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 Oxidative stress caused by reactive oxygen species such as H₂O₂ and HOCl 

plays a central role in inflammation-related diseases. This study aimed to 

identify key genes and biological pathways that enable probiotics to tolerate 

oxidative stress, using transcriptomic analysis of E. coli, L. plantarum, and L. 

reuteri under exposure to H₂O₂ and HOCl. We retrieved three related probiotics 

datasets from the Gene Expression Omnibus (GEO) database and the Sequence 

Read Archive (SRA) databases, including Lactobacillus plantarum 

(GSE99096), Lactobacillus reuteri (GSE127961), and Escherichia coli 

(GSE144068). We used the CLC Genomics Workbench software to identify the 

differentially expressed genes (DEGs) and then applied STRING 11.5 to 

identify the interactions between the DEGs. The CytoHubba was used to 

determine the hub genes in the interactive networks. We assessed the Gene 

Ontology and Kyoto Encyclopedia of Genes and Genomes pathway analysis of 

hub genes and evaluated the associated biological pathways. Among the 

identified hub genes, GuaA and Tig in E. coli were found to be uniquely 

involved in purine metabolism and ribosome assembly, highlighting novel 

targets for oxidative stress resistance. In addition, ComEA in L. plantarum and 

UvrB, Mfd and GrpE in L. reuteri represent diverse molecular strategies used 

by probiotics to cope with oxidative stress. These genes were associated with 

key pathways such as purine metabolism, mismatch repair, nucleotide excision 

repair and the pentose phosphate pathway. These critical genes and biological 

pathways can be used to improve the efficacy of probiotics in treating 

inflammatory diseases. 
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Introduction 

Reactive oxygen species (ROS) such as H₂O₂ and 

HOCl disrupt biomolecular stability and are key 

triggers of inflammation (Naji et al., 2025). 

Dysbiosis in the gut microbiota has been 

identified as a significant cause of oxidative stress 

in the body, which increases ROS generation and 

inflammatory processes (Ajam-Hosseini et al., 

2024). Probiotics, which are live microorganisms 

that confer health benefits to the host (Heydari et 

al., 2022), have been shown to reduce oxidative 

stress and improve inflammatory diseases 

through various mechanisms such as metal ion 

chelating ability, antioxidant enzymes system, 

antioxidant metabolites and regulation of gut 

microbiota. Their ability to tolerate oxidative 

challenges, such as H₂O₂ and HOCl, critically 

determines their effectiveness in modulating 

inflammation (Pravda, 2020). While the stress 

response of inflammation-enriched 

enterobacteria, such as E. coli, is well-
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characterized, studies on oxidative stress 

responses in beneficial probiotic bacteria remain 

limited in number and scope, often focusing on a 

few model strains, while broader mechanisms 

remain underexplored (Calderini et al., 2017). 

This research gap is mainly due to the historical 

focus of microbiology on pathogenic organisms 

with medical relevance, which has resulted in 

relatively fewer and more narrowly focused 

studies on oxidative stress responses in probiotic 

species. Several studies have explored oxidative 

stress responses in lactic acid bacteria beyond the 

commonly studied strains, including Lactococcus 

lactis, Lactobacillus casei, and Lactobacillus 

rhamnosus. These investigations have revealed 

conserved mechanisms involving purine 

metabolism, DNA repair, and protein folding that 

support survival under oxidative and other 

environmental stresses (Duwat et al., 2000; 

Broadbent et al., 2010; Zhang et al., 2020). These 

findings help establish a broader context for 

understanding how probiotics respond to 

oxidative damage. 

Recent advancements in bioinformatics have 

introduced tools such as Metascape and single-

cell RNA sequencing (scRNA-seq), which enable 

deeper analyses of oxidative stress-related gene 

networks in microbial systems and could be 

utilized in future probiotic studies (Hong et al., 

2024). 

Recent clinical trials have demonstrated that 

probiotic supplementation can significantly 

reduce oxidative stress and inflammation in 

patients with mild to moderate Alzheimer's 

disease, as evidenced by decreased serum levels 

of malondialdehyde and inflammatory cytokines 

(Akhgarjand et al., 2022). Similarly, a 

randomized controlled trial showed that daily 

consumption of synbiotic yogurt containing 

Lactobacillus plantarum and Lactobacillus 

pentosus improved antioxidant enzyme activities, 

including glutathione peroxidase and superoxide 

dismutase, in adults with metabolic syndrome 

(Zolghadrpour et al., 2024). These findings 

underscore the emerging role of probiotics in 

modulating oxidative stress responses in various 

inflammatory conditions.  

To address this gap, we conducted a comparative 

transcriptomic analysis to investigate oxidative 

stress responses of three probiotic strains E. coli 

Nissle 1917, L. plantarum, and L. reuteri, under 

exposure to H₂O₂ and HOCl, using publicly 

available RNA-seq datasets and bioinformatics 

analysis. The analysis revealed the enrichment of 

key stress-related pathways such as nucleotide 

excision repair (NER), mismatch repair (MMR), 

homologous recombination (HR), purine 

metabolism, and the pentose phosphate pathway 

(PPP). These pathways are known to contribute to 

DNA damage repair and redox balance under 

stress conditions (Batty et al., 2000; Zhang et al., 

2014; Christodoulou et al., 2018). Additionally, 

several stress-responsive hub genes were 

identified, including GrpE, which assists in 

protein folding, Mfd, involved in transcription-

coupled DNA repair, and guaA, which 

participates in purine biosynthesis (López de 

Felipe et al., 2021; Duwat et al., 2000). These 

shared mechanisms across species provide a 

deeper understanding of how probiotics cope with 

oxidative damage and may inform future 

strategies to enhance their efficacy in managing 

inflammation and supporting gut health. 

Materials and Methods 

Data collection 

We searched the sequence read archive (SRA) 

database (https://www.ncbi.nlm.nih.gov/sra), 

European nucleotide archive (ENA) database 

(https://www.ebi.ac.uk/ena) and gene expression 

omnibus (GEO) database 

(https://www.ncbi.nlm.nih.gov/geo/) to identify 

appropriate datasets for our study. We selected 

datasets that met the following criteria: 

experimental technique (RNA-seq), organism 

(probiotic bacteria), groups (under oxidative 

stress treatment vs. control), and treatment 

duration (at least 30 minutes). Only datasets that 

included H2O2 or HOCl oxidative stress 

treatments were included. The selected datasets 

were downloaded and analyzed. 

