSO. The absorbance was measured at 570 nm by using a microplate reader. The 

cytotoxic effect of hydrogen peroxide (H2O2)-induce stress on MSCs was evaluated using cell 

viability assays. This experiment will continue like the previous one but will use H2O2 

instead of human placental extract to find the appropriate concentration for MSCs to use as a 

model under induced conditions. 

 

Measurement of ROS intracellular using DCF-DA assays 

Intracellular ROS generation was determined using 2',7'-dichlorofluorescin diacetate (DCFH-

DA). MSCs were seeded in a 96-well plate at a density of 5 × 10³ cells/well and incubated for 

24 hours. The cells were then pretreated with or without 1 mM H O  for 30 minutes before 

being treated with various concentrations of HPE standard (0.5, 1, 2, and 5 ɛg/mL) for 24 

hours. Subsequently, the cells were exposed to 1 mM H O  alone or co-treated with 10 mM 

N-acetylcysteine (NAC) for 30 minutes. After treatment, all conditions were incubated with 

10 µM DCF-DA at 37 ÁC under 5% CO  for 1 hour. The fluorescence intensity of DCF-DA 

was then measured using a fluorescence microplate reader. 

 

Gene expression by RT-PCR 

Cells were pretreated with or without 1 mM H O  for 30 minutes in 6-well plates. After 

pretreatment, cells were treated with various concentrations of HPE standard and incubated 

for 24 hours. Following incubation, cells were detached using 0.25% trypsin-EDTA and 

collected by centrifugation at 1500 rpm. Total RNA was extracted using the NucleoSpin 

RNA kit (Macherey-Nagel, Dueren, Germany) according to the manufacturerôs instructions. 

Subsequently, 1 ɛg of total RNA was used to synthesize complementary DNA (cDNA) using 

TOYOBO kits. The RT-PCR reaction mixture was prepared with cDNA, 2X Taq Master 

Mix, nuclease-free water, and specific primers for the genes SOD, GPX, and CAT. 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control to 

normalize gene expression, as listed in Table 1.  RT-PCR products were separated by agarose 

gel electrophoresis and visualized under UV light after staining with RedSafeÊ Nucleic Acid 

Staining Solution. Electrophoresis was performed using the PowerPacÊ Basic Power Supply 

(BIO-RAD). 
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Results: 

Cytotoxicity of HPE and H2O2-induce in MSCs 

To assess the effects of HPE on MSCs viability and cytotoxicity, MSCs were treated under 

normal conditions with various concentrations of HPE (0.5, 1, 2, 5, 10, 50, 100, 1,000, and 

1,800 µg/mL) for 24 hours. To mimic oxidative stress conditions, MSCs were also exposed to 

different concentrations of H O  (0.1, 0.5, 1, 3, 5, 10, 20, 30, and 40 mM) for 30 minutes 

(Figure 1 B-C). Untreated MSCs served as the control group in both experiments to 

determine the optimal concentrations of HPE and H O  for cell viability. The results 

demonstrated that HPE at concentrations of 0.5 to 1000 µg/ml did not significantly affect cell 

viability compared to the control. In contrast, treatment with HPE at concentrations of 1,800 

µg/ml significantly reduced cell viability. Based on these findings, HPE concentrations 

ranging from 0.5 to 5 µg/ml, which maintained high cell survival rates, were selected for use 

in subsequent experiments. In the oxidative stress model. MSCs exposed to H O  showed a 

significant obvious cytotoxicity in cells at concentrations range from 3 mM onwards. 

Meanwhile, H2O2 at a concentration of 1 mM of, cells began to show signs of stress but 

maintaining a certain level of viability. Therefore, 1 mM H O  was chosen as the optimal 

concentration for inducing oxidative stress in this model (Figure 1D). Moreover, the 

morphology of MSCs treatment with HPE remained cell viability similar to that of the control 

group in terms of size and flattened shape (Figure 1A). 

 

HPE reduced oxidative stress in MSCs by activating antioxidant genes  

The effect of HPE on the expression of antioxidant-related genes in MSCs was investigated. 

The mRNA expression levels of CAT, GPX, and SOD were analyzed by RT-PCR (Figure 2 

A-B) in cells pretreated with or without 1 mM H O  for 30 minutes prior to HPE treatment. 

HPE was applied at concentrations from 0.5 to 5 ɛg/mL under both normal and oxidative 

stress conditions and compared to the control group. The results revealed that HPE 

significantly upregulated the expression of antioxidant genes in a dose-dependent, indicating 

an enhancement of the cellular antioxidant defense system. Additionally, intracellular ROS 

levels were assessed using the fluorescent probe DCF-DA, confirm the antioxidant activity of 

HPE through a marked reduction in ROS production in MSCs (Figure 2 C). 
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Figure. 1  

The effect of HPE and H2O2-induce on MSCs proliferation.  

(A) The morphology of MSCs treated with HPE at 10X magnification was use to digitally 

capture the image; scale bar 100 um. (B) The proliferation of cells treated with HPE was 

assessed using the MTT assay. (C) The effect of H O-induced oxidative stress on MSC 

viability was also evaluated using the MTT assay. (D) The potential of HPE when pre-treated 

with H O-induced oxidative stress on MSCs. 
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Figure. 2  

The effect of HPE on mRNA expression in MSCs. (A-B)  

The treatment of HPE-treated at concentrations 0.5 to 5 ɛg/mL either with or without 1 mM 

H O-induced for 30 minutes. upregulated the level of antioxidant genes in a dose-dependent 

by using GAPDH as the internal control. (C) To confirm antioxidant activity based on the 

reduction of intracellular ROS levels after treated with HPE was measured in MSCs using the 

fluorescent dye DCF-DA. Image j was used to analyze images of RT-PCR bands. 

 

Discussion and Conclusion 

Cellular senescence is a serious issue that affects human health and quality of life [18]. It can 

be caused by both internal aging, which is a natural biological process, and external factors 

such as pollution, chemicals, UVR, and certain lifestyle habits [19, 20]. A major factor in 

cellular aging is oxidative stress. This happens when the body produces too many ROS and 

its natural antioxidant system becomes weaker [21, 22]. High levels of ROS can harm 

important parts of the cell, like DNA, proteins, and mitochondrial membranes. This damage 

affects the balance inside the cell, lowers its ability to function properly, and reduces its 

ability to repair and divide. As a result, organs dysfunction, and signs of aging may appear 

throughout the body[23]. Antioxidants help fight oxidative stress by neutralizing ROS and 

protecting cells [5]. The body produces antioxidant enzymes such as SOD, GPX, and CAT to 

help control ROS levels. HPE has shown the ability to decrease oxidative stress, which helps 

delay cell senescence and prevent cell damage [11, 24]. Studies show that HPE can reduce 

ROS in stressed cells and increase the levels of antioxidant enzymes like SOD, GPX, and 

CAT in a dose-dependent. This benefit is likely due to the bioactive substances in HPE, 

including nutrients, enzymes, minerals, cytokines, vitamins, and growth factors. These 

components not only have antioxidant effects but also support cell repair and regeneration. 

 In conclusion, this study shows strong evidence from in vitro experiments that HPE 

can improve the bodyôs antioxidant defenses in both normal and oxidative stress conditions. 

This action helps decrease the levels of ROS and delay cell senescence. The results suggest 

that HPE could be a natural option for reducing damage caused by oxidative stress, delaying 

the aging process in cells, and helping maintain healthy tissue function. 
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Abstract:   

This study investigated the effects of extracellular vesicles (EVs) derived from bovine 

oviduct epithelial cells (BOECs) on the development of bovine embryos during in vitro 

culture (IVC). EVs play an essential role in mimicking the oviductal microenvironment by 

transferring bioactive molecules such as proteins and RNAs, thereby facilitating intercellular 

communication and embryo development. In this experiment, EVs were isolated from two 

BOEC culture systems: a monolayer culture (BOEC-M-EVs) and a vesicle-forming culture 

(BOEC-V-EVs). These EVs were supplemented into the IVC medium at concentrations of 2 

Ĭ 10 , 4 Ĭ 10 , and 8 Ĭ 10  particles/mL, while non-supplemented embryos served as controls. 

