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Abstract

Background: Bacillary dysentery is an invasive bacterial gastroenteritis that damages the colon epithelium and leads to
bloody diarrhea. Enteroinvasive Escherichia coli (EIEC) and Shigella flexneri are two major etiologic agents of the disease. The virF
gene is a transcriptional regulator of the virulence genes involved in the invasion of these bacteria. Previous studies have shown
that sub-minimum inhibitory concentrations (sub-MICs) of antibiotics have significant effects on bacterial virulence.

Objectives: This study aimed to evaluate the effects of sub-MICs of ciprofloxacin and azithromycin on S. flexneri and EIEC.

Methods: Prototype strains of both bacteria were treated with sub-MICs of 1/2, 1/4, and 1/8 of ciprofloxacin and azithromycin
antibiotics. Changes in the expression of the virF gene in antibiotic-treated samples compared to control samples were analyzed
using relative real-time polymerase chain reaction (PCR).

Results: The mean expression of the virF gene in all sub-MICs of ciprofloxacin was increased in both S. flexneri and EIEC, while a
down-regulation was observed in sub-MICs of azithromycin. These gene expression changes were dose-dependent.

Conclusions: The results demonstrated that the virulence of S. flexneri and EIEC is affected by sub-MICs of azithromycin and
ciprofloxacin. Given that azithromycin, unlike ciprofloxacin, reduces the severity of infection at sub-MICs, it is a more
appropriate choice with a lower risk for treating acute infections caused by these bacteria.
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1. Background

Dysentery refers to an inflammatory bowel disease
caused by microorganisms invading the intestinal
mucosa (1). Enteroinvasive Escherichia coli (EIEC) and
Shigella flexneri are two major etiologic agents in the
development of this disease in humans, particularly in
infants. These bacteria invade the human colon
epithelium, causing acute mucosal inflammation,
severe tissue damage, abscesses, and ulceration, which
result in watery diarrhea, abdominal pain, cramping,
and bleeding (2, 3). The main virulence factors involved
in the attachment, invasion, and intracellular
proliferation of these bacteria are carried on a large

pathogenic plasmid called pInv. The pInv plasmid is
composed of genes encoding a type 3 secretion system
(T3SS), effector proteins, and transcriptional regulators.
Transcriptional regulators such as virF and virB, which
play critical roles in the activation of virulence factors,
are also encoded by pInv (4-6). The virF protein is a 30-
kDa protein of the AraC family that is conserved in both
EIEC and Shigella. It also plays a role in the activation of
certain chromosomal genes, acting as a global gene
expression regulator. VirF activates the virB gene, which
encodes a secondary transcriptional activator, virB,
leading to the activation of promoters of pInv virulence
genes. The activation of these virulence genes enables
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bacterial invasion into the colon epithelium and
progression of the disease to dysentery. Therefore, any
factor that influences the expression of the virF gene can
impact the bacteria's virulence (7, 8). Scientific data
show that virF gene expression changes in response to
environmental signals such as temperature, pH, and
osmolarity (9). In some bacteria, similar responses to
other environmental stresses, such as antimicrobial
pressure, have also been observed (10, 11). Several studies
have reported that antibiotics at low concentrations can
affect bacterial cell behaviors; in other words, the
antimicrobial activity of antibiotics is not an "all-or-
none" effect (12). Concentrations below the sub-
minimum inhibitory concentration (sub-MIC) are
suggested to influence bacterial virulence (13, 14). The
sub-MIC effects of azithromycin and ciprofloxacin on
the virulence of various bacteria have been documented
in several studies. For instance, ciprofloxacin has been
reported to affect the release of Shiga toxin (Stx) in
enterohemorrhagic E. coli (EHEC) (15) and reduce
epithelial cell adhesion in uropathogenic E. coli (UPEC)
(16). Similarly, the sub-MIC effects of azithromycin on
bacterial virulence, such as decreased biofilm formation
in Pseudomonas aeruginosa and increased growth rate in
pathogenic E. coli, have also been reported (17, 18).

According to the evidence, sub-MICs of antibiotics
can reduce or increase bacterial virulence by altering
gene expression, particularly the expression of genes
encoding transcriptional regulators (16, 17, 19, 20). This
phenomenon can influence treatment strategies and
the prescribed doses of antibiotics for controlling
bacterial infections. However, comprehensive data on
whether sub-MICs of antibiotics affect the severity of
Shigella and EIEC virulence are lacking. Consequently,
the potential outcomes of using inappropriate
antibiotic doses to treat infections caused by these
bacteria remain unknown.

The Centers for Disease Control and Prevention (CDC)
recommends the administration of azithromycin and
ciprofloxacin for the treatment of severe cases of
shigellosis and diarrhea associated with E. coli
pathotypes (21).

The sub-MIC effects of these two antibiotics on the
virulence of different bacteria have been demonstrated
in several studies. Therefore, it is reasonable to expect a
similar effect on Shigella and EIEC. Considering that
environmental factors influence the expression of
virulence genes and, consequently, the invasive
capability of these bacteria by altering the expression of

the virF gene, the effect of sub-MICs of target antibiotics
on the expression of this regulator gene may signify its
role in the severity of infections caused by these
bacteria.

2. Objectives

Thus, the present study aims to investigate the effect
of sub-MICs of azithromycin and ciprofloxacin on the
expression of virF in EIEC and S. Flexneri.