Screening of differentially expressed genes  

We performed bioinformatics analysis of RNA-

seq datasets using CLC Genomics Workbench 

version 20. Each dataset was analyzed 

individually, starting with a quality control 

assessment of the raw reads. The raw reads were 

then trimmed with default parameters (maximum 

number of ambiguities: 2 and quality scores limit: 

0.05) and mapped to the reference genomes. 

Finally, the differentially expressed genes 
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(DEGs) were identified between the H2O2 or 

HOCl-treated group and control groups using 

parameters such as FDR P-value less than 0.05 

and (|log fold-change (logFC)| greater than 1.0. 

All analyses were executed using CLC software.  

Protein-protein interaction network analysis 

and hub gene identification 

We used the Search Tool for the Retrieval of 

Interacting Genes (STRING) database 

(https://string-db.org) to extract the protein-

protein interaction (PPI) network of DEGs for 

each. A confidence score of ≥ 0.4 was used as the 

analysis parameter. The PPI network was 

visualized using Cytoscape version 3.10. Hub 

genes were identified using the CytoHubba plug-

in of Cytoscape with degree, closeness, and 

betweenness algorithms. The intersection of 

genes between the three algorithms was 

considered the hub genes. 

Functional enrichment analysis of hub gene 

and related neighbor genes 

We determined the neighbor genes associated 

with hub genes using the STRING database with 

a confidence score of ≥ 0.4 and a maximum 

number of interactors of <= 20. We performed 

Gene Ontology (GO) and Kyoto Encyclopedia of 

Genes and Genomes (KEGG) pathway analysis 

using STRING for the hub genes and their 

associated neighbor genes. Significant GO and 

KEGG terms were filtered based on FDR, with a 

P-value less than 0.05. 

Results  

Data collection 

After searching the SRA, ENA, and GEO 

databases, three datasets were identified that met 

the specified criteria. The first dataset, 

GSE144068, was generated using the GPL26262 

Illumina NextSeq 500 platform and included six 

samples of RNA sequencing from Escherichia 

coli Nissle 1917 before and after HOCl treatment 

(for 30 min). The second dataset, GSE99096, was 

generated using the GPL23496 Illumina HiSeq 

2500 platform and included six samples of RNA 

sequencing from L. plantarum that were treated 

with H2O2 for 30 min compared to the control 

(before treatment). The third dataset, 

GSE127961, was generated using the GPL21222 

Illumina HiSeq 2500 platform and included 12 

samples of RNA sequencing from L. reuteri that 

were treated with both H2O2 and HOCl for 30 

minutes, compared to the control (before 

treatment), as described in Table 1. 

 

Table 1. The additional information of datasets. 
Probiotics Acc num* Platform Stress treat/ time** Number of samples Concent stress sub*** 

Escherichia coli Nissle 1917 GSE144068 GPL26262 HOCl/ 30 min 6 (3 cases & 3 control) 0.4 mM 
Lactobacillus plantarum GSE99096 GPL23496 H2O2/ 30 min 6 (3 cases & 3 control) 5 mM 

Lactobacillus reuteri GSE127961 GPL21222 H2O2/ 30 min 6 (3 cases & 3 control) 0.12 mM 

HOCl/ 30 min 6 (3 cases & 3 control) 1.25 mM 

*= Accession number; **= Stress treatment/ time; ***= Concentration of stress-inducing substances 

 

Screening of DEGs 

The identified datasets were imported into the 

CLC Genomics Workbench software and 

analyzed separately. After performing all the 

necessary analysis steps, DEGs were obtained 

from each dataset (Table 2). 

PPI network construction and hub gene 

screening 

The PPI network of DEGs for each dataset was 

constructed using the STRING database and 

visualized in Cytoscape software. The E. coli 

dataset contained 458 nodes and 2417 edges 

(HOCl treatment), the L. plantarum dataset 

contained 455 nodes and 832 edges for H2O2 

treatment (Fig. 1A and B), and the L. reuteri 

dataset contained 133 nodes and 257 edges for 

H2O2 treatment and 40 nodes and 41 edges for 

HOCl treatment (Fig. 2A and B). 

Using the CytoHubba plugin with degree, 

closeness, and betweenness methods, hub genes 

were identified. For the E. coli dataset after HOCl 

treatment, guaA and tig were identified as the hub 

genes. 

Only comEA was identified as the hub gene for 

the L. plantarum dataset after H2O2 treatment. For 

the L. reuteri dataset, ComEC (Lreu_0645) was 

identified as the hub gene for H2O2 treatment, and 

UvrB, Mfd, DeoC, and GrpE were identified as 

hub genes for HOCl treatment. These selected 
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hub genes for each probiotic could be considered 

representative genes against oxidative stress. 

Functional enrichment analysis of hub genes 

and related neighbor genes 

First, neighbor genes that were correlated with 

hub genes were identified using the STRING 

database (Fig. 3). Functional enrichment analysis 

of hub genes and their neighbor genes, including 

GO and KEGG analysis, was then performed 

using the same database and the most 

significantly enriched GO terms for each bacterial 

dataset were extracted (Fig. 4 and 5). 

 

Table 2. The complete information of DEGs. 
Probiotics Stress treatment DEGs count Up- and down-regulated gene count 

Escherichia coli Nissle 1917 HOCl 555 +300 and -255 
Lactobacillus plantarum H2O2 593 +230 and -363 

Lactobacillus reuteri H2O2 198 +82 and -11- 

HOCl 64 +40 and -24 

 

 
Fig. 1. PPI networks of DEGs in E. coli and L. plantarum: A) PPI network of DEGs in E. coli; B) PPI network of 

DEGs in L. plantarum. Each node represents a protein encoded by a DEG, and each edge represents a predicted 

functional or physical interaction based on the STRING database analysis. 
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Fig. 2. PPI networks of DEGs in L. reuteri under H₂O₂ and HOCl stress: A) PPI network of DEGs in L. reuteri under 

H₂O₂ stress; B) PPI network of DEGs in L. reuteri under HOCl stress. Each node represents a protein encoded by a 

DEG, and each edge represents a predicted functional or physical interaction based on STRING database analysis 

with confidence scores ≥ 0.4. 

 

The complete GO results for each bacterial 

dataset were investigated (Table 3). 

