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Background: When Salmonella enterica serovar Typhimurium, a foodborne bacterium, is exposed to osmotic stress, 
cellular adaptations increase virulence severity and cellular survival.
Objectives: The aim of the gene network analysis of S. Typhimurium was to provide insights into the various interactions 
between the genes involved in cellular survival under low water activity (aw).
Materials and Methods: We performed a gene network analysis to identify the gene clusters and hub genes of S. 
Typhimurium using Cytoscape in three food samples subjected to aw stress after 72 hours.
Results: The identified hub genes of S. Typhimurium belonged to down-regulated genes and were related to 
translation, transcription, and ribosome structure in the food samples. The rpsB and Tig were identified as the most 
important of the hub genes. Enrichment analysis of the hub genes also revealed the importance of translation and 
cellular protein metabolic processes. Moreover, the biological process associated with organonitrogen metabolism 
in milk chocolate was identified. According to the KEGG pathway results of gene cluster analysis, cellular responses 
to stress were associated with RNA polymerase, ribosome, and oxidative phosphorylation. Genes encoding RNA 
polymerase activity, including rpoA, rpoB, and rpoZ, were also significantly identified in the KEGG pathways. 
The identified motifs of hub DEGs included EXPREG_00000850, EXPREG_00000b00, EXPREG_000008e0, and 
EXPREG_00000850.
Conclusion: Based on the results of the gene network analysis, the identified hub genes may contribute to adaptation to 
food compositions and be responsible for the development of low water stress tolerance in Salmonella. Among the food 
samples, the milk chocolate matrix leads to more adaptation pathways for S. Typhimurium survival, as more hub genes 
were down-regulated and more motifs were detected. The identified motifs were involved in carbohydrate metabolism, 
carbohydrate transport, electron transfer, and oxygen transfer. 
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1. Background
Salmonellosis, a disease caused by Salmonella infec-
tion, can be classified as typhoidal or non-typhoidal 
depending on the serotype of Salmonella associated 
with the infection. While Salmonella Enterica and 
Salmonella Typhimurium are the most commonly 
observed serovars in non-typhoidal salmonellosis 
cases (1, 2), recent reports have also linked the disease 
to foods with a low water activity (aw) and high-fat 
content. Salmonellosis is typically associated with the 
consumption of raw or undercooked animal-derived 
foods, particularly poultry, shell eggs, and more 
recently, high-fat content and low aw foods (3, 4). In low 
aw foods, Salmonella survival and infection can occur 
even with a smaller number of bacterial cells due to their 
increased tolerance to sublethal osmotic stress (5, 6). 
Studies have demonstrated that the composition of food 
and the presence of solutes can influence the survival of 
Salmonella under severe conditions (7, 8). Furthermore, 
the increased resistance of Salmonella to thermal 
processing and its ability to adapt to various stress 
conditions, including low water stress, poses challenges 
for food safety practices (7, 9, 10, 11). When cells are 
exposed to sublethal osmotic stress, such as that found in 
dehydrated foods, cellular adaptations result in increased 
virulence severity and cellular survival at low metabolic 
activity (11). To develop effective control systems for 
food-borne diseases such as salmonellosis, it is crucial 
to understand the molecular mechanisms underlying 
Salmonella survival in low aw environments. Previous 
studies have utilized RNA-Seq analysis to investigate 
the gene expression changes in S. Typhimurium under 
low aw conditions and have identified key adaptation 
pathways involved in cellular survival (10). Exploring 
gene networks can provide insights into the interactions 
between genes and proteins associated with specific 
biochemical functions (12), facilitating a better 

understanding of the organism’s physiological state 
(13). In this study, our objective was to analyze the gene 
interaction network in S. Typhimurium to identify gene 
clusters and hub genes with high connectivity in response 
to osmotic stress in three low aw foods. We focused on 
the analysis of differentially expressed genes (DEGs) 
obtained from previous studies (10) to investigate the 
molecular changes associated with Salmonella survival 
under low aw conditions.

2. Objectives 
The primary objective of this study was to identify gene 
clusters and hub genes with high connectivity in the 
gene interaction network of S. Typhimurium in response 
to osmotic stress in three low-aw foods. Specifically, we 
aimed to analyze the DEGs obtained from previous 
studies (10) to uncover potential molecular mechanisms 
associated with cellular adaptations and survival of 
Salmonella in low aw environments.

3. Materials and Methods

3.1. Selection of Data Sets 
The gene expression profiles with fold change (FC) of 
S. Typhimurium in the low aw food samples, including 
dried black pepper, milk chocolate, and powdered skim 
milk (Table 1) were downloaded from the supplemen-
tary data (https://doi.org/10.1016/j.fm.2019.03.016) 
under BioProject ID: PRJNA490179 (SRR7815201, 
SRR7815202, SRR7815203, SRR7815204, SRR7815205, 
SRR7815206, SRR7815207, SRR7815208, SRR7815209) 
(10). In this study, the differentially expressed genes 
(DEGs) of S. Typhimurium were assessed by comparing 
the treatments (food samples) and overnight culture of 
bacteria at 37 ºC as a control; │FC│>2 (p<0.05) was 
selected for the overall significantly up-and down-
regulated genes of each sample after 72 h storage at 25 ºC. 