Supplementation with BOEC-M-EVs significantly increased total blastocyst cell numbers at 

all concentrations tested (132.8 ± 3.6, 147.6 ± 5.6, and 148.2 ± 1.7) compared with the 

control group (108 ± 5.2, P < 0.05). Similarly, BOEC-V-EVs enhanced total cell numbers at 

4 Ĭ 10  and 8 Ĭ 10  particles/mL (149.0 Ñ 1.7 and 158.6 Ñ 3.2, P < 0.05). Both EV types 

improved blastocyst quality at higher concentrations, consistent with the upregulation of 

IFNŰ, a gene essential for maternal recognition of pregnancy in ruminants. These findings 

demonstrate that BOEC-derived EVs support embryo development by recreating 

physiological cues of the oviduct and suggest their promising application for enhancing in 

vitro embryo production and reproductive efficiency in cattle. 

 

Keywords: ruminant species, reproduction, oviduct epithelial cells, In vitro fertilization 

 

Introduction:  

In vitro embryo production (IVEP) is a widely used method for producing superior bovine 

embryos. However, embryos generated in vitro often exhibit slower developmental rates than 

their in vivo counterparts due to increased cell death caused by suboptimal culture conditions. 

As a result, improving the in vitro culture (IVC) environment is crucial to enhancing embryo 

quality and achieving results comparable to those seen in vivo. To address this, previous 

research has explored various culture media supplements, such as resveratrol and anethole 

from star anise, to improve the development of bovine embryos. Recently, extracellular 

vesicles (EVs) have emerged as promising candidates for enhancing embryonic growth in 

livestock. EVs promote intercellular communication by delivering biomolecules essential for 

early embryonic development, implantation, and pregnancy. While the benefits of EV 

supplementation have been extensively studied in species such as sheep and mice, little is 

known about their effects on bovine embryos. demonstrated that EVs derived from the bovine 
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uterus not only upregulated genes associated with embryo previous report1, development, and 

implantation but also significantly increased inner cell mass and trophectoderm ratios. 

Similarly, in a previous study, researchers found that the addition of EVs to the in vitro 

maturation (IVM) medium enhanced both the trophectoderm and inner cell mass of bovine 

IVF embryos2. Furthermore, EVs derived from bovine oviduct epithelial cells have been 

shown to improve mitochondrial activity, decrease lipid accumulation, and upregulate genes 

involved in blastocyst development. These findings suggest that EVs enhance embryo quality 

by regulating lipid metabolism and reducing the expression of apoptosis-related genes. 

Moreover,3 reported that EVs produced from monolayered bovine oviduct epithelial cells 

(BOEC-M-EVs) in IVC medium improved embryo quality by upregulating the expression of 

quality-related genes, outperforming fresh BOEC supplementation. However, no studies have 

yet investigated the effects of EVs derived from spheroid-derived or vesicle-shaped bovine 

oviduct epithelial cells (BOEC-V-EVs). Therefore, the objective of this study is to evaluate 

how BOEC-M-EVs and BOEC-V-EVs in IVC medium influence the development and 

quality of bovine embryos produced through IVF. 

 

Methodology:  

Chemicals and reagents  

Unless stated otherwise, all chemicals and reagents were purchased from Sigma-Aldrich (St. 

Louis, USA). The cell culture media were purchased from Gibco (Paisley, UK), and plastic 

cell culture devices were obtained from SPL Life Sciences (Gyeonggi-do, Republic of 

Korea). 

 

Preparation of EVs-depleted fetal bovine serum (dFBS) 

Fetal bovine serum (FBS, Gibco, 10270-098) used in this study was removed EVs4. Briefly, 

the FBS was heated for 30 min at 56°C in a water bath, and then ultracentrifuged twice at 

120,000xg for 90 min at 4°C. Subsequently, the supernatant was collected and kept at -20°C 

in conical tubes until used. 

 

Preparation of bovine oviduct epithelial cells (BOEC)  

Healthy oviducts from bovine ovaries were collected at the slaughterhouse during the post-

ovulatory stage, which occurs between first five days of the estrus cycle5. Bovine oviducts 

were thoroughly rinsed with 0.9% NaCl solution, then placed in plastic bottles containing 

0.9% NaCl solution, and kept at 4°C. Upon arrival at the laboratory, bovine oviducts were 

rinsed with 0.9% NaCl solution, soaked in PBS to remove any debris, and submerged in 70% 

ethanol. Connective tissues and blood vessels were discarded in a biosafety cabinet. Oviducts 

were subsequently rinsed twice in 70% ethanol after rinsing in PBS. Oviducts were rinsed in 

washing solution containing TCM199 HEPES supplement with bovine serum albumin 

(BSA). Next, oviductal segments were pressed into 1.5 ml microcentrifuge tubes using 

forceps. Three separate oviducts, at least, were combined. Retrieved cells separated by 

repeatedly taking in and out 10 times using a 21-gauge needle and a 25-gauge needle attached 

to a 1 ml syringe to isolate cells. Retrieved cells were transferred to a 15 ml conical tube 

containing 10 ml washing medium. The conical tube was incubated at 38.5°C for 5 min. 

Then, the supernatant was discarded and retrieved cells were washed with 10 ml washing 

medium twice. Subsequently, 100 ɛl retrieved cells were diluted with 10 ml culture medium 

(TCM199 supplemented with 10% FBS).  
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Preparation of conditioned medium from monolayered bovine oviduct epithelial cells 

(BOEC-M) 

The BOEC were seeded in culture medium in a 100 mm pertidish (Nunc, Denmark, 

10mL/dish) and incubated at 38.5°C under a humidified atmosphere at 5% CO2 in air for 48 

h. The medium was changed and incubated at 38.5°C under humidified atmosphere at 5% 

CO2 in air until confluence was reached. Then remove all medium and added 10 ml. TCM199 

supplemented with 10%FBS and incubated at 38.5°C at days 2, 4, and 6 post-incubation, the 

conditioned medium was collected for EVs isolation and TCM199 supplement with 10% 

dFBS was added into the petridish. The collected conditioned medium was stored at -80°C 

until used. 

 

Preparation of conditioned medium from vesicle-shaped bovine oviduct epithelial cells 

(BOEC-V) 

The BOEC were cultured in culture medium in a 100 mm pertidish and incubated at 38.5°C 

for 48 h as aforementioned. In order to gain only vesicle-shaped BOEC (BOEC-V), the 

conditioned medium and BOEC-V were transferred into a new 100 mm petridish and 

incubated at 38.5°C for 48 h. Afterward, the medium containing BOEC-V was selected and 

pipetted into 5 ml TCM199 supplemented with 10% FBS prior to incubation at 38.5°C for 48 

h. The suspended BOEC-V was rinsed twice in TCM199 supplemented with 10% dFBS. 

After that, the suspended BOEC-V was cultivated in 60 mm dishes with 5 ml TCM199 

supplemented with 10% dFBS. The conditioned medium was collected at days 2, 4 and 6 

post-incubation and stored at -80°C as detailed previously.  

 

EVs isolation 

EVs were extracted from the collected BOEC-monolayer conditioned medium (BOEC-M-

EVs) and BOEC-vesicle conditioned medium (BOEC-V-EVs) with minor modifications6.  