KEGG analysis revealed that "ribosome" and 

"purine metabolism" were the most enriched 

pathways in the E. coli-HOCl dataset (Fig. 6A), 

while "DNA replication", "Mismatch repair" and 

"Homologous recombination" were the most 

significantly enriched pathways in the L. 

plantarum-H2O2 dataset (Fig. 6B). For the L. 

reuteri-H2O2 dataset, "Homologous 

recombination", "DNA replication" and 

"Mismatch repair" were the most enriched 

pathways (Fig. 6C) and for the L. reuteri-HOCl 

dataset, "RNA polymerase", "Nucleotide excision 

repair" and "Pentose phosphate pathway" were 

the most significantly enriched pathways (Fig. 

6D). 

Discussion 

This study investigated transcriptomic 

adaptations of E. coli Nissle 1917, L. plantarum, 

and L. reuteri to oxidative stress induced by H₂O₂ 
and HOCl. Oxidative stress, a key driver of 

inflammation and dysbiosis (Pruchniak et al., 

2016), challenges the survival of probiotics, 

although tolerance has been linked to anti-

inflammatory effects (Heydari et al., 2022).  
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Fig. 3. Interaction networks of Hub genes and their first-degree interacting partners in oxidative stress response: A) 

Network showing hub gene GrpE in E. coli and its interacting partners; B) Network showing hub gene Mfd in L. 

plantarum and its interacting partners; C) Network showing hub genes ComEA, UvrB, and DeoC in L. reuteri and 

their interacting partners; D) Network showing hub gene ComEC (Lreu_0645) in L. reuteri and its interacting 

partners. All networks were generated using the STRING database (confidence score≥ 0.4). High-connectivity 

patterns highlight the central roles of these hub genes in stress-related functional modules such as protein folding, 

DNA repair, and purine metabolism. 

 

 

 
Fig. 4. GO enrichment analysis of DEGs in E. coli and L. plantarum: A) GO enrichment analysis of DEGs in E. coli, 

highlighting terms related to ribosome assembly and purine biosynthesis; B) GO enrichment analysis of DEGs in L. 

plantarum, showing enrichment in DNA replication and nucleobase biosynthetic processes. The enriched terms are 

grouped into biological process (BP), cellular component (CC), and molecular function (MF), reflecting species-

specific responses to oxidative stress. 
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Enrichment of pathways such as purine 

metabolism, PPP, and NER indicates conserved 

and stressor-specific mechanisms in redox 

regulation and genome maintenance. These 

findings require further validation to confirm their 

functional and translational relevance. As 

mentioned below, several key biological 

pathways were identified as being enriched in the 

analyzed datasets, highlighting their potential role 

in the oxidative stress response of probiotics. 

In L. reuteri under HOCl stress, the NER pathway 

was enriched, with UvrB identified as a hub gene, 

suggesting pathway activation in response to 

oxidative DNA damage. NER involvement in 

oxidative, acidic, and heat stress tolerance has 

similarly been observed in E. coli, L. helveticus, 

S. mutans, L. lactis, T. thermophilus, and A. 

pasteurianus (Truglio et al., 2006; Dhawale et al., 

2021; Cappa et al., 2005; Hanna et al., 2001; 

Hartke et al., 1995; Kajfasz et al., 2011; 

Yamamoto et al., 1996; Zheng et al., 2015). 

Homologous recombination (HR) was among the 

most enriched pathways in L. plantarum and L. 

reuteri under H₂O₂ stress, indicating its role in 

maintaining genome stability in response to 

oxidative damage. This mechanism, which 

facilitates error-free repair of double-strand 

breaks, has been associated with stress tolerance 

in lactic acid bacteria (Zhang et al., 2014). 

 

 
 

Fig. 5. GO enrichment analysis of DEGs in L. reuteri under oxidative stress: A) GO enrichment analysis of DEGs in 

L. reuteri under H₂O₂ stress showing significant biological processes such as DNA repair, response to stimulus, and 

cellular biosynthetic processes; B) GO enrichment analysis of DEGs in L. reuteri under HOCl stress highlighting 

similar biological processes along with key molecular functions including DNA polymerase activity and protein 

binding. These enriched terms support the activation of defense mechanisms related to genome stability and redox 

adaptation under oxidative stress. The enriched terms are grouped into biological process (BP), cellular component 

(CC), and molecular function (MF), reflecting species-specific oxidative stress responses. 
 

The MMR was significantly enriched in L. 

plantarum and L. reuteri under H₂O₂ stress, 

suggesting its activation as part of the DNA 

damage response in these strains. As a conserved 

system that corrects base mispairing and 

maintains genome integrity, MMR has been 

implicated in resistance to oxidative stress in 

bacteria (Gu et al., 2020).  

The PPP was enriched in L. reuteri under HOCl-

induced oxidative stress, highlighting its potential 

role in cellular defense. This pathway contributes 

to oxidative stress resistance primarily by 

generating NADPH, which is essential for 

maintaining redox homeostasis and fueling 

antioxidant systems such as glutathione and 

thioredoxin. Previous studies have demonstrated 

that PPP activation enhances bacterial tolerance 

to ROS and supports survival under oxidative 

challenge (Christodoulou et al., 2018; Zhang et 

al., 2021). Purine metabolism was highly 

enriched in E. coli under HOCl stress, suggesting 

its contribution to maintaining energy 

homeostasis and nucleotide turnover during 

oxidative challenge. Previous studies have 

demonstrated that stress conditions such as bile 

and oxidative damage enhance purine nucleotide 

metabolism in probiotic strains like L. salivarius 

and L. plantarum, potentially increasing ATP 

availability and supporting bacterial survival (Lv 

et al., 2017). In addition to the enriched pathways, 

a set of specific hub genes (as listed below) was 

identified that may play critical roles in 

supporting probiotic survival under oxidative 

stress.  
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Table 3. The GO analysis for E. coli Nissle 1917-HOCl. 
Fdr P-value<0.05 GO terms Groups 

A) E. coli Nissle 1917-HOCl 
07-10 6.34 Protein-containing complex assembly Biological process 
05-10 1.29 Protein folding 
05-10 1.29 Cellular nitrogen compound biosynthetic process 

05-101.29 Organonitrogen compound biosynthetic process 
05-10 4.00 Translation 
05-10 5.54 Purine ribonucleoside monophosphate biosynthetic process 
05-10 5.54 Ribonucleoprotein complex assembly 
05-10 5.54 Ribosome assembly 
05-10 5.90 De novo protein folding 
05-10 6.19 Ribonucleotide metabolic process 
05-10 3.00 Structural constituent of ribosome Cellular component 
05-10 9.92 Unfolded protein binding 