Black pepper Milk chocolate Powdered skim milk Control

Up-regulated 515 763 837 An overnight culture of S. 
Typhimurium on LB agar plates 
was harvested and washed in 
sterile saline (NaCl 0.9%). The 
drained cells were used as a 
control sample.

Down-regulated 653 869 867

Table 1. The count of up- and down-regulated genes of S. Typhimurium under low aw in different foods
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Crucello et al. (2019) showed that the differential gene 
expression of S. Typhimurium seemed to be more related 
to the food matrix in the first 24 h and the desiccation 
response in the 72 h (10). However, other important genes 
involved in the desiccation-activated gene network, 
especially after 72 h, may also be important in the stress 
response that has not been identified. Therefore, only the 
72 h-storage data were selected for network analysis to 
investigate the differential expression of hub genes in 
response to low aw stress.

3.2. The Retrieval of Interacting Proteins 
To investigate the interactions between the significantly 
up-and down-regulated genes of Salmonella obtained 
from the food samples, we constructed protein-protein 
interaction (PPI) networks using the STRING database 
(version 11.5) (https://string-db.org/). Salmonella enterica 
subsp. enterica serovar Typhimurium was selected as 
the reference organism, and interactions validated with a 
medium confidence score greater than 0.4 were considered 
significant (14). The interactions were analyzed separately 
for black pepper, milk chocolate, and powdered skim milk 
samples. 

3.3. PPIs Networks Analysis 
The PPI networks of S. Typhimurium obtained from 
the STRING database were further analyzed using 
Cytoscape-v3.9.1. Cytoscape is a powerful bioinformatics 
software platform used for visualizing and analyzing 
complex biological networks. The hub genes, which 
have the highest connectivity with other genes in the 
networks, were predicted and identified using the 
CytoHubba plugin. These hub genes play a crucial role 
in the overall network structure and may have significant 
functional implications. Four topological algorithms, 
including Degree, Maximum Neighborhood Component 
(MNC), Maximal Clique Centrality (MCC), and Density 
of Maximum Neighborhood Component (DMNC) were 
employed to evaluate the top genes in the PPI networks 
(15). To identify protein complex clusters within the 
PPI networks, cluster analysis was performed using 
the IPCA (Identifying Protein Complex Algorithm) of 
the Cytocluster plugin (Tin threshold=0.5, Complex 
size threshold=10, shortest path length=2). IPCA is a 
density-based clustering algorithm that can detect dense 
subgraphs in PPI networks (16). The clusters were 
ranked based on their connection scores, and the most 
important protein complex clusters (ranks 1-4) were 

identified and visualized within the network.

3.4. Pathway Enrichment and Gene Ontology Analyses
To gain insights into the biological processes and 
molecular functions associated with the hub genes 
and their interactions, pathway enrichment and gene 
ontology analyses were performed.

3.4.1. Pathway Enrichment Analysis
The networks containing the hub genes and their 
interactions were subjected to pathway enrichment 
analysis using the STRING database. This analysis allows 
for the identification of enriched pathways and biological 
processes that are statistically overrepresented among 
the hub genes. The results of the pathway enrichment 
analysis provide valuable information about the functional 
implications of the hub genes in the context of low aw stress.

3.4.2. Gene Ontology Analysis 
Gene ontology (GO) analysis was performed to 
categorize the hub genes based on their associated 
biological processes (BP), molecular functions (MF), and 
cellular components (CC) (17). This analysis provides a 
standardized vocabulary for describing gene products in 
a systematic and computable manner. By assigning GO 
terms to the hub genes, it becomes possible to uncover 
the functional annotations and characteristics of these 
genes with low aw stress. The annotations obtained 
from the GO analysis enable the classification of genes 
into specific functional categories, providing valuable 
insights into their roles and interactions within cellular 
processes. The GO terms associated with the hub genes 
highlight the biological processes, molecular functions, 
and cellular components that are particularly relevant in 
the context of low aw stress.

3.5. Cis-elements Analysis
By analyzing the promoter regions of differentially 
expressed hub genes, we aimed to identify potential 
regulatory elements involved in the response to osmotic 
stress. The 200 kbp upstream flanking regions of hub 
DEGs, which have been down-regulated, were extracted 
as promoter sequences (18) from Ensembl bacteria 
(http://bacteria.ensembl.org). Motif comparison tool 
(Tomtom) version 5.5.0 (https://meme-suite.org/meme/
tools/tomtom) was applied to define the known motifs in 
S. typhimurium based on the database of prokaryote DNA 
for bacterial TF motif (19)  with threshold E-value <10. 
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Figure 1. Gene Ontology enrichment analysis of hub genes of S. Typhimurium in A) black pepper, B) milk 
chocolate, C) powdered skim milk in response to aw stress.
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Then, the possible roles of found motifs were identified 
using gene ontology for motifs (GOMo) version 5.5.0 
(https://meme-suite.org/meme/tools/gomo) (20).

4. Results 
Low water activity (aw) stress is a critical parameter 
that inhibits the growth of most pathogenic bacteria, 
but Salmonella has been shown to exhibit increased 
survival under low aw conditions. In this study, network 
analysis was conducted to identify gene clusters and 
hub genes in S. Typhimurium that may contribute to 
cellular changes in response to low aw stress.