The collected BOEC-M-EVs and BOEC-V-EVs were separately centrifuged at 4°C, 300xg 

for 15 min. Then, the supernatant was collected and centrifuged again at 2,000xg, 4°C for 15 

min. The supernatant was collected before centrifugation at 4°C, 12,000xg for 15 min. The 

supernatant was then ultracentrifuged at 4°C, 100,000xg for 90 min. The pellets were 

collected, resuspended in PBS(-), and filtered through a 0.22 µm filter. The BOEC-M-EVs 

and BOEC-V-EVs were kept at -80°C until use.   

 

The particle size distribution by nanoparticle size analyzer 

Particle size distribution was assessed using the Nanoparticle Tracking Analysis (NTA) 

(Malvern Panalytical, NanoSight Pro) following the manufacturerôs instruction. In brief, 

isolated EVs were resuspended in PBS(-). Next, the EVs suspension was transferred into a 

glass cuvette before being placed in the Nano Particle Size and Zeta Potential Analyzer for 

analysis. 

 

In vitro embryo production (IVEP) 

Oocyte collection and in vitro maturation (IVM) 

Bovine ovaries were collected from local abattoirs and stored in 0.9% NaCl solution at room 

temperature during transport to the laboratory. Upon arrival, ovaries were rinsed with 0.9% 

NaCl solution, and oocytes were aspirated from follicles diameter 3-8 mm. using 10ml. 

syring connected with 18G needle and examined under a stereo microscope. Cumulus-oocyte 

complexes (COCs) with at least  3 layers of cumulus cells and homogeneous cytoplasm were 

selected and placed in modified Dulbecco's phosphate-buffered saline 

(mDPBS)supplemented with 0.1% polyvinyl pyrrolidone (PVP). Then, the intact COCs were 
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cultured in a 60 mm culture Petri dish containing IVM medium covered with mineral oil (20 

oocytes/drop). The composition of the IVM medium included TCM-199 supplemented with 

10% FBS, human chorionic gonadotropin (HCG, Intervet, Netherlands) follicle-stimulating 

hormone (FSH,  Antrin R10; Kyoritsu Seiyaku Co., Tokyo, Japan), and 17ß-estradiol. 

Oocytes were cultured in a humidified atmosphere of 5% CO2 in air at 38.5°C for 23 h. 

 

Sperm preparation and in vitro fertilization (IVF) 

Frozen semen from a Wagyu Bull in 0.25 mL straws was thawed at 37°C in a water bath for 

1 min and then centrifuged at 3000 rpm for 10 min through a gradient of 400 µL of 45% and 

400 µL of 90% Percoll solution in a 1.5 mL Eppendorf tube. The sperm pellet was re-

suspended in 1 ml of Tyrodeôs albumin lactate pyruvate (TALP)7 And centrifuged at 3000 

rpm for 5 min. The pellet was re-suspended in TALP medium. and adjusted to a final 

concentration of 2×106 sperm/ml for IVF. Then 50 ɛl droplets of sperm suspension were 

transferred to a 35 mm culture dish covered with mineral oil COCs were co-incubated with 

sperm (10 COCs/drop) under humidified atmosphere of 5% CO2 in air at 38.5°C for 10 h.  

 

In vitro culture (IVC) of presumptive zygotes 

At 10 h of co-incubation of sperm and COCs, the presumptive zygotes were denuded by 

pipetting in TCM199 HEPES supplemented with 10% FBS. The presumptive zygotes were 

then cultured in CR1aa medium (Rosenkrans et al., 1993) [8] supplemented with 5% dFBS 

and either BOEC-M-EVs or BOEC-V-EVs at 3 concentrations (2×106, 4×106, and 8×106 

particles/ml). The CR1aa medium supplement with 5% dFBS without EVs supplements was 

considered a negative control. The presumptive zygote was cultured in 80 ɛl droplets of 

medium ( 12 zygote/drop) a 35 mm culture dish under a humidified atmosphere of 5% CO2, 

5% O2, and 90% N2 at 38.5°C for 7 days. The development of embryos was recorded at days 

2 and 7 post-culture, respectively. 

 

Embryo development 

The cleavage rate was recorded on day 2 (48 h post-culture), and cumulative blastocyst yield 

was recorded on day 7. Throughout the study, IVM and IVF were performed 10 times at each 

treatment to produce more than 150 presumptive zygotes per treatment before culture in 

CR1aa medium supplemented with  5% dFBS and supplemented with either BOEC-M-EVs 

or BOEC-V-EVs. 

 

Embryo quality 

Differential staining  

Blastocysts collected on day 7 post-cultured were stained with 0.1 mg/ml propidium iodide 

(PI) and 0.2% Triton X-100 in mDPBS supplemented with 0.1% PVP for 1 min. Afterward, 

embryos were placed into Hoechst 33342 solution dissolved in  99.5% ethanol for 5 min 

before being mounted with glycerol on a glass slide. Trophectoderm (TE) and inner cell 

masses (ICM) were counted under an inverted fluorescent microscope. ICM cells appeared 

blue due to Hoechst uptake, while TE cells were stained pinkïred. 

 

Quantitative real-time polymerase chain reaction (qPCR) 

A group of 20 blastocysts from each experiment was pooled, washed with PBS(-), and stored 

at -80°C until mRNA extraction. The mRNA was extracted from the blastocysts using the 

DynabeadsÈ Oligo (dT)25 nucleotide method (Dynabeads mRNA DIRECTÊ kit, 

Invitrogen, Waltham, Massachusetts, USA) according to the manufacturer's instructions. 

Complementary DNA (cDNA) was synthesized from the mRNA using reverse transcriptase 

and oligo-dT primers (biotech rabbit GmbH, Berlin, Germany). The cDNA was then used to 
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examine gene expression through qPCR analysis. Specific gene expressions were analyzed 

using KAPA SYBR FAST qPCR Master Mix (Applied Biosystems, Carlsbad, CA, USA) via 

the BIO-Rad system (CFX Opus 96 Real-Time PCR System). Melting curve analysis was 

performed to verify the specificity of the primers (Table 1). GAPDH was used as the 

housekeeping gene to normalize the target genes. Analysis of relative gene expression data 

was conducted in triplicate, and statistical analysis was performed using the 2-ææCt method. 

 

Statistical analysis 

Data are expressed as mean ± SEM. The number of embryo development and total cell were 

tested for normality and homoscedasticity before statistical analysis. Differences in embryo 

development and total cell numbers were analyzed using a one-way ANOVA followed by 

Dunnett's Multiple Comparison for post-hoc comparison (GraphPad Prism 5.01 Inc., La Jolla, 

CA, USA). The level of significance for all analyses was P < 0.05.   

 

Results and Discussion:  
Extracellular vesicles (EVs) have been widely investigated in reproductive biology due to 

their crucial role in embryoïmaternal communication. Initially, EVs were identified in human 

uterine luminal fluid (ULF) and later studied in various animal species, including ovine and 

bovine models6, 9, 10. In cattle, several studies have successfully isolated EVs from epithelial 

cells of the oviduct and uterus, demonstrating their potential contribution to embryo 

development and implantation 1, 3, 11. 

.  

Figure 1.  

Morphology of oviduct epithelial cells grown in TCM199+10%dFBS in this study:  

A) monolayer culture (BOEC-M), and B) vesicle culture (BOEC-V)   

A: Scale bar 10 µm, B: Scale bar 100 µm. 

 

 In the present study, EVs were successfully isolated from both monolayered BOECs 

(BOEC-M) and vesicle-shaped BOECs (BOEC-V) and supplemented into embryo culture 

medium. Importantly, this is the first study to report the successful isolation of EVs from 

BOEC-V-EVs. Nanoparticle Tracking Analysis (NTA) revealed that BOEC-M-EVs and 

BOEC-V-EVs exhibited round to cup-shaped morphologies, with average diameters of 131 

nm and 189 nm, respectively, and concentrations of 1.89 × 10¹² and 2.42 × 10¹¹ particles/ml. 