0.0079 Protein binding 
11-10 1.75 Cytosol Molecular function 
06-10 1.05 Cytosolic ribosome 
06-10 1.05 Ribosomal subunit 
05-10 2.85 Protein-containing complex 

0.0002 Cytosolic small ribosomal subunit 
0.0094 Cytosolic large ribosomal subunit 

2O2H-L. plantarumB)  
08-10 1.90 Establishment of competence for transformation Biological process 
07-10 3.57 Nucleobase-containing compound biosynthetic process 
07-10 6.09 Nucleobase-containing compound metabolic process 
06-10 3.49 Cellular nitrogen compound metabolic process 
05-10 1.18 Cellular nitrogen compound biosynthetic process 
05-10 1.93 DNA replication 
05-10 5.94 Nitrogen compound metabolic process 

0.00087 Primary metabolic process 
0.0012 Cellular biosynthetic process 
0.0015 DNA metabolic process 

05-10 2.11 DNA-directed DNA polymerase activity Cellular component 
 05-10 2.11 Nucleotidyltransferase activity 

0.0024 Catalytic activity, acting on DNA 
0.0202 3-5 exonuclease activity 
0.0202 Transferase activity, transferring phosphorus-containing groups 
6.59E-05 DNA polymerase III complex Molecular function 

2O2H-reuteriL. C)  
10-10 4.77 Cellular response to extracellular stimulus Biological process 
08-10 2.49 Cellular response to stimulus 
08-10 7.03 Establishment of competence for transformation 
05-10 7.43 DNA metabolic process 

0.0002 Heterocycle metabolic process 
0.00021 Organic cyclic compound metabolic process 
0.00032 DNA replication 
0.00082 DNA repair 
0.0014 Heterocycle biosynthetic process 
0.0015 Organic cyclic compound biosynthetic process 

06-10 2.47 DNA-directed DNA polymerase activity Cellular component 
 0.0022 Exonuclease activity 

0.0024 3-5 exonuclease activity 
0.0029 Catalytic activity, acting on dna 
0.0194 DNA binding 
0.022 Transferase activity, transferring phosphorus-containing groups 
0.0002 DNA polymerase III complex Molecular function 
0.0002 Catalytic complex 

D) L. reuteri-HOCl 
06-10 3.08 Transcription, DNA-templated Biological process 

0.00031 Protein folding 
0.00084 Nucleotide-excision repair 
0.0011 Cellular macromolecule metabolic process 
0.0048 Cellular macromolecule biosynthetic process 
0.0058 Nucleobase-containing compound biosynthetic process 
0.0198 Nucleobase-containing compound metabolic process 
0.0198 Cellular process 
0.031 Gene expression 
0.0311 Cellular nitrogen compound metabolic process 
0.0025 DNA-directed 5-3 RNA polymerase activity Cellular component 

 0.0038 Binding 
0.0038 Protein binding 
0.0038 Organic cyclic compound binding 
0.0038 Heterocyclic compound binding 
0.0048 Nucleic acid binding 
0.0048 Excinuclease abc activity 
0.0061 Unfolded protein binding 
0.0092 DNA binding 
0.0013 Intracellular Molecular function 
0.0027 Cytoplasm 
0.0027 Excinuclease repair complex 
0.0058 Cellular anatomical entity 
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The GrpE gene was identified as a hub gene in L. 

reuteri following HOCl treatment and was 

upregulated, suggesting its role in protein quality 

control under oxidative stress. This heat shock 

protein facilitates protein folding and prevents 

aggregation during stress. Similar GrpE 

upregulation has been reported in L. plantarum 

WCFS1 under phenol-induced oxidative stress 

(López de Felipe et al., 2021), under ethanol 

stress (van Bokhorst-van de Veen et al., 2011), in 

L. acidophilus with polyphenols (Mazzeo et al., 

2015), in L. bulgaricus under acid stress 

(Fernandez et al., 2008), and in L. casei (Heunis 

et al., 2014), indicating a conserved function in 

proteotoxic stress adaptation. 

The Mfd gene was identified as a hub gene in L. 

reuteri under HOCl stress and was upregulated, 

suggesting its role in transcription-coupled DNA 

repair. Mfd encodes a factor that displaces stalled 

RNA polymerase at DNA lesions and recruits 

repair machinery (Deaconescu et al., 2006). 

Consistent with our findings, Mfd upregulation 

has been observed in L. plantarum WCFS1 under 

resveratrol-induced oxidative stress (López de 

Felipe et al., 2021), and Bacillus subtilis strains 

lacking Mfd show reduced survival under similar 

conditions (Martin et al., 2019), supporting its 

conserved role in oxidative stress adaptation. 

The GuaA gene, which encodes guanosine 

monophosphate synthetase (GMPS), was 

identified as a hub gene in E. coli under HOCl 

stress, indicating a potential role in maintaining 

purine nucleotide synthesis during oxidative 

stress. While GuaA primarily contributes to GMP 

biosynthesis from IMP, its function becomes 

particularly critical under stress conditions when 

purine availability is limited. Our findings are 

consistent with previous studies demonstrating 

that mutations in GuaA reduce stress tolerance in 

Lactococcus lactis under oxidative (H₂O₂), heat, 

and acidic stress (Duwat et al., 2000; Rallu et al., 

2000). Additionally, suppression of GuaA 

expression has been observed under acidic stress 

in L. casei, linked to the accumulation of 

(p)ppGpp and modulation of stress response 

pathways (Broadbent et al., 2010). These 

observations suggest that GuaA plays a broader 

role in stress adaptation by regulating purine 

metabolism and maintaining intracellular 

nucleotide pools. 

The UvrB gene, a key component of the NER 

system, was identified as a hub gene in L. reuteri 

under HOCl stress and was upregulated, 

indicating its role in oxidative DNA damage 

repair. As a damage sensor, UvrB initiates NER 

by detecting nucleotide lesions (Crowley et al., 

2006). Previous studies have reported UvrB 

upregulation in L. plantarum under salt stress (Li 

et al., 2019; Zhao et al., 2014), in B. longum under 

acidic stress (Jin et al., 2012), in Enterobacter 

under oxidative stress (Fei et al., 2020), and its 

involvement in antioxidant defense in E. faecalis 

(Arntzen et al., 2015), supporting its conserved 

role in stress tolerance. 

Among the identified hub genes, Competence 

protein (ComEA) and Trigger factor (Tig) showed 

decreased expression under oxidative stress. 

comEA was downregulated in L. plantarum 

exposed to H₂O₂, while tig expression decreased 

in E. coli under HOCl stress.  