4.1. Gene Network Analysis
Previous research by Crucello et al. (2019) highlighted 
the importance of induced genes in S. Typhimurium 
for the low aw response in milk chocolate, powdered 
skim milk, and black pepper after 72 hours (10). 
However, there may be additional unrecognized genes 
involved in the desiccation-activated gene network 
that are important for this stress response. Therefore, 
network analysis was performed to identify other 
crucial genes involved in the response to low aw stress 
after 72 hours. The STRING database was utilized 
to investigate possible protein-protein interactions 
among differentially expressed genes (DEGs) of S. 
Typhimurium. The interaction data extracted from this 
database revealed 719 genes with 8,115 interactions 
for black pepper, 1,087 genes with 14,441 interactions 
for milk chocolate, and 1,134 genes with 14,806 
interactions for powdered skim milk. 

4.2. Identification of Hub Genes 
The topological parameters and summary statistics for 
the subnetworks analysis of hub genes of S. Typhimurium 
and their interactions in the food samples are provided 
in Supplementary 1. The identified hub genes were 
primarily associated with the differentially down-
regulated genes at reduced aw levels. Supplementary 2 
lists the top hub genes identified in the network analysis 
for each food sample. Hub genes, which have the 
highest number of connections, play essential roles in 
various molecular functions and biological processes. 
In this study, the top hub genes identified in the network 
analysis of S. Typhimurium were primarily down-
regulated genes under reduced aw conditions. 
4.3. Functional Enrichment and GO Analysis
Functional gene enrichment analysis was performed to 

gain insights into the biological processes, molecular 
functions, and cellular components associated with 
the hub genes identified in S. Typhimurium under 
low aw stress. The analysis was conducted using the 
STRING server, and the results are summarized in 
Figure 1. For each food sample (black pepper, milk 
chocolate and powdered skim milk), the functional 
enrichment analysis revealed several important 
functions associated with the hub genes involved 
in biological processes (BP), molecular functions 
(MF), and cellular components (CC). In general, the 
biological processes associated with the hub genes in S. 
Typhimurium under low aw stress included translation, 
cellular protein metabolic processes, and the rescue 
of stalled ribosomes. These processes highlight the 
importance of protein synthesis and cellular protein 
maintenance under low aw conditions. The molecular 
functions associated with the hub genes were mainly 
related to the structural constituents of the ribosome, 
RNA binding, and rRNA binding. This suggests that the 
ribosomal machinery and RNA-related processes play 
crucial roles in the cellular response to low aw stress. 
In terms of cellular components, the hub genes were 
found to be associated with the ribosome, ribosomal 
subunits, and small ribosomal subunits. This further 
emphasizes the significance of ribosomal components 
in the cellular response to low aw stress. Interestingly, 
there were shared gene ontology results between the 
72-hour stored black pepper and powdered skim milk 
samples. These shared functions were primarily related 
to cellular protein metabolic processes, structural 
components of the ribosome, and translation. This 
indicates common adaptive mechanisms employed 
by S. Typhimurium under low aw stress in these two 
food samples. In contrast, the gene ontology results 
for Salmonella inoculated in milk chocolate revealed 
different biological processes. The functions identified 
in milk chocolate included cellular nitrogen compound 
biosynthetic processes, organonitrogen compound 
metabolic processes, organonitrogen compound 
biosynthetic processes, primary metabolic processes, 
and cellular metabolic processes. These findings 
suggest that the cellular response to low aw stress in 
milk chocolate involves specific metabolic pathways 
related to nitrogen compounds. Overall, the functional 
enrichment analysis provides valuable insights into 
the biological processes, molecular functions, and 
cellular components associated with the hub genes in 
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S. Typhimurium under low aw stress. These findings 
contribute to a better understanding of the cellular 
adaptations and survival strategies employed by 
Salmonella in low aw environments.

4.4. Clustering Analysis
To further explore the organization of the gene networks, 
clustering analysis was performed using the IPCA of the 
Cytocluster plugin (16). The IPCA algorithm identifies 
dense subgraphs in protein-protein interaction networks 
and helps identify the most important protein complex 
clusters. The IPCA analysis ranked the clusters based 
on their connection scores. This algorithm calculated 
the weight of each edge by calculating the common 
neighbor of two connecting nodes (16, 21), as shown 
in Table 2. 
 The rank 1 clusters of differentially expressed genes 
(DEGs) in S. Typhimurium under low aw stress in black 
pepper (Fig. 2A), milk chocolate (Fig. 2B), powdered 
skim milk (Fig. 2C), and DEGs shared among three 
sample foods (Fig. 2D) were identified. The rank 
1 clusters (represented inside a red square or ring) 
exhibited the highest scores and represented the most 
significant protein complex clusters. The identified 
clusters in rank 1 were visualized within the network. 
However, since the analysis results of the rank 1 cluster 
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91 3217 1 RNA polymerase, Ribosome, Oxidative phosphorylation
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102 3934 1

RNA polymerase, Ribosome

101 3961 2

101 3942 3

100 3902 4

11 53 2

Table 2. The cluster analysis of PPIs networks of S. Typhimurium under low aw in different foods using IPCA

were similar to the other clusters (rank 2-4), only the 
rank 1 cluster was shown in the figures for each sample. 
Clustering analysis helps identify groups of genes that 
exhibit coordinated expression patterns and are likely 
involved in related biological processes or pathways. 
By clustering the hub genes, this analysis provides 
insights into the functional organization and potential 
interplay between different components of the cellular 
response to low aw stress in S. Typhimurium.

