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Abstract 

Background: Shigellosis is a self‑limiting disease that antibiotic therapy could decrease its complications and dura‑
tion. However, sublethal levels of antibiotics, may lead to alteration in disease state, besides its role in the emergence 
of resistant variants. To understand this link, we investigated diversity of Shigella serogroups in children with diarrhea, 
diversity of S. flexneri serotypes, cytotoxic potential, resistance patterns to antibiotics, and alteration in transcriptional 
expression of main virulence genes in response to sub‑inhibitory concentrations of azithromycin and ciprofloxacin.

Results: The most frequently isolated serogroups were S. sonnei (70.3%), followed by S. flexneri (29.1%) and S. boydii 
(0.6%). Ten serotypes were characterized among the S. flexneri isolates, including 2b, 1b, 2a, 1c, 4a, 3a, 3b, 6 and X and/
or Xv. Antimicrobial susceptibility testing showed low frequency of multi‑drug resistance phenotype among S. flexneri 
isolates with minimum inhibitory concentrations (MIC) of 0.5–64 and 0.25–8 µg/mL for azithromycin and ciprofloxa‑
cin, respectively. Gene expression analysis showed upregulation of icsA in serotype 4a after exposure with azithromy‑
cin, whereas other genes in the VirF pathway were downregulated, and downregulation of virB in serotypes 2a and 3a 
after exposure with ciprofloxacin, while upregulation of noted genes was detected.

Conclusions: Alteration in transcription of key virulence genes of S. flexneri serotypes was shown in response to 
sublethal concentration of antibiotics. The detected incongruency in the extent of gene transcription proposed that 
diverse regulatory pathways are possibly mediating response to sub‑MIC concentrations of antibiotics in S. flexneri.
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factors, Drug resistance
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Introduction
Shigella is a common cause of diarrhea with high rates 
of mortality, especially in children younger than 5 years 
old [1]. The Shigella genus comprises four serogroups, 
including S. boydii,  S. dysenteriae,  S. flexneri, and  S. 
sonnei, which S. flexneri, and S. sonnei are more com-
mon in clinical settings [2]. S. flexneri is considered 
as the predominant cause of shigellosis in developing 
countries. This serogroup is further classified into 19 
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serotypes, based on the O-antigen structure of lipopol-
ysaccharide [3]. Diversity of these serotypes depend on 
the function of specific genes, which are responsible 
for the addition of glycosyl (gtr), acetyl (oac) or phos-
phoethanolamine (PEtN) to O-antigen different sugar 
residues and transportation of the repeat units from 
the cytoplasm to the periplasm (wzx) [4–6].

Although all S. flexneri serotypes use a similar 
pathogenic mechanism, some virulence factors  are 
produced only by specific serotypes [7]. Essential viru-
lence factors of Shigella spp. are located both on the 
chromosome and a large virulence plasmid. The plas-
mid-encoded genes play an important role in tissue 
invasion and the intracellular lifestyle of Shigella spp., 
which is activated via a regulatory cascade mediated 
by the plasmid-encoded VirF (Virulence factor pro-
duction F) and VirB (Virulence factor production B) 
proteins. VirB in turn induces transcriptional expres-
sion of genes encoding the type III secretion system 
(ipaB-D) and effector proteins, (ipaA, ipgB1, ipgD 
and icsB) [8]. IcsA, which express and secret indepen-
dently, enables actin-based motility for intracellular 
movement and cell-to-cell spreading in collaboration 
with icsB [9].

Although shigellosis is a self-limited disease, effec-
tive antibiotic therapy seems to shorten the symp-
tom’s duration and prevent serious complications [10]. 
Resistance to antibiotics, such as ampicillin and tri-
methoprim-sulfamethoxazole, cause a change in treat-
ment regimen in patients with shigellosis. Accordingly, 
azithromycin or ciprofloxacin were recommended by a 
number of international guidelines for the treatment of 
shigellosis in children [11]. Despite new reports about 
the emergence of resistance to these antibiotics in dif-
ferent countries, they are currently considered as drugs 
of choice in children [12–14]. Prescription of subopti-
mal dosage regimen could be responsible for emerging 
the resistant variants and change in the disease state 
[15]. Although there are increasing evidence showing 
that sub-minimal inhibitory concentrations (sub-MIC) 
of antibiotics can affect the expression of virulence 
factors in some bacteria, limited studies have evalu-
ated the effect of sub-MIC concentration of antibiotics 
on Shigella [16]. This study was aimed to characterize 
Shigella serogroups in children with diarrhea, serotype 
diversity of S. flexneri, their cytotoxic potential, ability 
for interaction with cells, resistance patterns to anti-
biotics, and alteration in transcriptional expression of 
virulence genes virB, ipaB, icsA and icsB in response 

to sub-inhibitory concentration of azithromycin and 
ciprofloxacin.

Results
Patients and bacterial isolates
A total of 333 Shigella isolates, including S. sonnei (234, 
70.3%), S. flexneri (97, 29.1%), S. boydii (2, 0.6%), and no 
S. dysenteriae, were recovered from children with diar-
rhea in Children’s Medical Center Hospital, Tehran, Iran. 
Among  all the patients, 55.6% (185/333) were boys  and 
(44.4%, 148/333) girls, ranging from 2 months to 14 years 
of age.

