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Abstract: The sit-and-wait hypothesis predicts that bacterial durability in the external environment
is positively correlated with the evolution of bacterial virulence. Many bacterial pathogens have
been recognized as potential sit-and-wait pathogens due to their long-term environmental survival
(high durability) and high host mortality (high virulence) such as Acinetobacter baumannii, Burkhold-
eria pseudomallei, and Mycobacterium tuberculosis, etc. Shigella flexneri is a leading etiologic agent of
diarrhea in China with long-term environmental survival capacity, high infection rates, and severe
clinical consequences, which has multiple transmission routes like contaminated food (food-borne
route), insanitary water (water-borne route) and direct person-to-person contacts, etc. These features
make Shigella flexneri an ideal candidate of sit-and-wait bacterial pathogens. However, there is cur-
rently a lack of evidence to support the claim. In this study, we examine the potential of S. flexneri
as a sit-and-wait pathogen via comparative genomic analysis, which reveals the unique features of
Shigella flexneri in abiotic stress resistance, energy metabolism, and virulence factors, and confirms
that S. flexneri is a highly potential sit-and-wait bacterial pathogen.

Keywords: Shigella flexneri; bacterial transmission; sit-and-wait hypothesis; stress resistance; energy
metabolism; virulence factors

1. Introduction

Shigella spp. belong to the family Enterobacteriaceae and a total of four bacterial path-
ogens are included within the group., that is, S. boydii, S. dysenteriae, S. flexneri, and S.
sonnei., which originated from Escherichia coli via convergent evolution through the acqui-
sition of mobile virulence elements and loss of functional genes [1]. Shigella spp. cause the
infectious disease termed as Shigellosis, which leads to the sickness of thousands of mil-
lions of people each year all over the world [2]. Among those infected, there will be more
than a million deaths with a large portion of them under the age of 5 years old [3]. There-
fore, it is important to prevent and control the infection of Shigella spp. in order to save
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lives and reduce medical expenses. From the perspective of bacterial diagnosis, it is very
difficult and complex to discriminate Shigella spp. from E. coli due to their similarities, and
it is even harder to differentiate the four species within the Shigella genus; therefore, novel
methods and techniques are needed to improve the efficacy of Shigella diagnosis and dif-
ferentiation, facilitating better control of the pathogen [4,5]. In addition, due to the pheno-
typical and genotypical similarities in Shigella spp., there is currently no availability of
Shigella vaccine while the treatment of Shigella infection mainly relies on antibiotics [2,6].
However, due to the increased resistance to antibiotics, Shigella infections gradually be-
come a challenging issue in clinical settings. Epidemiological studies revealed that, among
the four Shigella species, S. flexneri is frequently encountered in developing countries while
S. sonnei is more dominant in developed countries [7]. Although, with the increase of
China’s comprehensive national economic strength year by year, studies have shown that
the infection rate of S. sonnei in China has an increasing trend, a number of national, pro-
vincial and municipal epidemiological surveys have confirmed that S. flexneri is still the
dominant type of Shigella infection in China [8], which will be the focus of the study. The
sit-and-wait hypothesis predicts that bacterial durability in the external environment is
positively correlated with the evolution of bacterial virulence [9]. Many bacterial patho-
gens have been recognized as potential sit-and-wait pathogens due to their long-term en-
vironmental survival (high durability) and high host mortality (high virulence) such as
Acinetobacter baumannii, Burkholderia pseudomallei, and Mycobacterium tuberculosis, etc. [10].
Shigella flexneri is a leading etiologic agent of diarrhea with high infection rates, severe
consequences, and long-term environmental survival, which has multiple transmission
routes like contaminated food (food-borne route), insanitary water (water-borne route)
and direct person-to-person contacts, etc [11]. These features make Shigella flexneri an ideal
candidate of sit-and-wait bacterial pathogens. However, there is currently a lack of evi-
dence to support the claim. In this study, we used comparative genomic analysis to inves-
tigate the sit-and-wait potential of Shigella flexneri, focusing on abiotic resistance, energy
metabolism, and virulence factors of the bacterial pathogen. Through our computational
analysis, we confirmed that Shigella flexneri is a sit-and-wait bacterial pathogen, which
holds the potential to evolve towards higher virulence. Therefore, more attention should
be given to the bacterial pathogen in terms of its transmission control and clinical treat-
ment.