4.5. Promoter Motif Analysis of Hub DEGs
To gain further insights into the regulatory mechanisms 
underlying the differential expression of hub genes in 
response to low aw stress, we performed promoter motif 
analysis on the 200 bp upstream flanking regions of the hub 
differentially expressed genes (DEGs) in S. Typhimurium. 
This analysis aimed to identify conserved motifs that 
might be involved in the regulation of these genes. We 
used the MEME motif comparison tool (Tomtom) to 
search for known motifs in the S. Typhimurium promoter 
sequences based on the prokaryote DNA motif database 
for bacterial transcription factor motifs. We applied a 
threshold E-value of less than 10 to define significant 
matches. Additionally, we used the gene ontology for 
motifs (GOMo) tool to identify the potential roles of the 
identified motifs. 
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Figure 2. Rank 1 cluster of the subnetwork containing hub genes of S. Typhimurium in A) black 
pepper, B) milk chocolate, C) skim milk powdered; D) shared among milk chocolate, black pepper, and 
skim milk powdered. Hub genes are shown as Pentagon. The FC amounts were visualized based on the 
color intensity of the nodes (pink: high FC, turquoise blue: low FC)
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The analysis revealed the presence of seven motifs with 
known gene ontology (GO) annotations in the promoter 
regions of hub genes (Table 3). These motifs ranged 
in length from 17 to 27 base pairs. Interestingly, the 
identified motifs appeared to be somewhat dependent on 
the type of food sample analyzed. For example, motifs 3 
and 5 (annotated as EXPREG_00000850) were found in 
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Table 3. The conserved motifs in promoter of hub down-regulated genes of S. Typhimurium 
under low aw

 by MEME analysis

the promoter sequences of hub genes from black pepper, 
while motifs 1 and 4 (annotated as EXPREG_00000b00) 
were identified in powdered skim milk. In milk 
chocolate, the motifs included EXPREG_000008e0 
(motifs 2 and 7) and EXPREG_00000850 (motifs 3, 5, 
and 6). To better understand the potential roles of these 
motifs, we performed gene ontology analysis using the 
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GOMo tool (Table 3). The analysis provided insights 
into the biological and molecular functions associated 
with the identified motifs. For example, motifs 2, 3, 5, 
and 7 were found to be associated with processes such 
as regulation of transcription, DNA-templated, cellular 
response to stress, regulation of gene expression, and 
response to oxidative stress. Motif 6 was associated 
with processes such as response to antibiotics, DNA 
binding, and regulation of transcription. These findings 
suggest that the identified motifs in the promoter regions 
of hub DEGs may play crucial roles in the regulation of 
gene expression in response to low aw stress. Further 
experimental validation and functional studies are 
needed to confirm the regulatory interactions between 
these motifs and the corresponding genes. Nevertheless, 
the promoter motif analysis provides valuable insights 
into potential regulatory mechanisms that contribute 
to the differential expression of hub genes under low 
aw stress conditions. Overall, the analysis of promoter 
motifs adds a layer of understanding to the gene 
expression changes observed in response to low aw 
stress. By identifying conserved regulatory motifs, 
we can begin to unravel the complex network of 
interactions that govern the cellular adaptations of S. 
Typhimurium in low aw environments.

5. Discussion
The hub genes that have the most connections and 
potentially play crucial roles in various molecular 
functions and biological processes were identified. The 
activation of metabolic pathways in Salmonella cells 
under stress conditions may have led to a decrease in 
the expression of these genes. Among the hub genes, 
the rpsB gene and Tig gene were the most significant in 
all three food samples, based on their scores and 
identification methods. Additionally, the hub genes 
associated with the large subunit ribosomal protein L36 
(rpmJ), a ribosome-associated protein with aminoacyl-
tRNA hydrolase activity (YaeJ), and a putative 
cytoplasmic protein (STM3411) were identified in all 
three food samples. YaeJ, a novel ribosome-associated 
protein found in gram-negative bacteria like Salmonella 
and E. coli, possesses the ability to hydrolyze peptidyl-
tRNA and rescue stalled ribosomes (22, 23). It was 
expected that a lower number of stalled ribosomes 
would be encountered by the cellular protein production 
machinery under low water stress. Consequently, the 
down-regulation of YaeJ as a hub gene may result in a 