3. Methods

3.1. Bacterial Strains and Growth Conditions

The experiments were performed on E. coli ATCC
43893 (prototype of EIEC) and S. flexneri ATCC 12022
strains. The strains were inoculated in Luria-Bertani (LB)
liquid medium (Sigma-Aldrich, Germany), and bacterial
cultures were incubated at 37°C.

3.2.  Determination  of  Sub-minimum  Inhibitory
Concentrations of Antibiotics Using the Microdilution
Method

To determine the sub-MIC of antibiotics, the MIC for
both bacteria was first established using the
microdilution method. Three concentrations—1/2, 1/4,
and 1/8 dilutions of MICs—were used as sub-MICs in the
study. Stock concentrations of azithromycin (64 pg/mL)
and ciprofloxacin (16 pg/mL) (Sigma-Aldrich, Germany)
were prepared for the microdilution method. Seventy-
five microliters of Muller-Hinton broth (MHB) (Sigma-
Aldrich, Germany) and 100 pL of serially diluted
antibiotics were added to wells of a 96-well flat plate. A
0.5 McFarland suspension was prepared for EIEC and S.
flexneri strains, diluted 1:300 in MHB, and 25 pL of this
bacterial suspension was added to all wells. Negative
controls contained only the culture medium, and
positive controls contained bacterial culture without
antibiotics.

The plate was placed in a plastic bag to prevent
drying and incubated at 37°C for 18 hours. Optical
density (OD) at a wavelength of 600 nm was measured
using a Nanodrop system (Boeco, Germany), and the
MICs for each antibiotic were determined.

3.3. RNA Extraction

RNA was extracted from fresh 18-hour cultures of
bacteria treated with sub-MICs of azithromycin and
ciprofloxacin, as well as from untreated bacterial
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cultures. Treated and untreated bacterial cultures were
pelleted by centrifugation, and the supernatant was
discarded. The pellets were diluted with normal saline
to 1 McFarland. RNA was extracted using RNA
purification kits (Takara, Japan) following the
manufacturer's protocol.

RNA concentrations and purity were evaluated by OD
measurement at 260/280 nm using a Nanodrop. All RNA
samples were diluted to 50 ng/uL with DNase/RNase-free
distilled water. Polymerase chain reaction (PCR) was
performed on the housekeeping rpoA gene to confirm
the absence of DNA contamination in RNA samples.

3.4. cDNA Synthesis

cDNA was synthesized from RNA using a cDNA
synthesis kit (Takara, Japan) following the
manufacturer’s protocol. The quantity and quality of
cDNA were measured using Nanodrop at an OD of 260
nm. All cDNA samples were adjusted to 500 ng/uL with
distilled water.

3.5. Polymerase Chain Reaction

Polymerase chain reaction was conducted to assess
the specificity of primers and optimize the
amplification thermal conditions for the virF and rpoA
genes. Amplifications were performed in reactions
containing: Eleven pL of ready-to-use master mix 2X
(Takara, Japan); 1 uL of 10 pmol forward and reverse
primers; 10 L of deionized distilled water; 2 pL of cDNA
(1 pgfuL). Electrophoresis was performed on a 1.5%
agarose gel to evaluate the PCR amplicons. Primer
sequences and PCR conditions are detailed in Table 1.

3.6. Real-time Polymerase Chain Reaction

The expression of the virF gene was evaluated using
the relative real-time PCR method. Expression levels
were compared among samples from fresh antibiotic-
free cultures of EIEC and S. flexneri and cultures treated
with sub-MICs of azithromycin and -ciprofloxacin.
Amplifications were performed in duplicate reactions.

Each reaction had a final volume of 20 pL, consisting
of: Ten pL master mix SYBER Green 2X (Fermentase,
Germany); 1 uL of each forward and reverse primers (10
pmol concentration); 6 uL of sterile distilled water; 2 pL
of cDNA (1 pg/uL). Reactions were run over 40 cycles
using a RotorGene Q PCR cycler (Qiagen, Germany) at
the optimal temperatures specified earlier. The
expression ratio of the virF gene was normalized using
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the rpoA internal control. Gene expression changes were

calculated using the 222¢t method. To confirm the

absence of nonspecific amplicons and primer dimers, a
melting curve analysis was conducted. Reactions were
performed in four control setups: (1) Template + primer,
(2) H,0 + primer, (3) template + H,0, (4) H,O only.

3.7. Statistical Analysis

Pairwise comparisons were used to analyze virF gene
expression for each specific bacterial species using the
Mann-Whitney U test. A P-value of less than 0.05 was
considered statistically significant. All analyses and data
visualization were performed using GraphPad Prism 9.

4. Results

4.1. Microdilution

The MIC values of azithromycin were determined to
be 0.600 pg/mL for S. Flexneri and 1.200 ug/mL for EIEC.
For ciprofloxacin, the MIC values were 0.032 pg/mL for S.
Flexneri and 0.120 pg/mL for EIEC. The sub-MIC values
calculated from these MICs are presented in Table 2.

4.2. RNA, cDNA Quality Control, and Melting Curves

The purity of all RNA samples was confirmed by
negative PCR results for the rpoA gene, indicating the
absence of DNA contamination. All samples tested
positive for both the rpoA and virF genes, demonstrating
the reliability of the cDNA samples and primers. The
absence of nonspecific amplicons and primer dimers
was further confirmed by the presence of a single peak
in the melting curves.