These size ranges are consistent with previous reports, which have shown that EVs derived 

from bovine oviduct epithelial cells and uterus typically fall within the 150ï200 nm range12. 

In addition, Lopera-Vasquez et al. (2017) reported BOEC-M-EV diameters ranging from 80ï

150 nm13, while Almiñana et al. (2018) observed smaller EVs within 30ï100 nm14. Similar 

particle sizes have also been observed in sheep EVs (148 nm)9 and human follicular fluid 

EVs (~220 nm)15. Taken together, these findings confirm the successful isolation of EVs 
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from both BOEC-M and BOEC-V cultures. However, further studies are needed to confirm 

EV identity, such as detecting CD9 or other EV-specific surface markers. 

 
Figure 2.  

The average particle size of BOEC-M-EVs (A) and BOEC-V-EVs (B) using the NTA. 

 

 Despite successful EV isolation, supplementation with BOEC-derived EVs at 4 Ĭ 10  

and 8 Ĭ 10  particles/ml in IVC medium did not significantly improve cleavage, blastocyst, or 

hatching rates (P > 0.05). However, EV supplementation significantly enhanced blastocyst 

quality, as demonstrated by increased total cell numbers and upregulation of IFNŰ expression 

(P < 0.05). These results agree with previous studies showing that EV supplementation 

primarily affects embryo quality rather than blastocyst yield. For example, Leal et al. (2022) 

reported that adding dFCS-EVs increased blastocyst cell numbers without affecting cleavage 

or blastocyst formation rates11. Similarly, embryos co-cultured with BOECs or bovine 

amniotic membrane stem cells (bAMSCs) exhibited significantly higher survival rates after 

warming compared to controls. 

 

Table 1.  
Effect of BOEC-M-EVs and BOEC-V-EVs supplemented in IVC medium on bovine embryo 

development. 

Types of EVs 

EVs conc. in 

IVC medium 

(particles/ml) 

No. IVC Cleavage (%) Blastocyst (%) 

Control - 200 
132/200 

(66.00 Ñ 4.5) 

45/200 

(23.65 ± 2.9) 

BOEC-M-EVs 

2×106 200 
131/200 

(65.50 ± 1.3) 

57/200 

(28.50 Ñ 2.3) 

4×106 200 
152/200 

(76.00 Ñ 3.2) 

67/200 

(33.50 Ñ 7.3) 

8×106 200 
105/158 

(65.00 Ñ 4.0) 

64/200 

(32.00 ± 4.4) 

BOEC-V-EVs 

2×106 200 
135/200 

(67.50 Ñ 3.1) 

52/200 

(32.27 Ñ 4.6) 

4×106 200 
138/200 

(69.00 Ñ 3.5) 

62/200 

(31.00 Ñ 5.0) 

8×106 200 
76/200 

(70.00 ± 5.0) 

60/200 

(30.00 Ñ 5.0) 

ANOVA ïtest (10 Blastocysts) %: Mean ± SEM. 
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 The substantial increase in total cell numbers observed in this study may be related to 

the role of EVs in mediating intercellular communication and regulating gene expression 

during early embryonic development1,17. Consistent with this, EVs extracted from the bovine 

uterus have previously been shown to enhance inner cell mass (ICM) and trophectoderm (TE) 

ratios by upregulating genes involved in embryo development, quality, and implantation18. 

However, the beneficial effects were less pronounced at lower EV concentrations (2 Ĭ 10  

particles/ml), suggesting that an insufficient EV dose may limit their influence on embryo 

competence. 

 
Figure 4.  

Analysis of the TE, ICM, and total cell number of IVF embryos cultured in IVC medium 

supplemented with or without BOECs-M-EVs and BOECs-V-EVs. A total of 10 embryos per 

group were analyzed. Data are presented as mean ± SEM, P < 0.05 (ANOVA test).  

 

 Moreover, several studies have confirmed that EV supplementation improves embryo 

quality by promoting cell proliferation and enhancing developmental competence. Sidrat et 

al. (2022) reported significant increases in IFNŰ expression in embryos treated with BOEC-

derived EVs13, while supplementation with BSA12 and dFCS5 has yielded similar positive 

outcomes. Since IFNŰ is a key signal for pregnancy recognition and successful maternalï

embryo communication, its increased expression further supports the positive effects of 

BOEC-derived EVs 1. 

 Interestingly, our findings demonstrate that BOEC-V-EVs were comparable to 

BOEC-M-EVs in enhancing blastocyst quality, despite being derived from distinct culture 

systems. This similarity suggests that the bioactive cargo (e.g., proteins, mRNAs, 

microRNAs) contained in EVs may be conserved between BOEC-M and BOEC-V. However, 

we cannot rule out subtle compositional differences that may influence their functional 

effects. Previous studies have shown that cell culture conditions play a crucial role in shaping 

the molecular profile of secreted EVs, which can directly impact embryonic development. 

For example, Wei et al. (2022) demonstrated that heat stress at 42 °C altered EV content, 

leading to reduced embryo competence. 

 Overall, our results indicate that EVs derived from BOECs improve blastocyst quality 

rather than blastocyst formation rates, and that both BOEC-M-EVs and BOEC-V-EVs are 

equally effective under the tested conditions. Future research should investigate the molecular 

mechanisms underlying these effects and explore how EV cargo composition is influenced by 

culture conditions, with the aim of optimizing EV-based strategies in assisted reproductive 

technologies (ART). 
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Conclusion: 

Using Nanoparticle Tracking Analysis (NTA), this study successfully isolated and 

characterized extracellular vesicles (EVs) from both monolayered BOECs (BOEC-M) and 

vesicle-shaped BOECs (BOEC-V), confirming their sizes to be predominantly below 200 nm. 

Supplementation of BOEC-derived EVs into in vitro culture (IVC) medium did not 

significantly improve cleavage or blastocyst formation rates. However, EV supplementation, 

particularly BOEC-V-EVs, significantly enhanced blastocyst quality by increasing total cell 

numbers and upregulating IFNŰ expression, which plays a crucial role in pregnancy 

recognition and maternalïembryo communication. 

 These findings indicate that BOEC-derived EVs can contribute to improving embryo 

competence rather than increasing embryo production efficiency. To fully elucidate the 

molecular mechanisms underlying these effects and maximize the potential applications of 

EVs in assisted reproductive technologies (ART), further studies should investigate the 

bioactive cargo of EVs and their roles in regulating cell signaling pathways during early 

embryonic development. 
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Abstract:   
Cluster of differentiation 147 (CD147) is a plasma membrane-bound glycoprotein that 

functions as an adhesion molecule. While CD147 has been proposed as a promising 

biomarker in cancer and a potential antitumor targeting solid tumors/adherent cell model, its 

role in leukemia (suspension cells) has not been extensively studied. Therefore, this study 

aimed to establish the CD147-knockout leukemia models in a human leukemia cancer cell 

line (K562) using CRISPR-Cas9 technology. In this study, we successfully generated 6 stable 

cell lines bearing CD147-depletion namely KO1, KO6, KO8, KO9, KO10 and KO13. Flow 

cytometry analysis confirmed KO6 was the most significant reduction in CD147 expression. 

Besides, morphological analysis revealed that the CD147-depleted cells were relatively larger 

in size with an increased level of debris as compared to controls. We hypothesize that the 

type of cell death is most likely a necrotic-like cell death since the cell morphology after 

CD147-knockout are primarily associated with cellular enlargement and swelling. Taken 

together, we concluded that disruption in CD147 expression in K562 cells was detrimental to 

cell survival, thus, further studies should be conducted to explore the role of CD147-

knockout in greater details, particularly focusing on the molecular mechanisms underlying 

the cellular aberration of CD147-depleted K562 cells. 