reduction in stalled ribosomes. Similarly, the expression 
of genes related to translation (YaeJ) has been reported 
in S. Typhimurium affected by low aw, as stated by 
Gruzdev and McClelland (24) and Maserati, Lourenco 
(25). A previous study (10) demonstrated that the ArfA 
gene was the most down-regulated ribosome alternative 
rescue factor. However, according to the current study’s 
findings, the hub gene YaeJ appears to be more affected 
by low aw stress. Moreover, in milk chocolate, the hub 
gene encoding the F-type H+/Na+-transporting Atpase 
subunit alpha, along with the small and large subunit 
ribosomal proteins, was affected by low aw stress. While 
other large subunit ribosomal proteins such as rplR 
have been identified as hub genes in powdered skim 
milk. The rplR likely facilitates the connection of 5S 
RNA with the large ribosomal subunit. Given that 
bacterial growth rate is closely tied to protein synthesis 
and the number of ribosomal units, which dictate the 
intensity of protein production. The down-regulation of 
ribosomal proteins and subsequent decrease in ribosome 
production is expected under water stress, as it correlates 
with decreased protein synthesis and cell growth rate 
(26). In a previous study, Crucello, Furtado (10) 
reported that 25% of down-regulated genes in all food 
samples were associated with ribosomal proteins after 
72 hours. Consequently, the production of ribosomal 
proteins decreases as anticipated, leading to a slowdown 
in cell growth under stressful conditions (27). Several 
reports have indicated that numerous genes involved in 
translation and transcription are either up-regulated 
(24) or down-regulated (28-30) during various stress 
conditions, such as desiccation and nutrient deprivation. 
These genes include YaeJ, Tufa, ribosomal proteins, 
and the protein export-associated gene Tig. Tig acts as a 
chaperone, functioning as a peptidyl-prolyl cis-trans 
isomerase, thereby maintaining newly produced 
proteins in an open conformation. Some of the genes 
identified in this study have previously been described 
in Salmonella’s response to water stress, including 
STM3411 with an unknown function (31)  ÿ   ÿ   ÿ   ÿ   ÿ   ÿ   ÿ -
 ÿ   ÿ@, rpsK, rpsD, rpsJ, rplO, rplB, rplX, rplW (24), 
rpmE2, and rplB (25). Unlike the top up-regulated 
genes (309 genes) identified in the previous study (10), 
only significant down-regulated genes were recognized 
as hub genes in the 72-hour stored food samples, and 
the cold-shock proteins did not emerge as hub genes in 
the current gene network analysis. Based on the results 
of the gene network analysis, the identified hub genes 
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may contribute to adapting to food compositions and 
play a role in developing low water stress tolerance in 
Salmonella. In this study, water stress had a greater 
impact on the biological processes associated with 
organonitrogen metabolism in milk chocolate com-
pared to other food samples. Previous research has 
demonstrated that both desiccation stress (32) and 
sodium hypochlorite stress (33) affect organonitrogen 
metabolism. Li and He (33) reported that proteins 
involved in the catabolic process of organonitrogen 
compounds play a role in oxidoreductase activity, metal 
ion binding, and cofactor binding under stressful 
conditions. The enrichment analysis of hub genes 
revealed significant gene ontology (GO) terms related 
to translation, rRNA binding, and the 30S and 50S 
ribosomal subunit proteins in the low water activity (aw) 
samples. These findings suggest that the efficiency of 
post-transcription and translation processes may 
decrease under low water stress, consistent with 
previous studies (10, 34). Moreover, the analysis of 
KEGG pathways indicated that water stress significantly 
impacted the ribosome, indicating cellular adaptation 
and changes in cell metabolism. In general, microbial 
cell survival under environmental stress conditions 
relies on conserving energy by reducing cellular 
activities, including ion pumps and macromolecular 
syntheses, such as proteins and macromolecular 
turnover. Consequently, the decrease in metabolic 
processes leads to reduced rates of transcription and 
translation, resulting in a slowdown in protein synthesis. 
This metabolic depression and reduction in protein 
biosynthesis result in significant bioenergetic savings 
and ultimately promote cellular survival under stress 
conditions. The down-regulation of genes leading to 
metabolic down-regulation has been observed in 
various species in response to unfavorable environmental 
changes such as osmosis, starvation, low temperatures, 
and anoxia stress (35). The networks observed in black 
pepper and milk chocolate samples were biologically 
relevant, and their cellular responses were associated 
with RNA polymerase, ribosomes, and oxidative 
phosphorylation. Oxidative phosphorylation is a crucial 
metabolic pathway wherein cellular enzymes oxidize 
nutrients, leading to the release of energy (ATP) necessary 
for cellular growth, metabolism, and ultimately, survival. 
RNA polymerase and ribosomes also play active roles in 
transcription and translation, respectively, contributing 
to cell growth and vitality. As mentioned earlier, cells 