ComEA encodes a membrane-bound DNA uptake 

protein essential for competence in bacteria such 

as B. subtilis and S. pneumoniae (Chen and 

Dubnau, 2004; Johnsborg et al., 2009), and tig 

encodes trigger factor, a ribosome-associated 

chaperone aiding in nascent protein folding 

(Bhandari and Houry, 2015; Saio et al., 2014). 

Although these genes are typically upregulated 

under environmental stress, their downregulation 

here may reflect strain- or condition-specific 

regulatory responses, emphasizing the 

complexity of probiotic adaptation mechanisms. 

To interpret stimulus-specific probiotic 

responses, we compared the expression of hub 

genes under different oxidative stressors. In L. 

reuteri exposed to HOCl, GrpE and Mfd were 

significantly upregulated, reflecting enhanced 

protein folding and transcription-coupled repair 

activities. These findings align with reports of 

GrpE and Mfd induction in L. plantarum, L. 

acidophilus, and B. subtilis under similar stress 

conditions (Felipe et al., 2021; Mazzeo et al., 

2015; Martin et al., 2019). Also, under HOCl, 

UvrB was upregulated in L. reuteri, supporting its 

role in nucleotide excision repair, as previously 

observed in lactic acid bacteria and 

Enterobacteriaceae under salt and acid stress (Li 

et al., 2019; Fei et al., 2020). Under H₂O₂ stress, 

ComEA was downregulated in L. plantarum, 

despite its established role in competence and 

genome repair (Chen and Dubnau, 2004).
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Fig. 6. KEGG pathway enrichment analysis of DEGs across probiotic strains: A) Enriched pathways in E. coli under 

HOCl stress, highlighting purine metabolism and ribosome function; B) Enriched pathways in L. plantarum under 

H₂O₂ stress, showing DNA replication and mismatch repair; C) Enriched pathways in L. reuteri under H₂O₂ stress, 

including homologous recombination and DNA replication; D) Enriched pathways in L. reuteri under HOCl stress, 

featuring RNA polymerase, nucleotide excision repair, and the pentose phosphate pathway. 

 

In E. coli, Tig and GuaA were downregulated 

following HOCl exposure. GuaA, linked to purine 

biosynthesis and stress adaptation in L. lactis and 

tig, encoding a ribosome-associated chaperone, 

may be differentially regulated under HOCl stress 

(Duwat et al., 2000; Bhandari and Houry, 2015). 

These results demonstrate both conserved 

responses, such as DNA repair, and species- and 

stressor-specific transcriptional patterns. 

A comparative analysis of H₂O₂ and HOCl 

responses revealed stimulus-specific patterns 

across the studied strains. While H₂O₂ in L. 

plantarum led to the downregulation of 

competence-related genes, such as ComEA, 

HOCl in L. reuteri triggered the strong 

upregulation of stress-response genes, including 

GrpE, Mfd, and UvrB. In E. coli, HOCl stress 

suppressed genes involved in protein folding 

(Tig) and metabolism (GuaA). These differences 

reflect the broader reactivity of HOCl with 

cellular proteins compared to the more DNA-

targeted oxidative effects of H₂O₂. 
Despite its insights, this study has limitations. For 

instance, experimental validations such as qPCR, 

gene overexpression, and gene knockout models 

are needed to confirm the roles of identified genes 

in oxidative stress resistance. Additionally, the 

RNA-seq datasets varied in oxidative stressor 

type and concentration (e.g., 5 mM H₂O₂ in L. 

plantarum, 0.12 and 1.25 mM H₂O₂ in L. reuteri 

and 0.4 mM HOCl in E. coli), as well as 

sequencing platforms (HiSeq vs. NextSeq), 

introducing heterogeneity that may impact 

interspecies comparisons. For example, DEG 

counts varied markedly between species, with 555 

in E. coli and 64 in L. reuteri, likely reflecting 

both experimental factors and intrinsic 

differences between Gram-negative and Gram-

positive bacteria. To reduce such variability, we 

applied standardized analysis thresholds (FDR < 

0.05, |logFC| > 1.0) and focused on consistently 

regulated genes and pathways. Still, cross-dataset 

comparisons should be interpreted cautiously due 

to potential inter-study variability. Species-

specific transcriptional dynamics and platform-

related variability may have influenced 

expression outcomes. Thus, while our analysis 

highlights key stress-response candidates, 

experimental validation remains essential to 

confirm their biological significance. 

Comparative metatranscriptomic analyses have 

shown that host-microbiota interactions vary in 

inflammatory conditions like IBD, highlighting 

the role of specific microbial taxa in modulating 
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immune responses (Priya et al., 2022). These 

insights suggest that integrating probiotic 

transcriptomic data with broader gut microbiota 

dynamics could enhance our understanding of 

inflammation. Similarly, changes in microbial 

composition and function have been linked to 

immune regulation and disease progression (Chen 

et al., 2024). 

Conclusion 

The efficacy of probiotics in the host's body relies 

on their ability to resist oxidative stress, such as 

H2O2 and HOCl. The results of this study, 

including the identification of key genes and 

pathways involved in probiotic resistance against 

oxidative stress, provide a broad perspective of 

how each probiotic responds to and copes with 

oxidative stress. These findings may provide a 

basis for improving probiotic efficacy by 

enhancing their survival and resistance to 

oxidative stress; however, further experimental 

studies are necessary to confirm their practical 

applicability and therapeutic relevance. Based on 

the key roles identified for genes such as GrpE, 

Mfd, and GuaA in oxidative stress resistance, 

these genes may serve as potential targets for 

future probiotic strain improvement. For instance, 

GrpE has been associated with enhanced protein 

folding capacity under stress, Mfd contributes to 

transcription-coupled DNA repair, and GuaA is 

involved in purine metabolism, which supports 

nucleotide synthesis during oxidative damage. 

Modulating the expression of these genes through 

overexpression or selection of naturally high-

expressing strains could improve the survival and 

functionality of probiotics under inflammatory 

and oxidative environments. These insights may 

guide future research into improving probiotic 

stress tolerance; however, their therapeutic 

relevance remains to be experimentally validated. 

However, further experimental studies will be 

required to validate these findings and translate 

them into clinical practice. 