4.3. Gene Expressions

The level of virF expression in S. flexneri control
samples (untreated with antibiotics) was significantly
higher than in EIEC (Figure 1). The results indicated that
both ciprofloxacin and azithromycin altered virF
expression in Shigella and EIEC.

- The average expression of virF increased in all
samples treated with sub-MICs of ciprofloxacin.

- Conversely, a decrease in virF gene expression was
observed in response to sub-MICs of azithromycin in
both bacteria.

- The changes in virF gene expression occurred in a
dose-dependent manner, with higher concentrations of
sub-MICs leading to greater changes (Figure 2).
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Table 1. Specific Primers, Polymerase Chain Reaction Product Size and Thermal Conditions
Target Gene and Primer Sequences (3" = 5’) Amplicon Size (bp) Amplification Temperatures
virF 300 95°C(305),56°C(305),72°C(30s)
F: TGACGGTTAGCTCAGGCAAT
R: TTTTGCCGAAAGGCATCTCT
TpoA 325 95°C(305),59°C (30 5),72°C (30 s)
F: CGGTGAGAGTTCAGGGCAAA
R: TCGGTACGCTGTTCTACACG
Table 2. Mnimum Inhibitory Concentrations and Sub-minimum Inhibitory Concentrations of Antibiotics in Bacterial Strains
Antibiotic
Strains Azithromycin (Sub-MIC) Ciprofloxacin (Sub-MIC)
12 1/4 1/8 12 1/4 1/8
Shigella flexneri (ug/mL) 0300 0.150 0.075 0.016 0.008 0.004
EIEC (ug/mL) 0.600 0300 0.150 0.060 0.030 0.015
Abbreviations: EIEC, enteroinvasive Escherichia coli; Sub-MIC, Sub-minimum inhibitory concentration.
These findings suggest that ciprofloxacin sub-MICs effects on EIEC. This study highlights that both

enhance bacterial virulence, while azithromycin sub-
MICs reduce virulence in both S. Flexneri and EIEC.

The down-regulation of virF in Shigella samples
treated with azithromycin was more pronounced at
higher sub-MICs compared to the control. In EIEC, a
significant reduction in virF expression was observed in
samples treated with sub-MICs of 1/2 and 1/4, but no
significant decrease was noted at sub-MIC 1/8.
Additionally, the decrease in virF expression between
sub-MICs of 1/2 and 1/4 was not statistically significant.

Sub-minimum  inhibitory = concentrations  of
ciprofloxacin had a statistically significant effect on virF
expression in EIEC compared to Shigella (P-value <
0.0001), while azithromycin sub-MICs had a
significantly greater inhibitory effect on virF expression
in Shigella (P-value < 0.0001).

Additional details of the gene expression changes at
different sub-MICs are presented in Table 3.

5. Discussion

The findings of previous studies indicate that sub-
MICs of antibiotics can influence bacterial virulence.
The results of this study demonstrate that ciprofloxacin
and azithromycin sub-MICs affect the expression of the
virF gene in S. flexneri and EIEC. While limited studies
have evaluated the sub-MIC effects of these antibiotics
on Shigella, no previous studies have investigated their

ciprofloxacin and azithromycin sub-MICs impact the
expression of the upstream regulator virF gene, which
controls the expression of many genes involved in
bacterial invasion.

The relationship between the expression of different
genes in bacterial virulence is a complex process
requiring further exploration, particularly through in-
vivo studies. Understanding the sub-inhibitory effects of
target antibiotics on genes involved in bacterial
invasion can aid in predicting bacterial behavior during
in-vivo infections and help prevent disease exacerbation
due to accessory effects. In a related study by
Sadredinamin et al., the virF gene was found to be down-
regulated in Shigella serotypes exposed to azithromycin
sub-MICs, while up-regulated when treated with
ciprofloxacin. Their study also showed that the virB gene
was down-regulated when exposed to ciprofloxacin,
whereas the icsA gene was up-regulated with
azithromycin exposure. Additionally, interactions of
Shigella serotypes with the HT-29 cell line were reduced
in the presence of azithromycin, but ciprofloxacin
exposure yielded variable results (22).

Other studies sub-MICs of
ciprofloxacin and trimethoprim-sulfamethoxazole
promote the synthesis of Stx in EHEC by inhibiting DNA
gyrase and activating the SOS response, increasing the
risk of hemolytic uremic syndrome (HUS) in patients
(19). Sub-minimum inhibitory concentrations of

have shown that
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Figure 1. Comparison of virF gene expression in Shigella flexneri and enteroinvasive Escherichia coli (EIEC) normalized with the rpoA gene. In samples without antibiotics, the
expression of the virF gene in Shigella was on average 41% higher in EIEC. **** P value < 0.0001.

azithromycin have also been reported to promote Stx
release in E. coli (15), though another study found that
azithromycin considerably reduces Stx levels (19).

Additionally, ciprofloxacin sub-MICs have been
shown to inhibit UPEC adhesion to epithelial cells by
reducing hydrophobicity (16), while enhanced
expression of antibiotic resistance genes in Enterococcus
faecium was observed in response to ciprofloxacin sub-
MICs (20). Sub-minimum inhibitory concentrations of
ciprofloxacin have also been reported to induce
multidrug resistance in E. coli (23).