exposed to environmental stresses achieve survival by 
reducing essential activities and conserving energy. 
Consequently, the oxidative phosphorylation process, as 
well as the rate of gene transcription and translation, are 
diminished. Hence, the aforementioned KEGG pathways 
were expected to be affected in the food samples. 
Consequently, factors associated with these pathways 
could impact the cellular survival of S. Typhimurium 
under low aw conditions. For instance, cluster analysis 
revealed significant identification of genes encoding 
RNA polymerase activity, such as rpoA, rpoB, and rpoZ, 
within the KEGG pathways. Similarly, the transcription-
associated factor RpoS has been linked to the cellular 
tolerance of E. coli and S. Enterica serovar Enteritidis 
under osmotic stress (5, 36). RpoS is recognized as a 
critical regulator in the survival of enteric pathogenic 
bacteria, including S. enterica, under stressful 
conditions. It encodes the sigma factor σs (37). Accord-
ing to Zhang, Zhu (37), several genes of ΔRpoS, such as 
nrfA encoding the Cytochrome c552 precursor and yaaI 
encoding the Hypothetical protein t0011, were down-
regulated under hyperosmotic conditions. They reported 
that most of these genes are associated with enzymes 
involved in metabolic pathways. Bacteria employ 
proline as an essential organic compatible solute for 
cellular survival under osmotic stress (38, 39). In the 
context of osmoadaptation, it is well established that 
changes in RNA polymerase activity regulate the 
expression of genes involved in osmoregulation, 
including those encoding compatible solutes like 
proline. These changes are mediated by the binding of 
specific transcription factors to the promoter regions of 
these genes. In summary, ribosomes play a critical role 
in translating the RNA molecules produced by RNA 
polymerase. The translation process is essen-tial for 
producing the enzymes and other proteins re-quired for 
osmoregulation. On the other hand, oxidative phospho-
rylation is responsible for generating ATP, which is 
essential for the energy required in osmo-regulation 
processes. Additionally, maintaining a proton gradient 
across the inner membrane of Salmonella is crucial for 
ATP production through oxidative phospho-rylation. In 
conclusion, RNA polymerase, ribosomes, and oxidative 
phosphorylation are all interconnected in the process of 
osmoregulation in gram-negative bacteria, such as 
Salmonella, under low water activity stress or osmo-
adaptation. Gene ontology analysis indicated that 
several motifs may have participated in the regulation 
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of cellular and chemical homeostasis, active trans-
membrane trans-porter activity, FAD binding, and heme 
binding in the powdered skim milk sample. Conse-
quently, trans-cription factors involved in electron and 
oxygen transfer may have participated in the down-
regulation of hub DEGs of S. Typhimurium in this 
sample. Meanwhile, the regulatory functions of motifs 
in black pepper and milk chocolate samples were 
related to carbohydrate metabolism and transport. The 
primary response of bacteria affected by severe osmotic 
conditions is the accumulation of compatible solutes, 
including proline, glutamate, glycine betaine, trehalose, 
and K+, at concentrations proportional to the osmotic 
pressure of the environment (40). According to Kappes, 
Kempf (41), glycine betaine uptake in bacteria is driven 
by both single-component ion-dependent secondary 
systems and multicomponent ATP-dependent trans-
porters. Therefore, motifs regulating active trans-
membrane transporter activity were expected to be 
identified under water stress. ProU and ProP, as osmo-
regulated permeases, mediate the uptake of osmo-
protectants such as proline and glycine betaine in S. 
Typhimurium (39, 42). Higgins, Dorman (43) indicated 
that DNA supercoiling in bacteria may induce the trans-
cription of proU under osmotic stress. The high extra-
cellular osmolarity leads to DNA supercoiling, which 
highly affects the expression of proU.

6. Conclusion 
Our study aimed to understand how Salmonella adapts 
and survives in low aw conditions at the molecular 
level. Based on the results, it appears that the down-
regulated hub genes are more related to the low aw stress 
responses. These genes mainly belonged to ribosome 
proteins and factors related to replication, transcription, 
and translation, indicating a set of changes in the 
cellular metabolism of S. Typhimurium affected by 
low aw. The energy savings by microorganisms may be 
achieved through the reduction of protein biosynthesis 
due to reducing the rate of transcription and translation 
under environmental stresses. Consequently, the gene 
down-regulation leads to metabolic down-regulation in 
response to osmotic stress. Among the food samples, 
the milk chocolate matrix leads to more adaptation 
pathways for S. Typhimurium survival because more 
hub genes were downregulated, additional bacterial 
biological processes were affected, and the discovered 
motifs of S. Typhimurium were more in this food sample 

than in other food samples. Our findings shed light on the 
cellular changes and molecular mechanisms that enable 
Salmonella to survive in low aw environments. The 
identification of hub genes and gene clusters provides 
valuable insights into the mechanisms underlying 
Salmonella survival in low aw foods. In conclusion, 
our study highlights the importance of understanding 
the genetic networks and molecular responses of S. 
Typhimurium to low aw stress. However, future research 
should aim to define a specific research objective and 
pursue targeted goals to enhance the significance and 
relevance of such studies in the field of food safety and 
public health.

Acknowledgments
We gratefully appreciate the cooperation of all the 
current study participants. 

References 
1. Fabrega A, Vila J. Salmonella enterica serovar Typhimurium 

skills to succeed in the host: virulence and regulation. Clin 
Microbiol Rev. 2013; 26(2):308-341. doi:10.1128/CMR.00066-
12

2. Saleh S, Van Puyvelde S, Staes A, Timmerman E, Barbé B, 
Jacobs J, et al. Salmonella Typhi, Paratyphi A, Enteritidis and 
Typhimurium core proteomes reveal differentially expressed 
proteins linked to the cell surface and pathogenicity. Plos 
Negl Trop Dis. 2019;13(5):e0007416. doi: 10.1371/journal.
pntd.0007416

3. Podolak R, Enache E, Stone W, Black DG, Elliott PH. Sources 
and risk factors for contamination, survival, persistence, and 
heat resistance of Salmonella in low-moisture foods. J Food 
Prot. 2010;73(10):1919-1936. doi: 10.4315/0362-028X-
73.10.1919

4. Kapetanakou AE, Makariti IP, Nazou EΝ, Manios SG, 
Karavasilis K, Skandamis PN. Modelling the effect of osmotic 
adaptation and temperature on the non–thermal inactivation of 
Salmonella spp. on brioche-type products. Int J Food Microbiol. 
2019;296:48-57. doi: 10.1016/j.ijfoodmicro.2019.02.010

5. Mattick KL, Jørgensen F, Legan J, Cole M, Porter J, Lappin-
Scott H, et al. Survival and filamentation of Salmonella 
enterica serovar Enteritidis PT4 and Salmonella enterica 
serovar Typhimurium DT104 at low water activity. Appl 
Environ Microbiol. 2000;66(4):1274-129. doi: 10.1128/
AEM.66.4.1274-1279.2000