Molecular serotyping of S. flexneri clinical strains
Based on the Multiplex PCR results, 10 serotypes were 
found among 97 S. flexneri isolates (Fig.  1, Table  1). 
The most common serotypes were serotypes 2b and 1b 
(35.1% and 33%, respectively). As was shown in Table 2, 
a significant difference was detected for infection with 
different serotypes in different age groups. Accordingly, 
serotypes 1b and 1c infected children ≤ 5 and 6–10 years 
of age at higher frequency (71.9% and 50%, respectively), 
which was statistically significant (p = 0.037). No clinical 
isolates related to serotype 4b, 5a and 5b, which include 
gtrV, were characterized according to the Sun method 

Fig. 1 Multiplex PCR products of S. flexneri clinical strains. lane 1, S. 
flexneri serotype 3a; lane 4 S. flexneri serotype 2a, lanes 2, 5 and 6, 
S. flexneri serotype 1b; lane 3, Molecular size markers (100‑bp DNA 
ladder; SinaClon); lane 4, S. flexneri serotype 2a; lane 7, Negative 
control.; lane 8, S. flexneri serotype 6c
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[4]. GenBank accession numbers for the characterized 
genes are listed in Table 3.

Antibiotic susceptibility profile
The results of antimicrobial susceptibility testing (AST) 
displayed that most of the isolates were resistant to ampi-
cillin (99.0%), trimethoprim/sulfamethoxazole (89.7%), 
while resistance to cefotaxime (47.4%), cefepime (34%), 
nalidixic acid (30.9%), minocycline (28.9%), azithromy-
cin (9.3%) and ciprofloxacin (7.2%) showed lower fre-
quency (Table 4). multidrug resistant (MDR) pattern was 
detected in 15.5% of the isolates (15/97) (Table 5). Mini-
mum inhibitory concentration (MIC) values for azithro-
mycin and ciprofloxacin were in the range of 0.5–64 µg/
mL and 0.25–8  μg/mL, respectively. The  MIC50 and 
 MIC90 were 2 and 0.5  μg/mL, and 4 and 8  μg/mL for 
azithromycin and ciprofloxacin, respectively (Table  6). 
Among all the MDR strains, one isolate belonging to 
serotype 4a was resistant to azithromycin; however, 4 iso-
lates belonging to serotypes 2a (3/4 isolates) and 3a (1/4 

isolate) were resistant to ciprofloxacin according to both 
disk diffusion and agar dilution results. A significant cor-
relation was detected between infection with serotype 2a 
and resistance to ciprofloxacin (p = 0.001). There was no 
correlation between the serotypes and MDR phenotypes 
among the isolates (p = 0.764).  

Based on the above results, three MDR isolates of each 
serotype which were resistant to either azithromycin or 
ciprofloxacin were selected for studying the effect of sub-
MIC concentration of azithromycin (serotype 4a) or cip-
rofloxacin (serotypes 2a and 3a) in infected cell culture.

Selection of S. flexneri isolates for cell culture assay
Three serotypes, including 4a (19A), 3a (3C), and 2a 
(30C), were selected for cell culture assays based on 
resistance phenotype and MIC values to azithromycin 
and ciprofloxacin (64  µg/mL, 8  µg/mL and 8  µg/mL, 
respectively; Table 6).

Cytotoxicity assay
To determine appropriate time for analysis of changes 
in mRNA levels of Shigella virulence genes, HT-29 cells 
were infected with exponentially growing S. flexenri sero-
types in the presence and absence of a sub-MIC concen-
tration of azithromycin or ciprofloxacin and the viability 
of HT-29 cells were analyzed over 4  h. 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide 
(MTT) results demonstrated that HT-29 infected cells 
produced low-grade cytotoxicity in the presence or 
absence of sub-MIC concentration of azithromycin or 
ciprofloxacin during the experiment (Fig. 2).

Table 1 Distribution of serotypes among 97 S. flexneri isolates by multiplex PCR

Data are shown based on presence ( +) or absence (−) of the relevant genes as described by Sun et al. [4]

Serotype No Gene loci

Wzx1−5d gtrI gtrIc gtrII gtrIV gtrV gtrX oac wzx6

1b 32  +  + − − − − −  + −
1c 8  +  +  + − − − − − −
2a 16  + − −  + − − − − −
2b 34  + − −  + − −  + − −
3a 1  + − − − − −  +  + −
3b 1  + − − − − − −  + −
4a 2  + − − −  + − − − −
6 1 − − − − − − − −  + 

X or Xv 1  + − − − − −  + − −
Y 1  + − − − − − − − −

Table 2 Correlation between predominant serotypes of S. 
flexnari and age of patients

a  N (%), Number and percentage of S. flexneri serotypes in different age groups

Serotype Age of patients  Na (%) p value

≤ 5 years 6–10 years 11–14 years

1b 23 (71.9) 7 (21.9) 2 (6.3) 0.037

1c 2 (25) 4 (50) 2 (25)