 

Introduction:   
Cancer remains a major global public health challenge due to its high incidence and mortality 

rates. Despite advancements in diagnosis and treatment, the ability to specifically target 

cancer cells while minimizing side effects continues to be a primary goal of current medical 

research. One of the most challenging cancers to treat is leukemia, which affects individuals 

across all age groups. Particularly, chronic myelogenous leukemia (CML) is more prevalent 

in children, where treatment options are more limited compared to adults. CML is closely 

associated with the BCR-ABL mutation and resistance to conventional therapies (1). 

Furthermore, patients with CML exhibit variable responses to targeted therapy. According to 

the European Leukemia Net guidance, some patients are unable to maintain long-term disease 

control with Tyrosine Kinase Inhibitor (TKI therapy). Therefore, appropriate management 

strategies are required, such as dose reduction to minimize treatment-related side effects. 

Recent advances in allogeneic stem cell transplantation have further expanded 

treatmentoptions for these patients (2). The K562 cell line, derived from a patient in the blast 

crisis phase of CML, is widely used as a model for studying disease mechanisms and 

developing novel therapeutic approaches. In recent years, the emergence of CRISPR/Cas9 

gene-editing technology has revolutionized biomedical research. This system enables precise 

manipulation of genes at the molecular level, allowing researchers to investigate gene 
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function and disruptoncogenic pathways with high efficiency. In leukemia research, 

CRISPR/Cas9 has been applied to modify immune cells and target specific genes to enhance 

treatment efficacy and reduce side effects. Efficient delivery of the CRISPR/Cas9 system into 

target cells is a critical step in successful gene editing (3). Among various delivery 

methods, lentiviral vectors have gained popularity due to their ability to infect both dividing 

and non-dividing cells and stably integrate genetic material into the host genome. This makes 

them particularly suitable for editing hematopoietic and leukemia cells such as K562. 

 One such target protein of interest in cancer research is CD147, a glycoprotein that 

plays a key role in cancer cell processes including invasion, angiogenesis, immune evasion 

and prognostic biomarker (4). Overexpression of CD147 has been widely documented across 

a spectrum of human cancers, including but not limited to leukemia, breast cancer, lung 

cancer, and gastric cancer (5). This elevated expression often correlates with increased tumor 

aggressiveness, advanced disease stages, and poorer patient prognoses. Consequently, 

inhibiting CD147 function has emerged as a highly promising therapeutic strategy. By 

targeting CD147, researchers aim to disrupt multiple pathways critical for cancer growth and 

dissemination. This potentially leads to a reduction in tumor aggressiveness, enhanced 

sensitivity to existing treatments, and ultimately improved therapeutic outcomes for cancer 

patients. 

 Therefore, this study aimed to generate a model of CD147-knockout K562 leukemia 

cells using a lentivirus-based CRISPR/Cas9 system for further in-depth investigation of 

CD147 roles in leukemia progression. This approach may contribute to the development of 

more precise and effective treatments for leukemia in the future. 

 

Methodology:  
Preparation of CD147-knockout lentivirus.  

HEK-293T cells (a gift from Asst.Prof.Dr. Alisa Tubsuwan, Mahidol University, Thailand) 

were transfected with the lentiCRISPR V2 plasmid (Addgene, 52961) containing sgRNA 

along with the packaging plasmids (psPAX2 and pMD2.G) (Addgene, 12260 and 12259) 

using a suitable transfection method for propagating the recombinant lentivirus  (6) and then 

the lentivirus carrying CD147 knockout cassette was employed for transfection into a 

leukemia cell line (K562 cells) (a gift from Prof.Dr. Sumalee Tungpradabkul, Mahidol 

University, Thailand). 

 

Generation of CD147-knockout models and clonal selection in K562 cell line.  

CD147-knockout cassette was transfected into the leukemia cell line (K562 cells) with 

appropriate amount of lentiviral particles. Genome-edited cells were selected via the 

antibiotic selection using 1 µg/ml puromycin. After that, the selected single clones were 

expanded to obtain a homogeneous population of genetically edited cells (7). 

 

Validation of CD147-knockout models.  

Selected K562 clones with transfected CD147-knockout cassette were validated via flow 

cytometry to detect the expression level of CD147 and confirm the significant reduction of 

CD147 expression in the CD147-knockout cells compared with control cells (8, 9).  

 

Observation of cell morphology and cell viability of transfected leukemic cell line.  

Successfully validated K562 clones bearing CD147 depletion were subjected to cell viability 

and morphological screenings by visualized under an inverted light microscope. 
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Statistical analysis.  

All experimental data were analyzed for statistically significant differences using SPSS 

software. One-way ANOVA was employed, with a P-value < 0.001 considered statistically 

significant. 

 

Results and Discussion:  
Generation of CD147-knock out cassette packaging in Lentivirus. 

The lentivirus containing CD147-knockout construct was generated using the single guide 

RNA (gRNA) sequences as described elsewhere (10), including BSG-F (5ᾳï

CACCGTCTTCATCTACGAGAAGCGC) and BSG-RC (5ᾳïAAACGCGCTTCTCGTAGA 

TGAAGAC). This construction was subsequently adopted in the recent study, which 

investigated the downregulation of CD147 in HeLa cells. The results revealed that this 

construct can disrupt CD147 expression in HeLa cells, leading to abnormal cellular changes 

(11). For the lentivirus production process, HEK-293T cells were transfected with the 

lentiviral cassettes including the Cas9-gRNA construct along with the packaging plasmids to 

generate the lentivirus containing CD147-knockout construct (Figure 1). Then, K562 cells 

were transduced to generate CD147-knockout K562 models. 

    

 
Figure 1  

Schematic of viral propagation in HEK-293T cells. (a) Lentiviral construction for CD147 

knockout. (b) The CD147-knockout cassette was transfected into HEK-293T cells to produce 

lentivirus. Subsequently, K562 cells were transduced with lentiviral particles and then were 

selected in medium containing puromycin. 
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Evaluation of CD147 Expression in K562 Cells Using Flow Cytometry. 

Flow cytometry analysis was employed to assess the expression level of CD147 in CD147-

knockout cells based on mean fluorescence intensity (MFI) data. Results revealed CD147 

expression was noticeably decreased in the CD147-knockout K562 cell line as compared to 

the controls (Figure 2a) and the relative fold change of CD147 expression was shown in 

Figure 2b. Data indicated that the obtained two CD147-disrupted K562 clones (KO6 and 

K10) showed the significantly declined expression of CD147 (0.08±0.01, 0.55±0.01 fold, 

respectively) as compared to wild-type (1.13±0.08 fold) and empty vector (1 fold), as shown 

in Figure 2. According to the observation under a microscope, CD147-knockout cells 

displayed heterogeneous phenotypes (Figure 3). Interestingly, the severity of phenotypic 

changes is consistent with the different levels of CD147 downregulation. This was evidenced 

by the fact that the morphological observation in KO6, where CD147 was  most efficiently 

knocked out, exhibited more severe than KO10 (a mild CD147-knockout model). 

Nevertheless, a subset of cell population could adapt to survive by compensating CD147 

expression resulting in a better cell survival observed after several batches of cell cultivation 

after CD147 knockout. For instance, KO10 demonstrated the CD147 compensation by 

upregulating CD147 expression level and the overall phenotypes are more comparable to 

wild-type cells (Figure 3), resulting in two distinct peaks of cell populations observed (Figure 

2a). 

 

 
Figure 2  

Assessment of CD147 expression level. (a) The histograms represent CD147 expression in 

CD147-knockout cells as compared to controls. (b) The relative fold change of CD147 

expression is presented as the mean ± standard deviation from each sample as duplicates. 