6. Kurtz JR, Goggins JA, McLachlan JB. Salmonella 
infection: Interplay between the bacteria and host immune 
system.  Immunol Lett. 2017;190:42-50. doi: 10.1016/j.imlet. 
2017.07.006

7. Shachar D, Yaron S. Heat tolerance of Salmonella enterica 
serovars Agona, Enteritidis, and Typhimurium in peanut butter. 
J Food Prot. 2006;69(11):2687-2691. doi: 10.4315/0362-
028x-69.11.2687

8. Krapf T, Gantenbein-Demarchi C. Thermal inactivation of 
Salmonella spp. during conching. LWT- Food Sci Technol. 
2010;43(4):720-723. doi: 10.1016/j.lwt.2009.10.009



81Iran. J. Biotechnol. October 2023;21(4): e3640

Davati N et al.

9. Farakos SM, Frank JF, Schaffner DW. Modeling the 
influence of temperature, water activity and water mobility 
on the persistence of Salmonella in low-moisture foods. Int 
J Food Microbiol. 2013;166(2):280-293. doi: 10.1016/j.
ijfoodmicro.2013.07.007

10. Crucello A, Furtado MM, Chaves MDR, Sant’Ana AS. 
Transcriptome sequencing reveals genes and adaptation 
pathways in Salmonella Typhimurium inoculated in four low 
water activity foods. Food Microbiol. 2019;82:426-435. doi: 
10.1016/j.fm.2019.03.016

11. Wesche AM, Gurtler JB, Marks BP, Ryser ET. Stress, sublethal 
injury, resuscitation, and virulence of bacterial foodborne 
pathogens. J Food Prot. 2009;72(5):1121-1138. doi: 10.4315/ 
0362-028X-72.5.1121

12. Miryala SK, Anbarasu A, Ramaiah S. Discerning molecular 
interactions: A comprehensive review on biomolecular 
interaction databases and network analysis tools. Gene. 
2018;642:84-94. doi: 10.1016/j.gene.2017.11.028

13. Debroy R, Miryala SK, Naha A, Anbarasu A, Ramaiah Gene 
interaction network studies to decipher the multi-drug resistance 
mechanism in Salmonella enterica serovar Typhi CT18 reveal 
potential drug targets. Microb Pathog. 2020;142:104096. doi: 
10.1016/j.micpath.2020.104096

14. Szklarczyk D, Franceschini A, Kuhn M, Simonovic M, Roth 
A, Minguez P, et al. The STRING database in 2011: functional 
interaction networks of proteins, globally integrated and 
scored. Nucleic Acids Res. 2011;39(Database issue):D561-568. 
doi: 10.1093/nar/gkq973

15. Chin CH, Chen SH, Wu HH, Ho CW, Ko MT, Lin CY. 
cytoHubba: identifying hub objects and sub-networks from 
complex interactome. BMC Syst Biol. 2014;8 Suppl 4(Suppl 
4):S11. doi: 10.1186/1752-0509-8-S4-S11

16. Li M, Li D, Tang Y, Wu F, Wang J. CytoCluster: A Cytoscape 
Plugin for Cluster Analysis and Visualization of Biological 
Networks. Int J Mol Sci. 2017;18(9):1880. doi: 10.3390/
ijms18091880

17. Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry 
JM, et al. Gene ontology: tool for the unification of biology. 
The Gene Ontology Consortium. Nat Genet. 2000;25(1):25-
29. doi: 10.1038/75556

18. Ishihama A. Prokaryotic genome regulation: a revolutionary 
paradigm. Proc Jpn Acad Ser B Phys Biol Sci. 2012;88(9):485-
508. doi: 10.2183/pjab.88.485

19. Bailey TL, Boden M, Buske FA, Frith M, Grant CE, Clementi L, 
et al. MEME SUITE: tools for motif discovery and searching. 
Nucleic Acids Res. 2009;37(Web Server issue):W202-208. doi: 
10.1093/nar/gkp335

20. Buske FA, Boden M, Bauer DC, Bailey TL. Assigning roles 
to DNA regulatory motifs using comparative genomics. 
Bioinformatics. 2010;26(7):860-866. doi: 1 0.1093/
bioinformatics/btq049

21. Li M, Chen JE, Wang JX, Hu B, Chen G. Modifying the 
DPClus algorithm for identifying protein complexes based on 
new topological structures. BMC Bioinform. 2008;9(1):398. 
doi: 10.1186/1471-2105-9-398

22. Gagnon MG, Seetharaman SV, Bulkley D, Steitz TA. Structural 
basis for the rescue of stalled ribosomes: structure of YaeJ 
bound to the ribosome. Science. 2012;335(6074):1370-1372. 
doi: 10.1126/science.1217443

23. Handa Y, Inaho N, Nameki N. YaeJ is a novel ribosome-
associated protein in Escherichia coli that can hydrolyze 

peptidyl–tRNA on stalled ribosomes. Nucleic Acids Res. 
2011;39(5):1739-1748. doi: 10.1093/nar/gkq1097

24. Gruzdev N, McClelland M, Porwollik S, Ofaim S, Pinto R, 
Saldinger-Sela S. Global transcriptional analysis of dehydrated 
Salmonella enterica serovar Typhimurium. Appl Environ 
Microbiol. 2012;78(22):7866-7875. doi: 10.1128/AEM.01822-
12