2a 10 (62.5) 6 (37.5) 0 (0)

2b 14 (41.2) 13 (38.2) 7 (20.6)
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Alteration in interaction with host cells
The effects of growth with sub-MIC concentration of 
antibiotics on the bacterial interaction are presented in 
Fig. 3. About 0.14 reduction in interaction of the treated 
strain with azithromycin (serotype 4a) compared with 
untreated ones was detected. In the case of serotypes 
3a and 2a, which were treated with sub-MIC concentra-
tion of ciprofloxacin, a diversity was seen in the ability 
of interaction. Accordingly, 0.43 cfu/cell decrease in the 
interaction of serotype 3a after exposure to ciprofloxacin 
was detected compared with serotype 2a. The sub-MIC 
concentration of ciprofloxacin did not affect interaction 
of serotype 2a, remarkably (0.01 cfu/cell).

Virulence gene expression profile of S. flexneri 
isolates in the presence and absence of ciprofloxacin 
or azithromycin
The relative virulence gene expression profiles were 
determined in HT-29 infected cells in the presence and 
absence of sub-MIC concentrations of azithromycin and 
ciprofloxacin (Fig. 4, Table 7).

Table 3 PCR and real‑time PCR primers used in this study

bp, base pair; F, forward primer; R, reverse primer

Target gene Primer sequence (5’ -3’) Product size (bp) Accession number References

wzx1-5d F: CAC TTG TTG GGT ATG CTG G
R: CCG GCA AAC AGA TTA GAA A

782 MN106906 [4]

gtrI F: CTG TTA GGT GAT GAT GGC TTAG 
R: ATT GAA CGC CTC CTT GCT ATGC 

1122 MN106907 [4]

gtrIc F: AGG GAA TGG CAT TAG GGA TCGG 
R: GCT GCA AGT GGT TTT TGT TGGA 

518 MN106908 [4]

gtrII F: ATT TAT TGT TAT TGG GGG TGG TTG 
R: ATT TGT TCT TTA TTT GCT GGTT 

1272 MN106909 [4]

gtrIV F: ATG TTC CTC CTT CTT CCT TT
R: TCC TGA TGC TAC CTT ATC CA

378 MN099048 [4]

gtrV F: AAT ACG ATT CTC CTG GTG CTA AAC 
R: TAG GGC ATT GCT TGT ATC TTT CAT 

905 – [4]

gtrX F: AAT GCT GGA TGG GAT AAT CAC CTT 
R: GAG ACG GCT TCT CCA TGT TTT GCT 

425 MN106910 [4]

oac F: CTG TTC GGC TTT GAA AGT GCTG 
R: CGT AGG CGT ACA TAG CAA GCA AAG A

604 MN106911 [4]

wzx6c F: TTA AGA GCG ATC ATTTC 
R: CCA TCC AAG CGG ACATT 

739 MN919548 [4]

16S rRNA F: AAC GTC AAT GAG CAA AGG TAT TAA 
R: TAC GGG AGG CAG CAG TGG 

140 – [39]

virB F: GGA AGG GAG ATT GAT GGT AG
R: GAA CTT CAA GAT CTG CTC CTGC 

84 – [39]

ipaB F: CTG CAT TTT CAA ACA CAG C
R: GAG TAA CAC TGG CAA GTC 

78 – [39]

icsA F: CTT TCG GGT ACT CAA GAA C
R: GAG AAA GTC CAT CAA CAG G

76 – [39]

icsB F: CTC AAT TCA ACA CTC TTT CACAG 
R: GCT GTA CCG ATG CCA TGA AAAC 

82 – [39]
 (This study)

Table 4 Antimicrobial susceptibility of S. flexneri clinical isolates

Antimicrobial susceptibility test evaluated for antibiotics using Kirby–Bauer disk

Diffusion method (S, sensitive; SDD, susceptible, dose dependent; I, 
intermediate; R, resistant)

Antimicrobial agents S. flexneri clinical isolates

S I SDD R

Penicillins

Ampicillin 1 (1%) 0 (0%) – 96 (99%)

Cephems

Cefotaxime 49 (50.5%) 2 (2.1%) – 46 (47.4%)

Cefepime 55 (56.7) – 9 (9.3%) 33 (34%)

Folate pathway antagonists

Trimethoprim‑sulfameth‑
oxazole

5 (5.2%) 5 (5.2%) – 87 (89.7%)

Macrolides

Azithromycin 87 (89.7%) 1 (1%) – 9 (%9.3)

Quinolones and fluoroquinolones

Ciprofloxacin 87 (89.7%) 3 (3.1%) – 7 (7.2%)

Nalidixic acid 46 (47.4%) 21 (21.6%) – 30 (30.9%)

Tetracyclines

Minocycline 51 (52.6%) 18 (18.6%) – 28 (28.9%)
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We did not observed differences in expression level of 
the virulence genes except virB (21.1-fold increase) in 
serotype 3a followed by 1 hour exposure with ciprofloxa-
cin (Fig. 4, Table 7).