 

The morphological differences in KO6 and KO10 expression levels 

According to the CD147 expression results in K562 cells (Figure 2), CD147-depleted K562 

clone KO6 exhibited more severe morphological characteristics, including the presence of 

enlarged cells, abnormal-shaped cells, and a higher number of dead cells in culture, as well as 

a slower proliferation rate as compared to KO10 where the moderate CD147 knockout was 

observed (Figure 3). According to the observation of abnormal cells, characterized by cellular 

enlargement and swelling, results revealed the percentage of aberrant cells significantly 

increased to 6.4±0.52% and 4.2±0.94% in KO6 and KO10, respectively, as compared to wild 

type (1.8±0.2%). These findings suggest that KO6 cells, with the least CD147 expression, 

possess a higher proportion of abnormal cells. 
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Figure 3  

Comparison of cell morphology among (a) Wild type, (b) KO6 and (c) KO10 cells. 

 

Morphological Observation of CD147-knockout K562 Cells. 

After K562 cells were transduced with lentivirus targeting CD147-knockout cassette and 

subsequently cultured in selective medium for the clonal selection (12), it was observed that 

the expansion of selected cells (CD147-knockout cells) was  slower than wild-type and empty 

vector controls. Furthermore, the observation under an inverted microscope revealed aberrant 

cell morphology in the CD147-knockout cell line (KO6) as evidenced by the presence of 

somewhat larger cells and the accumulation of cell debris (Figure 4). This finding supports a 

recent study, demonstrating that treatment of HepG2  cells with the IgM mAb targeting 

CD147 led to cell swelling and an increased level of cell death (13). 

 

 
Figure 4  

Morphological observation of K562 cell lines including (a) wild-type, (b) empty vector and 

(c) CD147-depleted K562 cells under an inverted microscope. 

 

Conclusion:  
In this study, we successfully established a CD147-knockout suspension model in the K562 

leukemia cell line. The knockout efficiency was confirmed using flow cytometry, which 

demonstrated a significant reduction in CD147 expression in the knockout cells compared to 

controls. Notably, CD147-knockout K562 cells exhibited the increase in cell size. According 

to cell morphology observation, results revealed that CD147-knockout cells showed cell 

enlargement and a higher number of debris compared to controls. Besides, CD147-knockout 

cells also showed poorer cell survival compared to controls. Interestingly, we noticed that 

cells with CD147 depletion became swelling prior to death, together with the reduced cell 

survival. Hence, it is likely that the type of cell death associated with CD147 depletion is a 
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necrotic-like cell death.  Taken together, our findings suggest the potential roles of CD147 in 

regulating cell size, cell morphology and cell viability in leukemia cells. Nevertheless, this 

study remains preliminary and further in-depth investigations in the molecular level such as 

those involving with signaling pathways, cell cycle arrest, and programmed cell death, are 

required to validate these findings in the future study. 
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Abstract:    
The increasing global demand for renewable raw materials has intensified interest in 

bioethanol as a versatile chemical feedstock. This study adopts an industrial ecology 

perspective to valorize sorghum stem juice, a low-value agricultural byproduct associated 

with Thailandôs furniture industry. Although limited utilized, it contains fermentable sugars 

that render it a promising substrate for bioethanol production. Two process scenarios were 

evaluated, the first utilized a mixture of sorghum stem juice and sugarcane molasses, while 

the second relied solely on molasses, a conventional feedstock. Process simulation was 

conducted using Aspen Plus V.14 to optimize the bioethanol production pathway, achieving 

an ethanol purity of 95%. In parallel, a life cycle assessment (LCA) was performed to 

evaluate the environmental impacts of both scenarios within the context of Thailandôs 

expanding bio-based sector. The LCA was conducted using a cradle-to-gate approach and a 

functional unit of 1 kg of bioethanol. The results indicated that the co-utilization of sorghum 

stem juice and sugarcane molasses had more environmental benefits, with a global warming 

potential (GWP) of 5.62 kgCO2eq, compared to 7.74 kgCO2eq for the molasses-only 

pathway. The major environmental impacts were primarily attributed to the reliance on non-

renewable energy sources in Thailand and the sugarcane cultivation stage.  

 

  
Figure 1.  

Bioethanol production pathways from sorghum and molasses for LCA 

 

IE-O-005 



 

© The 37th Annual Meeting of the Thai Society for Biotechnology and International Conference (TSB2025) 

127 

Introduction:    
Fossil fuels, the predominant global energy source, emit harmful gases and particulate matter 

during combustion, contributing significantly to environmental degradation. This has 

stimulated the search for cleaner alternatives, among which bioethanol has emerged as a 

promising candidate due to its ability to reduce emissions and particulate matter. Bioethanol 

is primarily employed as a transportation fuel, commonly blended with gasoline, and has also 

been identified as a potential feedstock for sustainable aviation fuels. It may be utilized either 

as a complete substitute for gasoline or in blended forms. Beyond its energy applications, 

bioethanol functions as a solvent in pharmaceuticals, chemicals, and cosmetics, and as a 

versatile feedstock for the synthesis of resins, plastics, and other value-added products. 

Unlike petroleum-derived ethanol, bioethanol is produced from biomass, a renewable and 

biogenic resource, thereby offering a substantially lower carbon footprint.1  

 Despite these advantages, commercial bioethanol production remains heavily 

dependent on food-based crops such as corn (USA), sugarcane (Brazil), wheat and cassava 

(China), and cassava and blackstrap molasses (Thailand)2. As these substrates are 

simultaneously utilized in the food, feed, starch, organic acid, and alcoholic beverage 

industries, competition for raw materials often constrains the sustainable expansion of 

bioethanol production. Consequently, increasing research attention has been directed toward 

identifying alternative non-food energy crops.   

 Sorghum represents a particularly promising candidate owing to its high fermentable 

sugar content, short maturation period of 100ï120 days compared with 270ï360 days for 

sugarcane3,8, and adaptability to diverse climatic and soil conditions. Furthermore, it requires 

less fertilizer and consumes only one-third of the water required for sugarcane cultivation4, 

rendering it a resource-efficient and sustainable bioethanol feedstock. In addition to its 

energy potential, sorghum offers considerable value for bio-based chemical manufacturing 

due to its carbohydrate-rich composition and bioactive compounds5,6. With biomass yields 

reaching up to 60 tons of stems per hectare7, sorghum provides a reliable and scalable supply 

for downstream industries.  

 Beyond conventional and non-food biomass feedstocks, industrial waste streams have 

recently gained attention as alternative resources for bioethanol production. In particular, 

wastewater generated during sorghum juice extraction retains significant amounts of residual 

sugars that remain suitable for fermentation. While the solid biomass fraction is typically 

processed into wood pellets for fuel, the sugar-rich wastewater, frequently regarded as waste, 

presents additional value when valorized as a fermentation substrate which simultaneously 

supporting waste minimization and renewable energy generation.  

 To assess this potential, the present study compares two ethanol production pathways: 

the conventional route utilizing molasses and an alternative route employing sorghum stem 

juice. Process simulation is conducted using Aspen Plus to evaluate ethanol yields and 

process efficiencies, while life cycle assessment (LCA) is applied to examine the 

environmental implications of each pathway. By repurposing industrial waste and optimizing 

fermentation processes, this research seeks to advance sustainable practices and contribute to 

the development of a circular bio-based chemical industry.  

  

Methodology:   
The study was structured into two primary phases, process simulation modeling and 

environmental impact assessment of the final products. The simulation was performed using 

Aspen Plus V.14 software to evaluate the mass and elemental balances of all input and output 

streams across each stage of the bioethanol production process. Two feedstock scenarios 

were considered which are a mixture of sorghum stem juice and molasses (SSJ), and 

molasses alone, representing the conventional production pathway. The output data from the 
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simulation served as the basis for the life cycle inventory (LCI) phase. Subsequently, 

environmental impacts were assessed using a cradle-to-gate approach life cycle assessment 

(LCA) methodology through SimaPro software method ReCiPe 2016 midpoint (H) and 

endpoint (H), with clearly defined system boundaries as illustrated in figure. 2.  