Authors’ Contributions 

NA Study concept and design; AH Acquisition of 

data; AH, FP, and NA analysis and interpretation 

of data; AH, and FP Drafting of the manuscript; 

FP, and NA Critical revision of the manuscript for 

important intellectual content; FP, and NA Study 

supervision. All authors have made a significant 

contribution to this study and have approved the 

final manuscript. 

Acknowledgements 

The authors also thank Semnan University and 

National Institute of Genetic Engineering and 

Biotechnology (NIGEB) for their facilities and 

cooperation. 

Availability of data and materials 

All data produced and presented throughout the 

study are included in the manuscript.  

Conflict of interests 

The authors have no conflict of interests related to 

this publication.  

Funding 

No funding was dedicated to this study.  

References 

Ajam-Hosseini, M., Akhoondi, F., Parvini, F., & 

Fahimi, H. (2024). Gram-negative bacterial 

sRNAs encapsulated in OMVs: an emerging 

class of therapeutic targets in diseases. 

Frontiers in Cellular and Infection 

Microbiology, 13, 1305510. 
https://doi.org/10.3389/fcimb.2023.1305510 

Akhgarjand, C., Vahabi, Z., Shab-Bidar, S., 

Etesam, F., & Djafarian, K. (2022). Effects of 

probiotic supplements on cognition, anxiety, 

and physical activity in subjects with mild and 

moderate Alzheimer’s disease: A randomized, 

double-blind, and placebo-controlled study. 

Frontiers in Aging Neuroscience, 14, 

1032494. 
https://doi.org/10.3389/fnagi.2022.1032494 

Arntzen, M. Ø., Karlskås, I. L., Skaugen, M., 

Eijsink, V. G. H., & Mathiesen, G. (2015). 

Proteomic investigation of the response of 

Enterococcus faecalis V583 when cultivated 

in urine. PLoS One, 10(4). 
https://doi.org/10.1371/JOURNAL.PONE.0126694  

Batty, D. P., & Wood, R. D. (2000). Damage 

recognition in nucleotide excision repair of 

DNA. Gene, 241(2), 193-204. 
https://doi.org/10.1016/S03781119(99)00489-8 

Bhandari, V., & Houry, W. A. (2015). Substrate 

interaction networks of the Escherichia coli 

chaperones: trigger factor, DnaK and GroEL. 

Prokaryotic Systems Biology, 271-294. 
https://doi.org/10.1007/978-3-319-23603-2_15 

https://doi.org/10.3389/fcimb.2023.1305510
https://doi.org/10.3389/fnagi.2022.1032494
https://doi.org/10.1371/JOURNAL.PONE.0126694
https://doi.org/10.1016/S03781119(99)00489-8
https://doi.org/10.1007/978-3-319-23603-2_15


Heydari et al., J Genet Resour, 2025; 11(2): 146-159 

157 

Broadbent, J. R., Larsen, R. L., Deibel, V., & 

Steele, J. L. (2010). Physiological and 

transcriptional response of Lactobacillus casei 

ATCC 334 to acid stress. Journal of 

Bacteriology, 192(9), 2445-2458. 
https://doi.org/10.1128/JB.01618-09 

Calderini, E., Celebioglu, H. U., Villarroel, J., 

Jacobsen, S., Svensson, B., & Pessione, E. 

(2017). Comparative proteomics of oxidative 

stress response of Lactobacillus acidophilus 

NCFM reveals effects on DNA repair and 

cysteine de novo synthesis. Proteomics, 17(5) 

1600178. 
https://doi.org/10.1002/PMIC.201600178 

Cappa, F., Cattivelli, D., & Cocconcelli, P. S. 

(2005). The uvrA gene is involved in oxidative 

and acid stress responses in Lactobacillus 

helveticus CNBL1156. Research in 

Microbiology, 156(10), 1039-1047. 
https://doi.org/10.1016/j.resmic.2005.06.003 

Chen, I., & Dubnau, D. (2004). DNA uptake 

during bacterial transformation. Nature 

Reviews Microbiology, 2(3), 241-249. 
https://doi:10.1038/nrmicro844 

Chen, J., Zhao, T., Li, H., Xu, W., Maas, K., 

Singh, V., ... & Cong, X. S. (2024). Multi-

omics analysis of gut microbiota and host 

transcriptomics reveal dysregulated immune 

response and metabolism in young adults with 

irritable bowel syndrome. International 

Journal of Molecular Sciences, 25(6), 3514. 
https://doi.org/10.3390/ijms25063514 

Christodoulou, D., Link, H., Fuhrer, T., 

Kochanowski, K., Gerosa, L., & Sauer, U. 

(2018). Reserve flux capacity in the pentose 

phosphate pathway enables Escherichia coli's 

rapid response to oxidative stress. Cell 

Systems, 6(5), 569-578. 
https://doi.org/10.1016/j.cels.2018.04.009 

Crowley, D. J., Boubriak, I., Berquist, B. R., 

Clark, M., Richard, E., Sullivan, L., ... & 

McCready, S. (2006). The uvrA, uvrB and 

uvrC genes are required for repair of 

ultraviolet light induced DNA photoproducts 

in Halobacterium sp. NRC-1. Saline Systems, 

2, 1-13. https://doi:10.1186/1746-1448-2-11 

Deaconescu, A. M., Chambers, A. L., Smith, A. 

J., Nickels, B. E., Hochschild, A., Savery, N. 

J., & Darst, S. A. (2006). Structural basis for 

bacterial transcription-coupled DNA repair. 

Cell, 124(3), 507-520. https://doi: 

10.1016/j.cell.2005.11.045 

Dhawale, A., Bindal, G., Rath, D., & Rath, A. 

(2021). DNA repair pathways important for 

the survival of Escherichia coli to hydrogen 

peroxide mediated killing. Gene, 768, 145297. 
https://doi.org/10.1016/j.gene.2020.145297 

Duwat, P., Cesselin, B., Sourice, S., & Gruss, A. 

(2000). Lactococcus lactis, a bacterial model 

for stress responses and survival. International 

Journal of Food Microbiology, 55(1-3), 83-86. 
https://doi.org/10.1016/S01681605(00)00179-3 

Fei, Y. Y., Bhat, J. A., Gai, J. Y., & Zhao, T. J. 

(2020). Global transcriptome profiling of 

Enterobacter strain NRS-1 in response to 

hydrogen peroxide stress treatment. Applied 

Biochemistry and Biotechnology, 191, 1638-

1652. https://doi.org/10.1007/S12010-020-03313-

X 
López de Felipe, F., De Las Rivas, B., & Muñoz, 

R. (2021). Molecular responses of lactobacilli 

to plant phenolic compounds: a comparative 

review of the mechanisms involved. 