Although transcriptional expressions of ipaB and icsB 
were upregulated after 1 hour exposure with ciprofloxa-
cin in serotype 2a (107.6- and 14.1-fold increase, respec-
tively), the virB transcription was remained unchanged 
while, the icsA was downregulated followed by 1  hour 
exposure with ciprofloxacin which was significant 
according to the paired t test method (0.2-fold decrease; 
p = 0.01).

The expression levels of ipaB, icsA and icsB genes were 
found to be upregulated in serotypes 2a and 3a after 4 h 
exposure with ciprofloxacin, but virB was downregulated 
(Fig. 4, Table 7). The observed changes in the expression 
levels of ipaB and virB were statistically significant for 
serotype 3a (p values of 0.03 and 0.001 for ipaB and virB, 
respectively).

Sub-MIC concentration of azithromycin, except for 
icsB (3.44-fold increase), showed no significant expres-
sion changes in serotype 4a, 1 h post-treatment. Azithro-
mycin exposure for 4  h downregulated most of the 

virulence factors in serotype 4a, except for icsA (2.1-fold 
increase, Fig. 4, Table 7).

Discussion
Shigellosis is one of the most common causes of morbid-
ity among children less than 5 years of age [17]. S. flexneri 
is mainly responsible for the disease among children in 
the developing countries. However, serogroup transi-
tion was reported in some developing nations which is in 
line with our study [13, 18, 19].

Shigella flexneri consist of 19 serotypes [3], which may 
cause heterogeneity in the pathogenesis. To ascertain 
diversity of the isolated in symptomatic children in cur-
rent study, we used molecular serotyping method [4]. 
The most frequent serotype was 2b (35.1%), followed by 
1b, 2a, 1c, 4a, 3a, 3b, 6, X and Y. Molecular serotyping 
of S. flexneri was not done in previous studies in Iran, 
however, in a study by Khaghani et al. in 2014 using type-
specific monovalent antisera, type 2 was detected in 50% 
(50/87) of S. flexneri isolates among children [20], which 
is comparable to our results (51.5%, including serotypes 
2a and 2b). Our finding was also in consensus with the 
studies conducted in Pakistan and Bangladesh [21, 22], 

Table 5 Frequency and pattern of multidrug resistance phenotype among S. flexneri isolates in children with community acquired 
diarrhea

Multidrug-resistant (MDR) isolates are defined as those resistant to ≥ 3 classes among the third generation of cephalosporins, trimethoprim sulfamethoxazole, 
tetracycline, fluoroquinolones or macrolides

MDR, multidrug resistance; AMP, ampicillin; AZM, azithromycin; CPM, cefepime; CIP, ciprofloxacin; CTX, cefotaxime; MN, minocycline; NA, nalidixic acid; SXT, 
trimethoprim-sulfamethoxazole.
a. S. flexneri isolates 19A, 3C, and 30C with related MDR patterns were used for gene expression analysis

MDR phenotypes Serotype 1b Serotype 2a Serotype 2b Serotype 3a Seroytpe 4a Seroytpe X or Xv 
No. (%), n = 32 No. (%), n = 16 No. (%), n = 34 No. (%), n = 1 No. (%), n = 2 No. (%), n = 1

AMP/SXT/CIP/MN/NA 0 3 (30C)a 0 0 0 0

AMP/CTX/CPM/SXT/MN/NA 2 0 2 0 0 1

AMP/CTX/SXT/MN/NA/AZM 0 0 0 0 1 (19A)a 0

AMP/CTX/ SXT/CIP/NA 0 0 0 1 (3C)a 0 0

AMP/CTX/CPM/SXT/MN 1 0 3 0 0 0

AMP/CTX/SXT/MN 1 0 0 0 0 0

Table 6 The MIC results of MDR isolates of S. flexneri to azithromycin and ciprofloxacin

a  Minimum inhibitory concentration

 N (%), number and percentage of S. flexneri isolates with different MIC values

Antimicrobial 
agents

MICa, µg/mLa

Azithromycin (0.25–128) Ciprofloxacin (0.125–32)

0.5 1 2 4 8 16 32 64 0.125 0.25 0.5 1 2 4 8 16 32

N (%) 1 (6.66) 2 (13.33) 9 (60) 2 (13.33) – – – 1 (6.66) – 1 (6.66) 10 (66.6) – – – 4 (26.6) – –

MIC50 2 0.5

MIC90 4 8
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but in contradiction with previous studies where sero-
type 2a or 4c was reported as the most common serotype 
[23–25]. There is controversy among different studies to 
describe the second and third most common serotypes 
of S. flexneri. All these results suggest that heterogenous 
distribution of serotypes is likely, which could be associ-
ated with difference in time and geographical location.

In our study, serotype 1b was the most prevalent sero-
type among children less than 5 years (47%), while sero-
type 2b was common in children higher than 5 years of 
age (48.7%). In contrast to this finding, Vasilev et  al. in 
2003 reported serotype 2a and 6 as the most prevalent 
serotypes among children less than 5 years of age which 
was substituted with 1b in the older age groups [26].