 A life cycle assessment is covering the following stages: (i) cultivation, (ii) juice 

extraction, (iii) fermentation, and (iv) distillation. The functional unit was defined as 1 kg of 

bioethanol produced, reflecting the studyôs focus on ethanol as a chemical feedstock rather 

than as an energy carrier.   

 Beginning with the cultivation of sorghum and including all subsequent processing 

steps for the production of bioethanol from SSJ, sorghum cultivation and sugarcane molasses 

production were represented using LCA inventory data from Ecoinvent (2019) and 

AgriFootprint 5.0 for the Thailand region. The average yield of sorghum cultivation was 

assumed to be 15 tons per rai (2,400 m²). The primary feedstocks for fermentation, SSJ and 

sugarcane molasses, were obtained during the extraction stage. Several assumptions were 

applied in the analysis such as the production of fertilizers, pesticides, chemicals, and energy 

was included using market datasets, which aggregate all activities associated with a reference 

product within a given geographic region, including transportation. The transportation of 

sorghum to the extraction facility and from the extraction facility to the biorefinery was 

included. Capital goods, labor, and infrastructure were excluded from the system boundaries.  

  

  
Figure 2.  

System boundary of bioethanol production from SSJ and molasses 

  

 Juice extraction was a necessary step because the biomass portion of the sorghum 

stalks was intended for use as wood pellets, requiring the sugar-rich juice to be separated. 

This was carried out using a 6-roller mill, which is widely applied in sorghum and sugarcane 

industries due to its high extraction efficiency.9 The rollers crush the stalks progressively, 

releasing the juice while retaining the fibrous bagasse. After extraction, the juice was passed 

through a filtration cloth to remove suspended solids and fine bagasse particles, ensuring a 

cleaner substrate for subsequent fermentation. From the harvested sorghum, approximately 

30 tons of juice were obtained, while the remainder was left as fibrous biomass. On a mass 

basis, the extracted juice accounted for about 30% of the stalk weight, with the remaining 

70% retained as bagasse, consistent with reported values for sorghum processing.  

 Fermentation and distillation stages were simulated in Aspen Plus V.14 and using the 

non-random two-liquid (NRTL) method. Table 1 gives a brief explanation of each block used 

for simulation bioethanol production. The flowsheet diagram of process can be shown in 

figure 3. The process simulation begins with sorghum stem juice as the feedstock, which 

consists of 71.47 g/L total sugars by mass. Because the feed is highly diluted, achieving the 
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target ethanol purity of 95 vol.% presents a challenge. To address this, additional sugar is 

introduced by blending the feed with molasses from an external source containing 47% 

sugars by mass. Finally got 13.70 wt.% of sugar. While conventional case has 20 wt.% of 

sugar. The mixture is then sent to the fermenter, R-01 at 32°C, where Saccharomyces 

cerevisiae yeasts convert the sugars into bioethanol and CO2 according to the following 

equation.  

 

 C6H12O6 Ÿ 2C2H5OH + 2CO2  (1)  

 

 In the fermenter, sucrose was converted to ethanol obtaining 10.80 vol.% and 8.25 

vol.%ethanol from molasses and SSJ, respectively. In this study, sugar was converted into 

ethanol at a sugar consumption rate of 81.7%. The mixture then enters flash separator S-01 to 

remove unwanted gases while the remaining stream was heated to 80 °C. After heating, 

distillation was performed with two rectification columns (T -01 and T-02). In the former, 20 

stages were employed, while the latter used 15. Feeding for the first column occurred at the 

17th stage, while for the second column, it was the 9th. From the first column, bioethanol was 

obtained with 88.56 vol.% and 51.14 vol.% for molasses and SSJ, respectively.   

 In the second column, the bioethanol collected from stream ETOH, is ethanol with 95 

vol.% purity close to azeotropic bioethanol which is 95.60%. The by-product obtained in the 

first distillation unit (vinasse) was considered to be an avoided product. The inputs and 

outputs of both the SSJ and molasses employed in this study can be shown in Table 2.  

  

Table 1. 
Block description for bioethanol production simulation from SSJ and molasses 

Block  Equipment  Description  

M-01  Mixer  To mix sorghum stem juice with molasses  

R-01  Rstoic  To convert raw material to ethanol through fermentation.  

S-01  Sep  To remove carbon dioxide from the main stream    

E-01  Heater  To heat the mainstream up to 80 Celsius  

P-01  Pump  To increase the main stream pressure  

T-01  RadFrac  To concentrate ethanol up to 51.14 vol.% and 88.56 vol.  

%  

T-02  RadFrac  To concentrate ethanol up to 95 vol.%  

  

Results and Discussion:  
Table 2 presents the material balance of the ethanol production process from SSJ and 

molasses, as derived from the model simulation. These simulation results were employed as 

the primary basis for constructing the life cycle inventory, which constitutes a critical step in 

the life cycle assessment framework. The environmental performance of bioethanol 

production was evaluated under a cradle-to-gate system boundary, with the functional unit 

defined as 1 kg of bioethanol. The assessment was considered under conditions specific to 

Thailand in order to ensure regional relevance. Furthermore, electricity consumption was 

represented using the Thai national grid mix to account for country specific energy 

characteristics.  

 The impact assessment focused on seven environmental categories identified as 

having the highest normalization constants within the ReCiPe 2016 method. These categories 

include Global warming potential, Terrestrial ecotoxicity, Freshwater ecotoxicity, Human 

noncarcinogenic toxicity, Land use, Fossil resource scarcity, and Water consumption. The 
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detailed results of the impact assessment for ethanol production from SSJ and molasses are 

presented in Table 3.  

  

  

Figure 3.  
Aspen Plus V.14 flow sheet simulation for the bioethanol production from A. SSJ and B. 

molasses  

  

Table 2.  
Inputs and outputs of the bioethanol production from molasses and sorghum stem juice (for 

functional unit 1 kg of bioethanol) 

Process parameters  Unit  Molasses  SSJ  

Input  

Sorghum stem juice  

  

kg  

 -    

11.86  

Molasses  kg  9.70  2.33  

Electricity used  kwh  2.33  5.26  

Output  

Bioethanol  

  

kg  

  

1  

  

1  

Emission to air  

Carbon dioxide  

  

kg  

  

8.74E-01  

  

8.68E-01  

Emission to water Bioethanol    

kg  

  

9.98E-03  

  

3.01E-03  

Glucose  kg  4.95E-02  5.18E-02  

Fructose  kg  4.95E-02  4.66E-02  

Sucrose  kg  5.82E-02  3.36E-02  

Carbon dioxide  kg  1.61E-07  1.46E-07  

  

 When comparing the two scenarios, bioethanol production from sorghum stem juice 

(SSJ) was found to have a relatively lower environmental burden across all considered impact 

categories. In terms of global warming potential (GWP), the conversion of SSJ to bioethanol 

resulted in greenhouse gas emissions of 5.62 kg CO-eq per kilogram of bioethanol, whereas 

molasses -based bioethanol accounted for 7.74 kg CO-eq. This indicates that the global 
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warming potential of bioethanol derived from molasses was 27.39% higher than that of SSJ. 