Conversely, azithromycin sub-MICs have been shown
to reduce biofilm formation in P. aeruginosa (17) and
increase the growth rate of E. coli (18). These findings
underscore the varying effects of sub-MICs of antibiotics
on bacterial behavior and highlight the importance of

Arch Clin Infect Dis. 2025;20(2): 145666

cautious antibiotic use to mitigate unintended
consequences.

There is no direct data on the mechanisms by which
azithromycin and ciprofloxacin alter the expression of
virulence genes in Shigella and EIEC. However, evidence
from other studies provides hypotheses about potential
mechanisms underlying the sub-MIC effects of these
antibiotics.

Bacterial sensory systems frequently respond to
environmental stimuli by altering gene expression,
allowing cells to adapt to new environments (9). Under
antibiotic stress conditions, changes in the expression
of genes involved in surface structures, efflux systems,
and enzymes associated with antibiotic inactivation
have been observed. The regulation of these genes is
often controlled by bacterial sensory systems (10, 24).
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Figure 2. The expression changes of the virF gene in Shigella flexneri and enteroinvasive Escherichia coli (EIEC) in samples treated with sub-minimum inhibitory concentrations
(sub-MICs) of ciprofloxacin and azithromycin compared to control samples. The expression of the virF gene in Shigella samples treated with sub-MIC 1.2 of ciprofloxacin was
significantly up-regulated compared to the control. Furthermore, a significant increase in expression was observed at concentrations of 1.2 compared to 1.4, and 1.4 compared to
1.8. For EIEC, the highest up-regulation was seen at sub-MIC 1.2. With a significant increase between concentrations of 1.2 and 1.4, but no significant change between sub-MIC 1.4

and1.8.

Table 3. Changes in virF Gene Expression in Response to Sub-minimum Inhibitory Concentrations of Antibiotic

Antibiotic
Strains Azithromycin (Sub-MIC) Ciprofloxacin (Sub-MIC)
12 1/4 1/8 12 1/4 1/8
Shigella flexneri (ug/mL) ~81% 1 ~69% 4 ~21% 1 ~414% 1 ~72% 1 ~29% 1
EIEC (ug/mL) ~42% ~39% 1 ~8% 1 ~1239% T ~422% 17 ~203% T

Abbreviations: EIEC, enteroinvasive Escherichia coli; Sub-MIC, sub-minimum inhibitory concentrations.

In this study, a substantial increase in the expression
of the virF gene in Shigella and EIEC was observed in
response to ciprofloxacin sub-MICs. The virF protein is a
major transcriptional regulator of bacterial invasion
genes in both species. It is encoded on the invasion

plasmid (pInv) and serves as an upstream regulator of
other virulence gene regulators such as virB. Most
virulence genes encoded by plnv are directly controlled
by the virB protein, making the transcriptional

rch Clin Infect Dis. 2025; 20(2): 145666
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activation of operons implicated in invasion dependent
on virF expression (25).

Environmental changes such as temperature, pH,
and osmolarity are known to influence virF gene
regulation, resulting in alterations in bacterial virulence
(26). One potential regulatory system linked to virF
expression is the CsrA protein, a carbon storage
regulator found in E. coli and Shigella. CsrA is involved in
cellular metabolism, flagella biosynthesis, and biofilm
development. Potts et al. reported that the two-
component regulatory system BarA-SirA can promote
CsrA expression in response to a reduction in carbon
sources like glucose and the accumulation of
intermediate metabolites such as fumarate and acetate
(27). Gore and Payne demonstrated that bacterial
attachment and invasion in cell culture decreased in S.
flexneri mutants lacking the csrA gene compared to wild-
type strains. They concluded that this reduction in
virulence was due to lower virF gene expression in csrA
mutants and subsequent down-regulation of pfka, a
gene involved in bacterial glycolysis (28). Sub-minimum
inhibitory concentrations of bactericidal antibiotics can
induce bacterial stress, enhancing respiration and
leading to cell death through the accumulation of toxic
compounds such as reactive oxygen species (ROS) (29).
High ROS levels are associated with increased glycolysis,
which depletes glucose resources and elevates the levels
of pyruvate and acetyl-CoA (30). The reduction in carbon
sources may induce the expression of CsrA and PfkA
proteins, ultimately leading to the up-regulation of the
virF gene in bacteria (31, 32).

These findings provide a plausible explanation for
the observed up-regulation of virF in response to
ciprofloxacin sub-MICs. Further research is needed to
validate these mechanisms in Shigella and EIEC. Unlike
ciprofloxacin, a down-regulation of the virF gene by sub-
MICs of azithromycin was observed in the present study.
Bacteriostatic antibiotics, such as azithromycin, inhibit
bacterial protein translation. This inhibition can
suppress cellular respiration by repressing glycolysis
and the tricarboxylic acid (TCA) cycle, leading to the
accumulation of ADP and AMP, a significant increase in
NADH, and a depletion in cellular ATP levels (33). Based
on these observations, a hypothesis is proposed: Sub-
minimum inhibitory concentrations of antibiotics
impair the balance of these metabolites, reduce the
expression of CsrA and PfkA proteins, and subsequently
decrease the expression of the virF gene in these
bacteria. However, this hypothesis requires validation

Arch Clin Infect Dis. 2025;20(2): 145666

through a comprehensive study on bacterial global
gene expression.