25. Maserati A, Lourenco A, Diez-Gonzalez F, Fink RC. iTRAQ-
Based Global Proteomic Analysis of Salmonella enterica 
Serovar Typhimurium in Response to Desiccation, Low Water 
Activity, and Thermal Treatment. Appl Environ Microbiol. 
2018;84(18):e00393-003118. doi: 10.1128/AEM.00393-18 

26. Kjeldgaard NO. The kinetics of ribonucleic acid-and protein 
formation in Salmonella typhimurium during the transition 
between different states of balanced growth. Biochim Biophys 
Acta. 1961;49(1):64-76. doi: 10.1016/0006-3002(61)90870-8

27. Garbeva P, Silby MW, Raaijmakers JM, Levy SB, Boer W. 
Transcriptional and antagonistic responses of Pseudomonas 
fluorescens Pf0-1 to phylogenetically different bacterial 
competitors. ISME J. 2011;5(6):973-985. doi: 10.1038/ismej. 
2010.196

28. Chang DE, Smalley DJ, Conway T. Gene expression profiling 
of Escherichia coli growth transitions: an expanded stringent 
response model. Mol Microbiol. 2002;45(2):289-306. doi: 
10.1046/j.1365-2958.2002.03001.x

29. Paul BJ, Ross W, Gaal T, Gourse RL. rRNA transcription in 
Escherichia coli. Annu Rev Genet. 2004;38(1):749-770. doi: 
10.1146/annurev.genet.38.072902.091347

30. Kaczanowska M, Ryden-Aulin M. Ribosome biogenesis and 
the translation process in Escherichia coli. Microbiol Mol Biol 
Rev. 2007;71(3):477-494. doi: 10.1128/MMBR.00013-07

31. Li H, Bhaskara A, Megalis C, Tortorello ML. Transcriptomic 
analysis of Salmonella desiccation resistance. Foodborne 
Pathog Dis. 2012;9(12):1143-1151. doi: 10.1089/fpd.2012.1254

32. Sela S, McClelland M, Irvine C. Investigation of a new 
mechanism of desiccation-stress tolerance in Salmonella. 
BARD Final Report IS-4671-13CR. 2013. doi: 10.32747/2013. 
7598155.bard

33. Li D, He S, Dong R, Cui Y, Shi X. Stress Response Mechanisms 
of Salmonella Enteritidis to Sodium Hypochlorite at the 
Proteomic Level. Foods. 2022;11(18):2912. doi: 10.3390/
foods11182912 

34. Maserati A, Fink RC, Lourenco A, Julius ML, Diez-Gonzalez F. 
General response of Salmonella enterica serovar Typhimurium 
to desiccation: A new role for the virulence factors sopD and 
sseD in survival. PLoS One. 2017;12(11):e0187692. doi: 
10.1371/journal.pone.0187692

35. Hand SC, Hardewig I. Downregulation of cellular metabolism 
during environmental stress: mechanisms and implications. 
Annu Rev Physiol. 1996;58(1):539-563. doi: 10.1146/annurev.
ph.58.030196.002543

36. Hengge-Aronis R. Survival of hunger and stress: the role of 
rpoS in early stationary phase gene regulation in E. coli. Cell. 
1993;72(2):165-168. doi: 10.1016/0092-8674(93)90655-A

37. Zhang X, Zhu C, Yin J, Sui Y, Wang Y, Zhai G. RpoS affects 
gene expression in Salmonella enterica serovar typhi under 
early hyperosmotic stress. Curr Microbiol. 2017;74(6):757-
761. doi: 10.1007/s00284-017-1243-9

38. Takasu H, Nagata T. High proline content of bacteria-sized 
particles in the western North Pacific and its potential as a 
new biogeochemical indicator of organic matter diagenesis. 



82 Iran. J. Biotechnol. October 2023;21(4): e3640

Davati N et al.

Front Mar Sci. 2015;2:110. doi: 10.3389/fmars.2015.00110
39. Wood JM. Proline porters effect the utilization of proline 

as nutrient or osmoprotectant for bacteria. J Membr Biol. 
1988;106(3):183-202. doi: 10.1007/BF01872157

40. Csonka LN. Physiological and genetic responses of bacteria 
to osmotic stress. Microbiol Rev. 1989;53(1):121-147. doi: 
10.1128/mr.53.1.121-147.1989

41. Kappes RM, Kempf B, Bremer E. Three transport systems for 
the osmoprotectant glycine betaine operate in Bacillus subtilis: 
characterization of OpuD. J Bacteriol. 1996;178(17):5071-

5079. doi: 10.1128/jb.178.17.5071-5079.1996
42. Anderson R, Menzel R, Wood J. Biochemistry and regulation 

of a second L-proline transport system in Salmonella 
typhimurium. J Bacteriol. 1980;141(3):1071-1076. doi: 10. 
1128/jb.141.3.1071-1076.1980

43. Higgins CF, Dorman CJ, Stirling DA, Waddell L, Booth IR, 
May G, et al. A physiological role for DNA supercoiling in the 
osmotic regulation of gene expression in S. typhimurium and 
E. coli. Cell. 1988;52(4):569-584. doi: 10.1016/0092-8674(88) 
90470-9.