The dominant contributors to these emissions differed between the two feedstocks. For 

molasses, the major source of impact originated from transportation, as the market dataset 

incorporated truck transport over distances which is over 76% of GWP. In contrast, for SSJ, 

the principal contributor was electricity consumption. This higher energy demand is 

attributed to the relatively lower sugar concentration of SSJ, which requires additional 

processing energy to achieve the same ethanol quality and yield as molasses which is over 

68%. The Thai electricity grid mix is primarily composed of natural gas, lignite, and hard 

coal, all of which are fossil-based sources and thus significantly contribute to the associated 

greenhouse gas emissions.  

 In term of terrestrial ecotoxicity, SSJ-based ethanol production resulted in 5.85 kg 

1,4DCB-eq per kilogram of bioethanol, while molasses-based ethanol accounted for 10.89 kg 

1,4DCB-eq. For molasses, the main source of impact was sugarcane cultivation, specifically 

fungicide and herbicide application, which contributed 77.47% of the total. For SSJ, the 

dominant sources were also agricultural inputs (34.59%) and electricity consumption 

(33.85%), highlighting the influence of both farming practices and energy requirements in 

this pathway. For freshwater ecotoxicity, SSJ-based ethanol production generated 0.20 kg 

1,4DCB-eq per kilogram of bioethanol, compared with 0.30 kg 1,4-DCB-eq for molasses-

based ethanol. In the molasses pathway, sugarcane cultivation was again the primary 

contributor (81.61%), largely due to the use of fertilizers, pesticides, and fungicides, which 

leach into water bodies through agricultural runoff. By contrast, in the SSJ pathway, the main 

source of impact was electricity consumption (50%), reflecting the higher energy intensity of 

processing SSJ. In terms of human non-carcinogenic toxicity, SSJ-based ethanol production 

resulted in 3.24 kg 1,4-DCB-eq per kilogram of bioethanol, whereas molasses-based ethanol 

accounted for 3.44 kg 1,4-DCB-eq. The principal contributor in the molasses case was 

sugarcane cultivation (52.87%), again driven by the application of fertilizers, pesticides, and 

fungicides, which release toxic residues into soils and water systems. In the SSJ case, 

electricity use was overwhelmingly dominant, contributing 89.23% of the total impact.  

 For land use, SSJ-based ethanol production required 2.41 m²a crop-eq per kilogram of 

bioethanol, of which 64.58% was attributed to sugarcane farming and 35.42% to sorghum 

cultivation. By contrast, molasses-based ethanol required 6.52 m²a crop-eq, entirely from 

sugarcane cultivation. The higher land use in the molasses case is explained by allocation 

rules in the Agri-footprint 5.0 database, which reports that one ton of sugarcane yields 

approximately 132 kg of sugar and only 31 kg of molasses. Consequently, a substantially 

larger amount of sugarcane must be cultivated to obtain sufficient molasses for ethanol 

production, leading to higher land use impacts. For fossil resource scarcity, SSJ-based 

ethanol production resulted in 1.65 kg oil-eq per kilogram of bioethanol, while molasses-

based ethanol accounted for 2.38 kg oil-eq. The main contributor in the SSJ pathway was 

electricity consumption (68.09%), whereas in the molasses pathway, diesel use in sugarcane 

cultivation was the largest source of impact (76.43%). Finally, in terms of water 

consumption, SSJ-based ethanol production required 0.66 m³ per kilogram of bioethanol, 

with the majority of the burden attributed to sugarcane cultivation (72.60%) and the 

remainder to sorghum farming. In contrast, molassesbased ethanol required 2.01 m³ per 

kilogram of bioethanol, with sugarcane cultivation overwhelmingly dominating the impact 

(98.74%).  
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Table 3. 

Life cycle Impact Assessment of bioethanol from SSJ and molasses 

Impact categories  Unit  Molasses  SSJ  

Global warming potential  kg CO2 eq  7.74  5.62  

Terrestrial ecotoxicity  kg 1,4-DCB  10.89  5.85  

Freshwater ecotoxicity  kg 1,4-DCB  0.35  0.20  

Human non-carcinogenic toxicity  kg 1,4-DCB  3.44  3.24  

Land use  m2a crop eq  6.52  2.41  

Fossil resource scarcity  kg oil eq  2.38  1.65  

Water consumption  m3  2.01  0.66  

  

 To complement the midpoint analysis, the assessment was extended to the endpoint 

(single-score) level, which provides a more comprehensive perspective on environmental 

damages. At this level, impacts are aggregated into three areas of protection which are human 

health, ecosystems, and resource availability, yielding indicators that are more directly 

interpretable in relation to societal and ecological concerns.  

 The single-score life cycle assessment (LCA) results are presented in Figure 4 and 

expressed in milliPoints (mPt). The findings indicate that the total environmental impact of 

ethanol produced from SSJ was 161.61 mPt, compared with 243.87 mPt for ethanol derived 

solely from molasses, demonstrating the lower overall burden of the SSJ pathway. When the 

impact categories are considered individually, the SSJ pathway consistently exhibited lower 

impacts across all categories. In the human health category, ethanol from SSJ accounted for 

129.94 mPt, representing a reduction of approximately 28% compared to molasses-only 

ethanol (180.17 mPt). With respect to ecosystems, the SSJ route generated 26.17 mPt, which 

is nearly 51% lower than the 53.43 mPt associated with the molasses-only system. In terms of 

resource availability, the SSJ based scenario reported 5.50 mPt, compared to 10.27 mPt for 

molasses alone, reflecting a 46% decrease.  

  

 
Figure 4.  

Endpoint single-score results for bioethanol from SSJ and molasses  

  

 The endpoint results per impact category are summarized in Figure 5. For global 

warming, ethanol from SSJ accounted for 74.68 mPt, which is considerably lower than the 

102.86 mPt observed for molasses-only ethanol. Similar improvements are seen in terrestrial 

ecotoxicity, where SSJ resulted in 0.037 mPt compared with 0.069 mPt for molasses, and in 
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freshwater ecotoxicity, where the values were 0.077 mPt for SSJ and 0.136 mPt for molasses, 

confirming the reduced toxic emissions from the SSJ pathway. In terms of human 

noncarcinogenic toxicity, both systems show comparable outcomes, with 9.34 mPt for SSJ 

and 9.91 mPt for molasses. A substantial difference is evident in land use, where the SSJ 

pathway reported 11.94 mPt, less than half of the 32.35 mPt associated with molasses. For 

fossil resource scarcity, ethanol from SSJ yielded 5.48 mPt, compared to 10.23 mPt for 

molasses, representing a reduction of nearly 47%. Water consumption also reflected this 

trend, with SSJ requiring 1.61 mPt compared to 2.26 mPt for molasses.  

 

 
Figure 5.  

Endpoint single-score results per impact categories for bioethanol from SSJ and molasses   

  

Conclusion:   
The comparative life cycle assessment demonstrated that using sorghum stem juice (SSJ) as a 

co-feedstock with molasses improves the overall sustainability of bioethanol production. At 

the inventory level, SSJ ethanol required more raw material input and higher electricity 

consumption compared with the molasses-only pathway. However, because sorghum is a 

more environmentally favorable feedstock than molasses, the higher input demand did not 

translate into greater impacts. At the impact assessment level, SSJ ethanol consistently 

outperformed molasses ethanol, with the global warming potential decreasing from 7.62 to 

5.62 kg CO-eq/kg at the midpoint level. Endpoint results confirmed these advantages, 

showing reductions in global warming from 102.86 to 74.68 mPt. The total environmental 

impact of SSJ ethanol was 161.61 mPt, compared to 243.87 mPt for molasses ethanol. 

Overall, the results indicate that incorporating sorghum stem juice as a co-feedstock with 

molasses leads to substantial reductions in environmental burdens, with the most pronounced 

improvement observed in the ecosystem damage category. These findings highlight the 

environmental benefits of valorizing sorghum stem juice in ethanol production and underline 

its potential as a sustainable feedstock that can significantly enhance the performance and 

resilience of bioethanol supply chains.  
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