It has also been suggested that the virF gene is
regulated by a protein called YhjC. Li et al. demonstrated
that S. flexneri mutants lacking the yhjC gene exhibit
reduced adherence to and penetration of host cells.
Their study showed that deletion of the yhjC gene down-
regulated the expression of virF and all virF-dependent
genes. Although the factors influencing the expression
of the yhjC gene remain unknown, its expression has
been observed to increase when the temperature rises
from 30°C to 37°C. These findings suggest that yhjC may
be under the control of the two-component regulatory
system CpxA/R (34).

In the present study, the temperature, pH, and
osmolarity were consistent across all antibiotic-treated
and untreated samples, reducing the likelihood that
sub-MICs of antibiotics affect virF expression via the
CpxA/R system. Further studies are needed to elucidate
the exact mechanisms by which azithromycin sub-MICs
modulate virF expression, potentially involving yhjC or
other regulatory pathways.

In the present study, temperature, pH, and
osmolarity were maintained approximately stable in the
culture media, minimizing the possibility of stress
related to these variables. However, the likelihood of
antibiotic-induced stress and its disruption of bacterial
metabolism increased. Given the genetic and
pathogenic similarities between Shigella and EIEC, this
study investigated the effects of sub-MICs of
azithromycin and ciprofloxacin on virF gene expression
in both bacteria. The similar results observed in both
species suggest that these antibiotics may function
through common signaling pathways, which could
provide valuable insights for future studies.

5.1. Conclusions

Antibiotics have different effects on different
bacteria, making it impractical to generalize findings
about accessory effects to diverse microorganisms.
Evaluating the accessory mechanisms of antibiotics
specifically recommended for treating infections caused
by particular bacteria is more practical and relevant. The
results of this study demonstrate that ciprofloxacin and
azithromycin sub-MICs influence the virulence of EIEC
and S. Flexneri. These antibiotics are primary options for
treating acute infections caused by these bacteria.
Unlike ciprofloxacin, azithromycin reduces the severity
of infections with these pathogens, even at sub-MICs.
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Thus, azithromycin may be a more suitable choice for
treating bacterial dysentery and mitigating the risk of
more severe disease due to improper antibiotic dosing.

Acknowledgements

The authors would like to thank Alborz Medical
Science Research Laboratory for administering their
data and providing assistance with this project. We also
express our gratitude to our colleagues in the
Department of Medical Microbiology.

Footnotes

Authors' Contribution: M. M. designed the study. M.
M, M. S, and S. H. conducted the experimental
processes. M. B. performed the statistical analysis. M. M.
and FE F administered the study. M. M. and M. S.
managed the molecular procedures. M. M., M. T., and M.
S. prepared the original draft of the manuscript. M. M.,
M.S., E E, and K. P. edited and revised the manuscript. All
authors approved the final version of the manuscript.

Conflict of Interests Statement: The authors
declared that they have no conflict of interest.

Data Availability: All data generated or analyzed
during this study are included in this published article.

Ethical Approval: This study was approved by the

Ethics Committee of Alborz University of Medical
Sciences in Karaj, Iran, with the reference number
IR.ABZUMS.REC.1399.159 . The practical procedures were
conducted following approval from the Ethics
Committee of Alborz University of Medical Sciences.

Funding/Support: This article is derived from a
master's thesis in microbiology. The study costs were
personally covered by the authors.

References

1. Cecil RLF, Goldman L, Schafer Al. Goldman's Cecil Medicine. 1. USA:
Elsevier Health Sci; 2012.

2. Jennison AV, Verma NK. Shigella flexneri infection: Pathogenesis and
vaccine development. FEMS Microbiol Rev. 2004;28(1):43-58. [PubMed
1D: 14975529]. https:[/doi.org[10.1016/j.femsre.2003.07.002.

3. Donnenberg MS, Tacket CO, James SP, Losonsky G, Nataro JP,
Wasserman SS, et al. Role of the eaeA gene in experimental
enteropathogenic Escherichia coli infection. J Clin Invest.
1993;92(3):1412-7. [PubMed ID: 8376594|. [PubMed Central ID:
PM(C288285]. https://doi.org/10.1172[]CI116717.

10.

13.

14.

15.

16.

17.

Schroeder GN, Hilbi H. Molecular pathogenesis of Shigella spp.:
Controlling host cell signaling, invasion, and death by type III
secretion. Clin Microbiol Rev. 2008;21(1):134-56. [PubMed ID:
18202440]. [PubMed Central ID: PM(C2223840].
https://doi.org[10.1128/CMR.00032-07.

Murray PR, Rosenthal K, Pfaller MA. Medical Microbiology E-Book. USA:
Elsevier Health Sci; 2020. 872 p.

Falconi M, Colonna B, Prosseda G, Micheli G, Gualerzi CO.
Thermoregulation of Shigella and Escherichia coli EIEC
pathogenicity. A temperature-dependent structural transition of
DNA modulates accessibility of virF promoter to transcriptional
repressor H-NS. EMBO |J. 1998;17(23):7033-43. [PubMed ID: 9843508].
[PubMed Central ID: PMC1171051].
https://doi.org[10.1093/emboj[17.23.7033.

Sakai T, Sasakawa C, Yoshikawa M. Expression of four virulence
antigens of Shigella flexneri is positively regulated at the
transcriptional level by the 30 kiloDalton virF protein. Mol Microbiol.
1988;2(5):589-97. [PubMed ID: 3141742]. https:|/doi.org[10.1111/j.1365-
2958.1988.th00067.x.