Fig. 2 Viability of S. flexneri serotypes in the absence or presence of azithromycin and ciprofloxacin. Viability rates in HT‑29 cells infected with 
different S. flexneri serotypes in the absence or presence of azithromycin (Azt, 32 µg/mL) (A) and ciprofloxacin (Cip, 4 µg/mL) (B) during 4 h. All the 
assays were done in duplicate. Data are expressed as the mean of replicates ± standard deviation of mean (std)
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Antibiotics, such as trimethoprim–sulfamethoxazole 
and ampicillin, were formerly prescribed for shigel-
losis; however, their restriction for administration was 
suggested by WHO due to widespread resistance [10]. 
In our study, all our S. flexneri strains were resistant to 
ampicillin and trimethoprim/sulfamethoxazole; how-
ever, low frequency of resistance to azithromycin and 
ciprofloxacin was detected that was comparable to pre-
vious reports [13, 27, 28]. This finding is consistent to 
recent recommendations for prescribing fluoroquinolo-
nes and azithromycin, as drug of choice for shigellosis 
in children [11, 29].

Excessive and indiscriminate use of antibiotics caused 
the emergence of MDR bacteria all over the world, which 
is  a public health concern, since there are only a few 
effective antimicrobials available, especially for children 
[12, 15]. Our findings indicated MDR phenotype among 
a minority of S. flexneri isolates, which was lower than 
previous reports [13, 25, 30, 31]. This discrepancy might 
be attributed to the types of Shigella species, patients age 

range, isolation timing and geographical regions under 
study. The results also indicated that 13% of MDR isolates 
were serotypes 2b, 1b or 2a which was comparable with 
Nisa et  al. study in Pakistan. However, this correlation 
was no significant in our study (p = 0.764). MIC distribu-
tion of azithromycin (MIC50 4 µg/mL) and ciprofloxacin 
(MIC50 0.5 µg/mL) in our MDR isolates was lower than 
previous reports [15, 16].

Previous results suggested that different classes of 
antibiotics can act as a chemical molecule and influence 
a range of processes, including virulence, at low con-
centrations [15]. This interaction could exert different 
outcomes in the strains presenting distinct resistance 

Fig. 3 The ability for interaction of S. flexneri serotypes in the 
absence or presence of azithromycin and ciprofloxacin. The ability for 
interaction of S. flexneri serotypes was measured in the absence or 
presence of azithromycin (Azt, 32 µg/mL) (A) and ciprofloxacin (Cip, 
4 µg/mL) (B) during 30 min. Data are expressed as mean of colony 
forming units (cfu)/cell ± std of HT‑29 cell line (105 Cells/well) from 
two independent experiments. Confluent cells in duplicate wells 
were inoculated with fresh cultures of S. flexneri strains at MOI of 100 
 (107 cfu). The interaction rate for each assay was calculated based on 
number of grown colonies from cell lysates (CFU) on Muller Hinton 
Agar plates per each cell in tissue culture plates after treatment time

Fig. 4 Diversity in transcriptional profiles of S. flexneri virulence genes 
in response to sublethal concentrations of antibiotics. Transcriptional 
profiles of invasion plasmid antigen (ipa) B, intracellular movement 
(ics) A, virulence factor production (vir) B and intracellular movement 
(ics) B genes of S. flexneri serotypes 4a, 3a and 2a after treatment 
with sub‑MIC concentration of A azithromycin (32 µg/mL) or B 
ciprofloxacin (4 µg/mL) in HT‑29 cell line. Expression levels of all 
genes were normalized to the levels of 16S rRNA gene transcripts, 
and the folds of expression change were calculated using the relative 
comparison method  (2−ΔΔct, RQ). Results shown are the mean ± std 
of two independent experiments
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phenotypes. In a study was shown that sub-MIC concen-
tration of norfloxacin could induce adaptive response of 
S. sonnei through downregulation of ribosomal proteins. 
The strain was sensitive to noted antibiotic with low MIC 
levels [16].

Although there is no other study on interaction of Shi-
gella species with sub-MIC concentrations of antibiot-
ics, study on E. coli, which shows 98.4% genomic identity 
with Shigella spp. supported similar interaction [32, 33]. 
A study by Bielaszewska et  al. demonstrated that sub-
inhibitory concentrations of ciprofloxacin induced shi-
gatoxin production in enterohemorrhagic  Escherichia 
coli (EHEC) serotypes [33].