Antioxidants, 11(1), 18. 
https://doi.org/10.3390/antiox11010018 

Fernandez, A., Ogawa, J., Penaud, S., 

Boudebbouze, S., Ehrlich, D., Van De Guchte, 

M., & Maguin, E. (2008). Rerouting of 

pyruvate metabolism during acid adaptation in 

Lactobacillus bulgaricus. Proteomics, 8(15), 

3154-3163. 
https://doi.org/10.1002/PMIC.200700974 

Gu, L., Liu, X., Wang, Y. Q., Zhou, Y. T., Zhu, 

H. W., Huang, J., ... & Zhou, H. (2020). 

Revelation of AbfR in regulation of mismatch 

repair and energy metabolism in S. 

epidermidis by integrated proteomic and 

metabolomic analysis. Journal of Proteomics, 

226, 103900. 
https://doi.org/10.1016/j.jprot.2020.103900 

Hanna, M. N., Ferguson, R. J., Li, Y. H., & 

Cvitkovitch, D. G. (2001). uvrA is an acid-

inducible gene involved in the adaptive 

response to low pH in Streptococcus mutans. 

Journal of Bacteriology, 183(20), 5964-5973. 
https://doi.org/10.1128/JB.183.20.5964-

5973.2001  
Hartke, A., Bouche, S., Laplace, J. M., 

Benachour, A., Boutibonnes, P., & Auffray, Y. 

(1995). UV-inducible proteins and UV-

induced cross-protection against acid, ethanol, 

H2O2 or heat treatments in Lactococcus lactis 

subsp. lactis. Archives of Microbiology, 163, 

329-336. https://doi.org/10.1007/BF00404205 

https://doi.org/10.1128/JB.01618-09
https://doi.org/10.1002/PMIC.201600178
https://doi.org/10.1016/j.resmic.2005.06.003
https://doi:10.1038/nrmicro844
https://doi.org/10.3390/ijms25063514
https://doi.org/10.1016/j.cels.2018.04.009
https://doi:10.1186/1746-1448-2-11
https://doi.org/10.1016/j.gene.2020.145297
https://doi.org/10.1016/S01681605(00)00179-3
https://doi.org/10.1007/S12010-020-03313-X
https://doi.org/10.1007/S12010-020-03313-X
https://doi.org/10.3390/antiox11010018
https://doi.org/10.1002/PMIC.200700974
https://doi.org/10.1016/j.jprot.2020.103900
https://doi.org/10.1128/JB.183.20.5964-5973.2001
https://doi.org/10.1128/JB.183.20.5964-5973.2001
https://doi.org/10.1007/BF00404205


Heydari et al., J Genet Resour, 2025; 11(2): 146-159 

158 

Heunis, T., Deane, S., Smit, S., & Dicks, L. M. 

(2014). Proteomic profiling of the acid stress 

response in Lactobacillus plantarum 423. 

Journal of Proteome Research, 13(9), 4028-

4039. https://doi.org/10.1021/PR500353X 

Heydari, A., Parvini, F., & Fard, N. A. (2022). 

Functional foods and antioxidant effects: 

emphasizing the role of probiotics. Current 

Topics in Functional Food. IntechOpen. 
https://doi.org/10.5772/INTECHOPEN.104322 

Hong, D., Kim, H. K., Yang, W., Yoon, C., Kim, 

M., Yang, C. S., & Yoon, S. (2024). 

Integrative analysis of single-cell RNA-seq 

and gut microbiome metabarcoding data 

elucidates macrophage dysfunction in mice 

with DSS-induced ulcerative colitis. 

Communications Biology, 7(1), 731. 
https://doi.org/10.1186/s12967-025-06147-5 

Jin, J., Zhang, B., Guo, H., Cui, J., Jiang, L., Song, 

S., ... & Ren, F. (2012). Mechanism analysis 

of acid tolerance response of Bifidobacterium 

longum subsp. longum BBMN 68 by gene 

expression profile using RNA-sequencing. 

PLoS One, 7(12), e50777  .
https://doi.org/10.1371/JOURNAL.PONE.005077

7 
Johnsborg, O., & Håvarstein, L. S. (2009). 

Regulation of natural genetic transformation 

and acquisition of transforming DNA in 

Streptococcus pneumoniae. FEMS 

Microbiology Reviews, 33(3), 627-642. 
https://doi.org/10.1111/j.1574-6976.2009.00167.x 

Kajfasz, J. K., & Quivey Jr, R. G. (2011). 

Responses of lactic acid bacteria to acid stress. 

Stress Responses of Lactic Acid Bacteria (pp. 

23-53). Boston, Springer US. 

Li, M., Wang, Q., Song, X., Guo, J., Wu, J., & 

Wu, R. (2019). iTRAQ-based proteomic 

analysis of responses of Lactobacillus 

plantarum FS5-5 to salt tolerance. Annals of 

Microbiology, 69(4), 377-394. 
https://doi.org/10.1007/S13213-018-1425-0 

Lv, L. X., Yan, R., Shi, H. Y., Shi, D., Fang, D. 

Q., Jiang, H. Y., ... & Li, L. J. (2017). 

Integrated transcriptomic and proteomic 

analysis of the bile stress response in probiotic 

Lactobacillus salivarius LI01. Journal of 

Proteomics, 150, 216-229. 
https://doi.org/10.1016/j.jprot.2016.08.021 

Martin, H. A., Porter, K. E., Vallin, C., Ermi, T., 

Contreras, N., Pedraza-Reyes, M., & Robleto, 

E. A. (2019). Mfd protects against oxidative 

stress in Bacillus subtilis independently of its 

canonical function in DNA repair. BMC 

Microbiology, 19, 1-14. 
https://doi.org/10.1186/S12866-019-1394-X 

Mazzeo, M. F., Lippolis, R., Sorrentino, A., 

Liberti, S., Fragnito, F., & Siciliano, R. A. 