Ud-Din A, Wahid S. Relationship among Shigella spp. and
enteroinvasive Escherichia coli (EIEC) and their differentiation. Braz J
Microbiol. 2014;45(4):1131-8. [PubMed ID: 25763015]. [PubMed Central
ID: PMC4323284]. https://doi.org/10.1590/s1517-83822014000400002.

Di Martino ML, Falconi M, Micheli G, Colonna B, Prosseda G. The
Multifaceted Activity of the VirF Regulatory Protein in the Shigella
Lifestyle. Front Mol Biosci. 2016;3:61. [PubMed ID: 27747215]. [PubMed
Central ID: PMC5041530]. https:[/doi.org/10.3389/fmolb.2016.00061.

Patel V, Matange N. Adaptation and compensation in a bacterial gene
regulatory network evolving under antibiotic selection. Elife. 2021;10.
[PubMed ID: 34591012]. [PubMed Central ID: PMC8483737|.
https://doi.org/10.7554/eLife.70931.

Mitosch K, Rieckh G, Bollenbach T. Noisy Response to Antibiotic
Stress Predicts Subsequent Single-Cell Survival in an Acidic
Environment. Cell Syst. 2017;4(4):393-403 e5. [PubMed ID: 28342718].
https://doi.org/10.1016/j.cels.2017.03.001.

Davies ], Spiegelman GB, Yim G. The world of subinhibitory antibiotic
concentrations. Curr Opin Microbiol. 2006;9(5):445-53. [PubMed ID:
16942902]. https:[/doi.org[10.1016/j.mib.2006.08.006.

Zhanel GG, Hoban DJ, Harding GK. Subinhibitory antimicrobial
concentrations: A review of in vitro and in vivo data. Can | Infect Dis.
1992;3(4):193-201. [PubMed ID: 22514370]. [PubMed Central ID:
PM(C3328040]. https://doi.org/10.1155/1992/793607.

Mckinnon PS, Davis SL. Pharmacokinetic and pharmacodynamic
issues in the treatment of bacterial infectious diseases. Eur J Clin
Microbiol Infect Dis. 2004;23(4):271-88. [PubMed ID: 15015030].
https://doi.org[10.1007/s10096-004-1107-7.

Grif K, Dierich MP, Karch H, Allerberger F. Strain-specific differences
in the amount of Shiga toxin released from enterohemorrhagic
Escherichia coli 0157 following exposure to subinhibitory
concentrations of antimicrobial agents. Eur ] Clin Microbiol Infect Dis.
1998;17(11):761-6. [PubMed ID: 9923515].
https://doi.org/10.1007/s100960050181.

Wojnicz D, Jankowski S. Effects of subinhibitory concentrations of
amikacin and ciprofloxacin on the hydrophobicity and adherence to
epithelial cells of uropathogenic Escherichia coli strains. Int J
Antimicrob Agents. 2007;29(6):700-4. [PubMed ID: 17382520].
https://doi.org[10.1016j.ijantimicag.2007.01.007.

Aleanizy FS, Alqahtani FY, Eltayb EK, Alrumikan N, Almebki R,
Alhossan A, et al. Evaluating the effect of antibiotics sub-inhibitory
dose on Pseudomonas aeruginosa quorum sensing dependent

Arch Clin Infect Dis. 2025;20(2): 145666


https://brieflands.com/articles/archcid-145666
https://ethics.research.ac.ir/ProposalCertificateEn.php?id=153410
http://www.ncbi.nlm.nih.gov/pubmed/14975529
https://doi.org/10.1016/j.femsre.2003.07.002
http://www.ncbi.nlm.nih.gov/pubmed/8376594
https://www.ncbi.nlm.nih.gov/pmc/PMC288285
https://doi.org/10.1172/JCI116717
http://www.ncbi.nlm.nih.gov/pubmed/18202440
https://www.ncbi.nlm.nih.gov/pmc/PMC2223840
https://doi.org/10.1128/CMR.00032-07
http://www.ncbi.nlm.nih.gov/pubmed/9843508
https://www.ncbi.nlm.nih.gov/pmc/PMC1171051
https://doi.org/10.1093/emboj/17.23.7033
http://www.ncbi.nlm.nih.gov/pubmed/3141742
https://doi.org/10.1111/j.1365-2958.1988.tb00067.x
https://doi.org/10.1111/j.1365-2958.1988.tb00067.x
http://www.ncbi.nlm.nih.gov/pubmed/25763015
https://www.ncbi.nlm.nih.gov/pmc/PMC4323284
https://doi.org/10.1590/s1517-83822014000400002
http://www.ncbi.nlm.nih.gov/pubmed/27747215
https://www.ncbi.nlm.nih.gov/pmc/PMC5041530
https://doi.org/10.3389/fmolb.2016.00061
http://www.ncbi.nlm.nih.gov/pubmed/34591012
https://www.ncbi.nlm.nih.gov/pmc/PMC8483737
https://doi.org/10.7554/eLife.70931
http://www.ncbi.nlm.nih.gov/pubmed/28342718
https://doi.org/10.1016/j.cels.2017.03.001
http://www.ncbi.nlm.nih.gov/pubmed/16942902
https://doi.org/10.1016/j.mib.2006.08.006
http://www.ncbi.nlm.nih.gov/pubmed/22514370
https://www.ncbi.nlm.nih.gov/pmc/PMC3328040
https://doi.org/10.1155/1992/793607
http://www.ncbi.nlm.nih.gov/pubmed/15015030
https://doi.org/10.1007/s10096-004-1107-7
http://www.ncbi.nlm.nih.gov/pubmed/9923515
https://doi.org/10.1007/s100960050181
http://www.ncbi.nlm.nih.gov/pubmed/17382520
https://doi.org/10.1016/j.ijantimicag.2007.01.007

Shahsavan M et al.