VirF is considered as a master regulator of Shigella 
virulence pathway, which exert its effect through VirB 
and IcsA. According to the incongruency observed in 
transcriptional level of icsA (required for both adherence 
to cells and bacterial actin-based motility), which was 
upregulated in serotype 4a after 4 h exposure to azithro-
mycin, while downregulation of virB and genes under its 
control (ipaB and icsB) was detected at same conditions 
in the present study, there seems to be another regulatory 
pathway. Previous studies on Shigella established that 
PhoP/PhoQ induction is able to positively regulate icsA 
transcription independent to VirF pathway [34]. PhoP/
PhoQ seems to be a stress response regulatory pathway 
in bacteria. In a study, induction of PhoP/PhoQ two com-
ponent system on Salmonella enterica serotype Typh-
imurium was demonstrated after exposure with sub-MIC 
concentration of nalidixic acid [35]. Hence overexpres-
sion of icsA presumably is the result of PhoP/PhoQ 
induction after exposure with azithromycin. Given that 
transcriptional expression of virF was not analyzed in this 
study, as well as incongruency in the extent of expres-
sion of virB compared with ipaB and icsB an hour after 
azithromycin exposure, the results again propose that 

ipaB and icsB transcription are not under virB control in 
response to sub-MIC concentration of azithromycin.

A similar pattern of transcriptional changes of ipaB 
and icsB was seen in serotypes 2a and 3a in response to 
sub-MIC concentration of ciprofloxacin. Accordingly, 
overexpression of these two genes occurred after 1 and 
4 h post treatment, unlike serotype 4a that was downreg-
ulated while exposed to azithromycin at same conditions. 
This finding suggests that different regulatory pathways 
are involved in response to environmental stresses in S. 
flexneri. Further studies are needed to determine entity 
of these pathways and their mechanisms of regulation. 
Incongruency in transcription level of virB regulator 
compared with the ipaB and icsB (the genes under virB 
control) in response to ciprofloxacin, especially for sero-
type 2a, supported the existence of distinct virF/virB 
independent regulatory pathway for these virulence 
genes.

In addition, high level of gene expression in response to 
ciprofloxacin (Up to 213 folds) was a prominent finding, 
which may have impact on the pathogenicity of Shigella 
spp. and disease severity in patients.

In support of our findings, previous studies proved 
that  sub-MIC concentrations of norfloxacin culminate 
the ppGpp (a stringent response molecule) levels, which 
upon its binding to DksA (as a regulatory protein), can 
directly results in upregulation of ipaB, icsB, virF and 
icsA in S. flexneri, while downregulate transcription of 
virB indirectly through Hfq [36, 37]. Although above 
data justify a discrepancy in virB expression compared 
with other investigated genes, the observed difference in 
transcriptional level of this gene at different time points 
(Serotype 3a, overexpression at 1 h post treatment with 
ciprofloxacin and down regulation after 4  h exposure) 
could suggest cooperation of distinct regulatory path-
ways for its regulation. To describe this difference a 

Table 7 Alteration of gene expression in virulence genes of S. flexneri serotypes 4a, 3a and 2a

Alteration in the transcription level of the virulence genes was analyzed in infected HT-29 cells with S. flexneri serotypes 4a, 3a and 2a at mRNA level after treatment 
with sub-MIC concentrations of azithromycin (32 µg/mL) or ciprofloxacin (4 µg/mL). Fold changes are expressed as RQ values  (2−ΔΔct) by comparison of transcription 
levels between treated vs untreated cells at same conditions. Azithromycin (32 µg/mL) and ciprofloxacin (4 µg/mL) were used for treatment based on the estimated 
MIC values for each strain. All the assays were done in duplicate and results shown are the mean ± std of two independent experiments

VirB, virulence factor production (vir) B; IpaB, invasion plasmid antigen (ipa) B; IcsA intracellular movement (ics) A, IcsB intracellular movement (ics) B gene

S. flexneri
serotypes

Studied 
antibiotic 
classes

virB ipaB icsA icsB

RQ values  (t1–t4)

t1 t4 t1 t4 t1 t4 t1 t4

4a Azithromycin 0.6285 ± 1 0.2526 ± 0.3 0.6736 ± 0.08 0.3686 ± 0.1 0.5864 ± 0.1 2.1214 ± 1.9 3.4462 ± 16 0.1005 ± 0.3

3a Ciprofloxacin 21.112 ± 
14.95

0.0103 ± 0.001 1.2527 ± 0.9 3.1167 ± 1.5 1.6472 ± 0.6 4.2575 ± 2.1 1.6472 ± 0.6 3.5186 ± 30.49

2a Ciprofloxacin 0.9234 ± 14.9 0.178 ± 0.3 107.63 ± 58.88 213.04 ± 199 0.0229 ± 0.007 2.4538 ± 3.2 14.123 ± 30.24 7.6741 ± 17.19
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more comprehensive analysis of gene expression at tran-
scriptomic and proteomic levels among different sero-
types of S. flexneri is needed, which is considered as main 
limitation of our study. Lack of cytotoxic effect of the 
studied antibiotics at defined concentration and design of 
the study on HT-29 cell line (A colorectal cell line with 
similar feature to human intestine) suggested that simi-
lar interaction between S. flexneri and antibiotics can 
occur in patients upon administration of sublethal doses 
of antibiotics irrespective to level of MIC of responsible 
strains. Further studies are needed to establish impor-
tance of this interaction at clinical settings.