2. Methods

A total of 90 Shigella spp. genomes, together with 23 extra bacterial genomes (8 sit-
and-wait bacteria, 5 obligate intracellular pathogen, 5 vector-borne bacterial pathogen,
and 5 free-living bacteria) were freely downloaded from the public database Bacterial and
Viral Bioinformatics Resource Center (BV-BRC), an information system designed to sup-
port research on bacterial and viral infectious diseases [12]. For the 90 Shigella spp., 34
genomes were S. sonnei, 11 genomes were S. boydii, 38 genomes were S. flexneri, and 7
genomes were S. dysenterige. All the genomes were annotated via the rapid prokaryotic
genome annotation tool PROKKA [13]. The protein FASTA file of the translated CDS se-
quences in the suffix of faa for each annotated genome was collected for further analysis.
Proteins related to abiotic stress and energy mechanism were collected from Gene Ontol-
ogy (GO) via key word searching [14]. Virulence factors were sourced from The Virulence
Factor Database (VFDB) [15]. DIAMOND with blastp command (--query-coverage 90, -e
1e-10) was used to search the homologous protein sequences in each bacterial genome for
counting the number of abiotic stress genes, energy mechanism genes, and virulence fac-
tors, which was then compared in different categories [16]. Orthogonal Partial Least
Squares-Discriminant Analysis (OPLS-DA) was conducted for clustering analysis. All the
data were visualized using GraphPad Prism (version 8.0.1). Tukey’s Honestly Significant
Difference (HSD) test was performed for multi-variant statistical analysis. Means denoted
by a different letter indicated significant differences between groups (p-value < 0.05).
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3. Results and Discussion

Through the identification of homologous sequences, it was found that the number
of genes related with abiotic stress resistance and energy metabolism in S. flexneri was
significantly higher (p-value < 0.05) than that in the previously defined bacterial groups,
that is, sit-and-wait pathogen, obligate-intracellular Bactria, vector-borne pathogen, and
free-living bacteria. As for virulence factors, the number was significantly higher (p-value
<0.05)in S. flexneri when compared with that in obligate-intracellular bactria, vector-borne
pathogen, and free-living bacteria. However, there was no significance identified between
S. flexneri and sit-and-wait pathogens (p-value > 0.05), which confirmed that S. flexneri had
similar distribution patterns as sit-and-wait pathogens in terms of the number of virulence
factors. In addition, the OPLS-DA clustering analysis based on the gene distribution pat-
terns of abiotic stress resistance, energy mechanism, and virulence factors showed that S.
flexneri could be distinguished from the four bacterial categories, and S. flexneri had much
closer relationship with sit-and-wait pathogen. Therefore, we concluded that S. flexneri
had high potential to be a sit-and-wait bacterial pathogen.

4. Conclusions

Based on computational analysis of bacterial genomes, this study explored the distri-
bution of genes related to abiotic stress, energy mechanism, and virulence factors in Shi-
gella spp. with a focus on S. flexneri due to its predominant prevalence in China. Through
the comparison of the number of genes belonging to the three categories with bacteria
belong to previously-defined four groups, that is, sit-and-wait bacteria, obligate intracel-
lular bateria, vector-borne bacteria, and free-living bacteria, it was found that Shigella
flexneri holds high sit-and-wait potential due to the significant presence of large number
of genes related to abiotic stress, energy mechanism, and virulence factors. Therefore,
more attention should be paid to the control of the bacterial pathogen from evolutionary
perspective so as to restrict its pathogenicity increment and even reduce its pathogenicity
in the long term.
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