Brieflands

18.

20.

21

22.

23.

24.

25.

virulence and its phenotypes. Saudi | Biol Sci. 2021;28(1):550-9.
[PubMed ID: 33424338]. [PubMed Central ID: PMC7785434].
https://doi.org/10.1016/j.5jbs.2020.10.040.

Tuan-Anh T, Tuyen HT, Minh Chau NN, Toan ND, Triet TH, Triet LM, et
al. Pathogenic Escherichia coli Possess Elevated Growth Rates under
Exposure to Sub-Inhibitory Concentrations of Azithromycin.
Antibiotics (Basel). 2020;9(11). [PubMed ID: 33114588]. [PubMed Central
ID: PMC7693856]. https://doi.org/10.3390/antibiotics9110735.

Pacheco AR, Sperandio V. Shiga toxin in enterohemorrhagic E.coli:
Regulation and novel anti-virulence strategies. Front Cell Infect
Microbiol. 2012;2:81. [PubMed ID: 22919672]. [PubMed Central ID:
PM(3417539]. https://doi.org/10.3389/fcimb.2012.00081.

Sinel C, Cacaci M, Meignen P, Guerin F, Davies BW, Sanguinetti M, et
al. Subinhibitory Concentrations of Ciprofloxacin Enhance
Antimicrobial Resistance and Pathogenicity of Enterococcus
faecium. Antimicrob Agents Chemother. 2017;61(5). [PubMed ID:
28193670]. [PubMed Central ID: PMC5404537].
https://doi.org[10.1128/AAC.02763-16.

Centers for Disease Control and Prevention. CDC recommendations
for managing and reporting Shigella infections with possible
reduced susceptibility to ciprofloxacin. Cntr Dis Cont Prevent.
2018;411:3.

Sadredinamin M, Shabani M, Karimi A, Sohrabi MR, Karimi-Yazdi M,
Ghalavand Z, et al. Virulence genes expression profiling of different
Shigella flexneri serotypes in response to sub-inhibitory
concentrations of azithromycin and ciprofloxacin. Gut Pathog.
2022;14(1)10. [PubMed ID: 35193669]. [PubMed Central ID:
PMC8864791]. https://doi.org/10.1186/s13099-022-00483-3.

Ching C, Zaman MH. Development and selection of low-level multi-
drug resistance over an extended range of sub-inhibitory
ciprofloxacin concentrations in Escherichia coli. Sci Rep.
2020;10(1):8754. [PubMed ID: 32471975]. [PubMed Central ID:
PMC7260183]. https://doi.org[10.1038/s41598-020-65602-Z.

Tierney AR, Rather PN. Roles of two-component regulatory systems
in antibiotic resistance. Futur Microbiol. 2019;14(6):533-52. [PubMed
ID: 31066586]. [PubMed Central ID: PMC6526388].
https://doi.org/10.2217/fmb-2019-0002.

Pasqua M, Michelacci V, Di Martino ML, Tozzoli R, Grossi M, Colonna
B, et al. The Intriguing Evolutionary Journey of Enteroinvasive E. coli
(EIEC) toward Pathogenicity. Front Microbiol. 2017;8:2390. [PubMed ID:
29259590]. [PubMed Central ID: PMC5723341].
https://doi.org[10.3389/fmicb.2017.02390.

Arch Clin Infect Dis. 2025;20(2): 145666

26.

27.

28.

20.

30.

3L

32.

33.

34.

Mitobe ], Morita-Ishihara T, Ishihama A, Watanabe H. Involvement of
RNA-binding protein Hfq in the osmotic-response regulation of invE
gene expression in Shigella sonnei. BMC Microbiol. 2009;9:110.
[PubMed ID: 19476612]. [PubMed Central ID: PMC2694808].
https://doi.org/10.1186/1471-2180-9-110.

Potts AH, Guo Y, Ahmer BMM, Romeo T. Role of CsrA in stress
responses and metabolism important for Salmonella virulence
revealed by integrated transcriptomics. PLoS One. 2019;14(1).
€0211430. [PubMed ID: 30682134]. [PubMed Central ID: PMC6347204].
https://doi.org/10.1371/journal.pone.0211430.

Gore AL, Payne SM. CsrA and Cra influence Shigella flexneri
pathogenesis. Infect Immun. 2010;78(11):4674-82. [PubMed ID:
20713625]. [PubMed Central ID: PMC2976347].
https://doi.org/10.1128/IA1.00589-10.

Dwyer DJ, Belenky PA, Yang JH, Macdonald IC, Martell JD, Takahashi N,
et al. Antibiotics induce redox-related physiological alterations as
part of their lethality. Proc Natl Acad Sci USA. 2014;111(20):E2100-9.
[PubMed ID: 24803433]. [PubMed Central ID: PMC4034191].
https://doi.org/10.1073/pnas.1401876111.