Conclusions
In summary, our findings demonstrated a serogroup 
transition from S. flexneri to S. sonnei among children. 
While S. flexneri serotypes 2b and 1b were detected 
among children more frequently, it was shown that the 
infection can cause through 10 different serotypes in the 
studied population. A change in serotype from 1 to 2b 
was detected in children ≤  5 years when compared with 
those > 5 years of age. In line with other reports, the low 
incidence of resistance to therapeutic agents, including 
azithromycin and ciprofloxacin, among the S. flexneri 
isolates suggested that these antibiotics are still appro-
priate for treatment of shigellosis in children. However, 
continuous monitoring of antibiotic resistance patterns is 
required to control the prevalence of resistance in health 
care setting. Significant differences in mRNA expression 
patterns of S. flexneri virulence genes in response to sub-
lethal concentration of azithromycin or ciprofloxacin was 
developed during 4  h exposure in a cell culture model. 
The observed incongruency for regulation of ipaB, icsA, 
icsB, and virB genes, suggests involvement of an alterna-
tive regulatory pathway independent to virF in response 
to sub-MIC concentrations of antibiotics. These results 
necessitate extending our knowledge of the effect of sub-
MIC concentrations of antibiotics on other virulence 
associated genes and involved regulatory pathways for 
better management of shigellosis in children.

Materials and methods
Study design and bacterial isolates
The present study was conducted on clinical Shigella 
strains collected from children with acute diarrhea 
who referred to the Children’s Medical Center, Tehran, 
Iran from March 2016 to September 2018. This study 
was approved by the local ethics committee of Shahid 
Beheshti University of Medical Sciences (IR.SBMU.MSP.
REC.1397.566).

Isolates were biochemically identified and serogroups 
were determined by using slide agglutination tests with 
serogroup specific antisera (Statens serum institute, 
Denmark). Confirmed isolates were stored in Tryptic 
Soy broth  (TSB) (Merck, Germany) with 15% glycerol 
at − 70 °C for further analysis.

Molecular serotyping
DNA preparation
To obtain genomic DNA, S. flexneri strains were grown 
overnight on Mueller–Hinton agar (Merck, Darmstadt, 
Germany), then in order to recover fresh culture a sin-
gle colony of each sample was selected from MHA and 
inoculated in LB media at 37  °C overnight. DNA was 
extracted for further molecular analysis using a High 
Pure PCR Template Preparation kit (Roche Co., Ger-
many) according to the manufacturer’s instructions.

Serotyping by multiplex PCR assay
Multiplex PCR assay was carried out for molecular sero-
typing  of S. flexneri using specific primers synthesized 
by Bioneer Company (Cheongju, South Korea) (Table 3, 
Fig.  1). Except wzx6c, indicative of serotype 6, which 
was characterized by singleplex PCR, all genes were 
detected in a total volume of 30  µL, containing DNA 
template (50  ng), each primer (10  µM), distilled water 
and 2× master mix with 2  mM  MgCl2 final concentra-
tion. (Ampliqon, Denmark).

The thermal profile for amplification comprised an 
initial denaturation for 15  min at 95  °C, followed by 30 
cycles of denaturation at 94 °C for 30 s, annealing at 55 °C 
for 30 s and elongation at 72 °C for 1 min and a final elon-
gation for 10 min at 72 °C.

Antimicrobial susceptibility testing
Disk diffusion
AST was conducted by using Kirby–Bauer disk diffu-
sion method on Muller-Hinton Agar (MHA) (Merck 
Co., Darmstadt, Germany) according to Clinical Labora-
tory and Standards Institute (CLSI; 2018) guidelines and 
Escherichia coli ATCC 25922 was used as a control strain. 
The commercial antibiotics (Mast, England) used in the 
study included ampicillin (AP, 10 μg), cefotaxime (CTX, 
30 μg), cefepime (CPM, 30 μg), trimethoprim/sulfameth-
oxazole (SXT, 1.25/23.75  μg), ciprofloxacin (CIP, 5  μg), 
minocycline (MIN, 30 μg), nalidixic acid (NA, 30 μg) and 
azithromycin (AZM, 15 μg).

Fisher’s Exact Test was used to analyze correlation of S. 
flexneri serotypes with antibiotic resistance patterns and 
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age groups. Two-sided  p value of < 0.05 was considered 
statistically significant.

Minimum inhibitory concentration (MIC) assay
The MICs of azithromycin and ciprofloxacin were deter-
mined by agar dilution method according to Clinical 
Laboratory and Standards Institute (CLSI; 2018) guide-
lines for the MDR S. flexneri isolates.

Stock solutions were prepared from azithromycin in 
95% ethanol (Rouz Darou, Iran) and ciprofloxacin in dis-
tilled water (Rouz Darou, Iran) to provide concentration 
ranging from 0.25 µg/mL to 128 µg/mL for azithromycin 
and concentration ranging from 0.125  µg/mL to 32  µg/
mL for ciprofloxacin. S. flexneri ATCC 12,022 was used 
as a quality control.