(2015). Lactobacillus acidophilus-rutin 

interplay investigated by proteomics. PLoS 

One, 10(11), e0142376. 
https://doi.org/10.1371/JOURNAL.PONE.014237

6 
Naji, P., Parvini, F., & Fard, M. A. F. (2025). 

Probiotics against oxidative stress. Current 

Topics in Functional Food, 213. 
https://doi.org/10.5772/intechopen.1005325 

Pravda, J. (2020). Hydrogen peroxide and 

disease: towards a unified system of 

pathogenesis and therapeutics. Molecular 

Medicine, 26(1), 41. 
https://doi.org/10.1186/S10020-020-00165-3 

Priya, S., Burns, M. B., Ward, T., Mars, R. A., 

Adamowicz, B., Lock, E. F., ... & Blekhman, 

R. (2022). Identification of shared and disease-

specific host gene-microbiome associations 

across human diseases using multi-omic 

integration. Nature Microbiology, 7(6), 780-

795. https://doi.org/10.1038/s41564-022-01121-z 

Pruchniak, M. P., Araźna, M., & Demkow, U. 

(2016). Biochemistry of oxidative stress. 

Advances in Clinical Science, 9-19. 
https://doi.org/10.1007/5584_2015_161 

Rallu, F., Gruss, A., Ehrlich, S. D., & Maguin, E. 

(2000). Acid- and multistress-resistant 

mutants of Lactococcus lactis: Identification 

of intracellular stress signals. Molecular 

Microbiology, 35(3), 517-528. 
https://doi.org/10.1046/J.1365-2958.2000.01711 

.X 

Saio, T., Guan, X., Rossi, P., Economou, A., & 

Kalodimos, C. G. (2014). Structural basis for 

protein antiaggregation activity of the trigger 

factor chaperone. Science, 344(6184), 

1250494. https://doi. 10.1126/science.1250494 

Truglio, J. J., Croteau, D. L., Van Houten, B., & 

Kisker, C. (2006). Prokaryotic nucleotide 

excision repair: The UvrABC system. 

Chemical Reviews, 106(2), 233-252. 
https://doi.org/10.1021/CR040471U 

Van Bokhorst-van de Veen, H., Abee, T., 

Tempelaars, M., Bron, P. A., Kleerebezem, 

M., & Marco, M. L. (2011). Short- and long-

term adaptation to ethanol stress and its cross-

https://doi.org/10.1021/PR500353X
https://doi.org/10.5772/INTECHOPEN.104322
https://doi.org/10.1186/s12967-025-06147-5
https://doi.org/10.1371/JOURNAL.PONE.0050777
https://doi.org/10.1371/JOURNAL.PONE.0050777
https://doi.org/10.1111/j.1574-6976.2009.00167.x
https://doi.org/10.1007/S13213-018-1425-0
https://doi.org/10.1016/j.jprot.2016.08.021
https://doi.org/10.1186/S12866-019-1394-X
https://doi.org/10.1371/JOURNAL.PONE.0142376
https://doi.org/10.1371/JOURNAL.PONE.0142376
https://doi.org/10.5772/intechopen.1005325
https://doi.org/10.1186/S10020-020-00165-3
https://doi.org/10.1038/s41564-022-01121-z
https://doi.org/10.1007/5584_2015_161
https://doi.org/10.1046/J.1365-2958.2000.01711%20.X
https://doi.org/10.1046/J.1365-2958.2000.01711%20.X
https://doi.org/10.1021/CR040471U


Heydari et al., J Genet Resour, 2025; 11(2): 146-159 

159 

protective consequences in Lactobacillus 

plantarum. Applied and Environmental 

Microbiology, 77(15), 5247-5256. 
https://doi.org/10.1128/AEM.00515-11 

Yamamoto, N., Kato, R., & Kuramitsu, S. (1996). 

Cloning, sequencing and expression of the 

uvrA gene from an extremely thermophilic 

bacterium, Thermus thermophilus HB8. Gene, 

171(1), 103-106. https://doi.org/10.1016/0378-

1119(96)00052-2 
Zhang, C., Gui, Y., Chen, X., Chen, D., Guan, C., 

Yin, B., ... & Gu, R. (2020). Transcriptional 

homogenization of Lactobacillus rhamnosus 

hsryfm 1301 under heat stress and oxidative 

stress. Applied Microbiology and 

Biotechnology, 104(6), 2611-2621. 
https://doi.org/10.1007/S00253-020-10407-3 

Zhang, H., Zhang, C., Liu, H., Chen, Q., & Kong, 

B. (2021). Proteomic response strategies of 

Pediococcus pentosaceus R1 isolated from 

Harbin dry sausages to oxidative stress. Food 

Bioscience, 44, 101364. 
https://doi.org/10.1016/j.fbio.2021.101364 

Zhang, M., Chen, J., Zhang, J., & Du, G. (2014). 

The effects of RecO deficiency in Lactococcus 

lactis NZ9000 on resistance to multiple 

environmental stresses. Journal of the Science 

of Food and Agriculture, 94(15), 3125-3133. 
https://doi.org/10.1002/JSFA.6662 

Zhao, S., Zhang, Q., Hao, G., Liu, X., Zhao, J., 

Chen, Y., ... & Chen, W. (2014). The 

protective role of glycine betaine in 

Lactobacillus plantarum ST-III against salt 

stress. Food Control, 44, 208-213. 
https://doi.org/10.1016/j.foodcont.2014.04.002 

Zheng, Y., Chen, X., Wang, J., Yin, H., Wang, L., 

& Wang, M. (2015). Expression of gene uvrA 

from Acetobacter pasteurianus and its 

tolerance to acetic acid in Escherichia coli. 

Advances in Applied Biotechnology: 

Proceedings of the 2nd International 

Conference on Applied Biotechnology (ICAB 

2014)-Volume II (pp. 163-169). Springer 

Berlin Heidelberg. https://doi.org/10.1007/978-

3-662-46318-5_18 

Zolghadrpour, M. A., Jowshan, M. R., 

Seyedmahalleh, M. H., Imani, H., Karimpour, 

F., & Asghari, S. (2024). Consumption of a 

new developed synbiotic yogurt improves 

oxidative stress status in adults with metabolic 

syndrome: a randomized controlled clinical 

trial. Scientific Reports, 14(1), 20333. 
https://doi.org/10.1038/s41598-024-71264-y 

 

https://doi.org/10.1128/AEM.00515-11
https://doi.org/10.1016/0378-1119(96)00052-2
https://doi.org/10.1016/0378-1119(96)00052-2
https://doi.org/10.1007/S00253-020-10407-3
https://doi.org/10.1016/j.fbio.2021.101364
https://doi.org/10.1002/JSFA.6662
https://doi.org/10.1016/j.foodcont.2014.04.002
https://doi.org/10.1007/978-3-662-46318-5_18
https://doi.org/10.1007/978-3-662-46318-5_18
https://doi.org/10.1038/s41598-024-71264-y