Ferrandiz M], Martin-Galiano AJ, Arnanz C, Zimmerman T, De La
Campa AG. Reactive Oxygen Species Contribute to the Bactericidal
Effects of the Fluoroquinolone Moxifloxacin in Streptococcus
pneumoniae. Antimicrob Agents Chemother. 2016;60(1):409-17.
[PubMed ID: 26525786]. [PubMed Central ID: PMC4704168].
https:|/doi.org/10.1128/AAC.02299-15.

Chavez RG, Alvarez AF, Romeo T, Georgellis D. The physiological
stimulus for the BarA sensor kinase. | Bacteriol. 2010;192(7):2009-12.
[PubMed ID: 20118252]. [PubMed Central ID: PMC2838055].
https://doi.org/10.1128/]B.01685-09.

Timmermans ], Van Melderen L. Conditional essentiality of the csrA
gene in Escherichia coli. J Bacteriol. 2009;191(5):1722-4. [PubMed ID:
19103924]. [PubMed Central ID: PMC2648183].
https://doi.org/10.1128/]B.01573-08.

Lobritz MA, Belenky P, Porter CB, Gutierrez A, Yang JH, Schwarz EG, et
al. Antibiotic efficacy is linked to bacterial cellular respiration. Proc
Natl Acad Sci USA. 2015;112(27):8173-80. [PubMed ID: 26100898].
[PubMed Central ID: PMC4500273].
https://doi.org/10.1073/pnas.1509743112.

Li W, Jiang L, Liu X, Guo R, Ma S, Wang |, et al. YhjC is a novel
transcriptional regulator required for Shigella flexneri virulence.
Virulence. 2021;12(1):1661-71. [PubMed ID: 34152261]. [PubMed Central
ID: PMC8218686]. https://doi.org/10.1080/21505594.2021.1936767.


https://brieflands.com/articles/archcid-145666
http://www.ncbi.nlm.nih.gov/pubmed/33424338
https://www.ncbi.nlm.nih.gov/pmc/PMC7785434
https://doi.org/10.1016/j.sjbs.2020.10.040
http://www.ncbi.nlm.nih.gov/pubmed/33114588
https://www.ncbi.nlm.nih.gov/pmc/PMC7693856
https://doi.org/10.3390/antibiotics9110735
http://www.ncbi.nlm.nih.gov/pubmed/22919672
https://www.ncbi.nlm.nih.gov/pmc/PMC3417539
https://doi.org/10.3389/fcimb.2012.00081
http://www.ncbi.nlm.nih.gov/pubmed/28193670
https://www.ncbi.nlm.nih.gov/pmc/PMC5404537
https://doi.org/10.1128/AAC.02763-16
http://www.ncbi.nlm.nih.gov/pubmed/35193669
https://www.ncbi.nlm.nih.gov/pmc/PMC8864791
https://doi.org/10.1186/s13099-022-00483-3
http://www.ncbi.nlm.nih.gov/pubmed/32471975
https://www.ncbi.nlm.nih.gov/pmc/PMC7260183
https://doi.org/10.1038/s41598-020-65602-z
http://www.ncbi.nlm.nih.gov/pubmed/31066586
https://www.ncbi.nlm.nih.gov/pmc/PMC6526388
https://doi.org/10.2217/fmb-2019-0002
http://www.ncbi.nlm.nih.gov/pubmed/29259590
https://www.ncbi.nlm.nih.gov/pmc/PMC5723341
https://doi.org/10.3389/fmicb.2017.02390
http://www.ncbi.nlm.nih.gov/pubmed/19476612
https://www.ncbi.nlm.nih.gov/pmc/PMC2694808
https://doi.org/10.1186/1471-2180-9-110
http://www.ncbi.nlm.nih.gov/pubmed/30682134
https://www.ncbi.nlm.nih.gov/pmc/PMC6347204
https://doi.org/10.1371/journal.pone.0211430
http://www.ncbi.nlm.nih.gov/pubmed/20713625
https://www.ncbi.nlm.nih.gov/pmc/PMC2976347
https://doi.org/10.1128/IAI.00589-10
http://www.ncbi.nlm.nih.gov/pubmed/24803433
https://www.ncbi.nlm.nih.gov/pmc/PMC4034191
https://doi.org/10.1073/pnas.1401876111
http://www.ncbi.nlm.nih.gov/pubmed/26525786
https://www.ncbi.nlm.nih.gov/pmc/PMC4704168
https://doi.org/10.1128/AAC.02299-15
http://www.ncbi.nlm.nih.gov/pubmed/20118252
https://www.ncbi.nlm.nih.gov/pmc/PMC2838055
https://doi.org/10.1128/JB.01685-09
http://www.ncbi.nlm.nih.gov/pubmed/19103924
https://www.ncbi.nlm.nih.gov/pmc/PMC2648183
https://doi.org/10.1128/JB.01573-08
http://www.ncbi.nlm.nih.gov/pubmed/26100898
https://www.ncbi.nlm.nih.gov/pmc/PMC4500273
https://doi.org/10.1073/pnas.1509743112
http://www.ncbi.nlm.nih.gov/pubmed/34152261
https://www.ncbi.nlm.nih.gov/pmc/PMC8218686
https://doi.org/10.1080/21505594.2021.1936767