Cell culture
HT‑29 infection protocol
A similar infection protocol was used for all cell culture 
assays. Briefly, HT-29 cells (Pasteur institute of Iran) were 
cultured in tissue culture flasks containing RPMI 1640 
medium supplemented with 10% fetal bovine serum, 
1% non-essential amino acids. The monolayer was used 
for MTT assay, interaction assay, and gene expression 
analysis one week after confluency. The monolayer was 
infected with three defined S. flexneri serotypes, 2a, 3a, 
and 4a, at a multiplicity of infection of 100 (MOI 100) in 
the presence or absence of Sub-MIC concentrations of 
ciprofloxacin (4  µg/mL) or azithromycin (32  µg/mL), in 
all the experiments. All the assays were done in duplicate.

Cytotoxicity assay
The effect of S. flexneri serotypes on HT-29 cytotoxicity 
in the presence and absence of Sub-MIC concentration of 
ciprofloxacin or azithromycin was determined via MTT 
assay. Prior to MTT assay, HT-29 cells were seeded at 
 104 cell/well into 96-well plates and incubated overnight 
at 37  °C. The monolayer was then infected with the S. 
flexneri serotypes as mentioned above and incubated at 
37  °C for 30 min, 1, 2, 3 and 4 h. MTT assay was done 
according to the instruction protocol using Kalazist kit 
(Tehran, Iran). Absorbance was measured at 570 and 
690 nm by ELISA reader 4 h after addition of the MTT 
solution. Viability was measured according to the follow-
ing formula:

Altered interaction of S. flexneri with cells after antibiotics 
treatment
To compare changes in the interaction of different 
Shigella serotypes in the presence and absence of the 

Cell viability ratio = sample absorbance/control absorbance

antibiotics, the HT-29 cells  were seeded into 24-well 
plates at a density of ∼105 cells per well. The cell mon-
olayer was then infected with S. flexneri serotypes as 
described above. After 30  min incubation, the infected 
cells were washed three times with Phosphate-buff-
ered saline (PBS) and lysed with 1% Triton X-100 in PBS. 
Number of colonies per microliter of the lysate was enu-
merated by 10 times serial dilution on Mueller Hinton 
agar medium after 20 h incubation at 37 ˚C. The ability 
for interaction was measured as mean of cfu/cell in two 
independent experiments. The paired t test was used for 
statistical analysis.

Gene expression analysis
RNA extraction and reverse transcription‑PCR analysis
The HT-29 cells were seeded into 6-well plates at den-
sity of 5 ×  104  cells/well and cultured at 37  °C  for 24  h. 
The monolayer  was infected with S. flexneri sero-
types as described above. Following 1 and 4  h incuba-
tion, the monolayer was washed three times with PBS, 
pH 8. Trypsinization of the monolayer was done at the 
two times intervals. The prepared lysates were stored 
at − 70  °C until RNA extraction. Total RNA from the 
infected cells were extracted with BioFACT ™ Total 
RNA Prep Kit (Biofact, South Korea), as described by the 
manufacturer instruction. DNase treatment was done 
using the RNase-free DNase Set (Sinaclon, Tehran, Iran) 
and RNA extracts were frozen at −70 °C until use. After 
adjusting RNA concentrations (85  ng) and assessment 
of reverse transcription efficacy using different primers, 
cDNA synthesis was done at 47  °C (ipaB and icsB) and 
50  °C (virB, icsB and 16srRNA) using the Superscript II 
First-Strand Synthesis System with specific primers in 
two separate reactions Table 3, as described by the manu-
facturer (Biofact, South Korea). 16S rRNA was served as 
endogenous internal control gene in this experiment.

Quantitative real‑time PCR
To determine the relative fold changes of virB, ipaB, icsA and 
icsB among HT-29 cells treated with different strains of S. 
flexneri serotypes in the presence and absence of Sub-MIC 
concentrations of ciprofloxacin (4  µg/mL) or azithromycin 
(32  µg/mL), relative quantitative (RQ) real-time PCR was 
performed by a Rotor-Gene 6000 (Corbett Research, Sydney, 
Australia). For each reaction, 13.5 μL of SYBR Green PCR 
Master Mix (Ampliqon, Denmark), 2 μL of cDNA (170 ng) 
and 1 μL of each primer and 8.5 µL of distilled water were 
used. The thermal cycling conditions were composed of ini-
tial denaturation at 95 ºC for 15 min, followed by 40 cycles 
at 95 ºC for 30 s, 57 ºC for 30 s and 72 ºC for 30 s. All the 
experiments were conducted in duplicates at two independ-
ent conditions. Moreover, the internal replicates within each 
assay were also used for all experiments.
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In this study, all the expression analysis was done in 
duplicate. Accordingly, each treatment was done in two 
separate wells and RNA extracts from both wells were 
used for Real-time PCR. RNA extracts of untreated wells 
were used as reference for calculation of fold changes 
in transcription of target genes. The relative quantifica-
tion (RQ) in gene expression was determined by analy-
sis of the changes in geometric mean of the Ct values for 
each strain after treatment compared to mean Ct values 
of untreated ones. Accordingly,  2−ΔΔct formula was used 
and fold changes ≥ 2 and  ≤ 0.5 were considered signifi-
cant as described by Hu et al. [38]. Significance level was 
analyzed by paired t test.
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