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ABSTRACT  Shigella spp. is recognized by the World Health Organization as a high-
priority pathogen due to its global prevalence, unique pathogenic mechanisms, and
growing antimicrobial resistance (AMR). Nearly half of all Shigella strains worldwide
are now multidrug-resistant (MDR), and the emergence of extensively drug-resistant
(XDR) variants—resistant to ciprofloxacin, ceftriaxone, and azithromycin—has severely
limited effective treatment options. The present study is based on prospective labo-
ratory surveillance involving 323 Shigella isolates collected during 2021-2023, with
pre-COVID-19 pandemic data included from a previously published study solely for
historical comparison. The presence of antibiotic resistance genes (ARGs) was investiga-
ted, and whole-genome sequencing (WGS) was performed on representative isolates
to assess phylogenetic relatedness with global isolates. Approximately 10% of isolates
exhibited resistance to third-generation cephalosporins. While only 3% of Shigella
isolates carried the blactx-m-15 gene from 2013 to 2019, its prevalence increased to 26%
by 2022-2023. Among 38 ceftriaxone-resistant S. sonnei isolates, 33 were also resistant to
azithromycin, categorizing them as XDR. These isolates showed 48% clonal similarity and
high phylogenetic resemblance to the isolates reported from England. Hybrid genome
assembly revealed a plasmid harboring both the blactx-m-15 and mphA ARGs. Conjuga-
tion experiments and plasmid profiling confirmed the plasmid’s transferability. We report
arising trend in third-generation cephalosporin resistance among Shigella spp., primarily
driven by the spread of extended-spectrum B-lactamase-producing S. flexneri and the
emergence of XDR S. sonnei. These findings underscore the urgent need for strength-
ened national AMR containment strategies and enhanced international surveillance of
cephalosporin-resistant Shigella to mitigate this growing public health threat.
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iarrhea is one of the common causes of death among children worldwide.

Shigellosis is an infectious bacillary dysentery typically associated with the
consumption of contaminated food and water. The causative agent, Shigella, is one of
the leading causes of diarrheal mortality among all ages, accounting for 212,438 deaths
(1). Although shigellosis is a global concern, its impact is disproportionately high in low-
and middle-income countries, such as India, where isolation rates range from 4% to
6% across various regions, but a recent study from India has revealed that the actual
prevalence of shigellosis was 18.3% in childhood diarrhea (2-5). Shigellosis is considered
a highly contagious disease with a very low infectious dose (10-100 organisms) and
highly transmissible in poor hygienic areas, affecting high-risk groups like children, aged
individuals, immunocompromised patients, and men who have sex with men (MSM) (6).
Although shigellosis is a self-limiting disease, it sometimes triggers severe and life-threat-
ening complications depending on the infecting species. Antimicrobial therapy is useful
in reducing shedding of the pathogen in the feces, reducing the duration of illness, and
the risk of subsequent complications. Thus, timely administration of effective antibiotics
remains a cornerstone in the management of dysenteric Shigella infections.

According to current guidelines, ciprofloxacin is recommended as the first-line
treatment for pediatric shigellosis, followed by ceftriaxone or azithromycin as second-line
options (7). However, the increasing global emergence of multidrug-resistant (MDR)
Shigella strains has significantly compromised the effectiveness of these standard
treatment regimens. Fluoroquinolone resistance, in particular, has become widespread,
leading to the recommendation of ceftriaxone for managing ciprofloxacin-resistant
infections (8, 9). Compounding this challenge is the growing prevalence of extended-
spectrum {-lactamase (ESBL)-producing Shigella strains, which exhibit resistance to
extended-spectrum cephalosporins, such as cefotaxime, ceftazidime, and ceftriaxone.
The dissemination of ESBL genes, notably blactx variants, poses a significant threat
to therapeutic efficacy. Recent surveillance reports have indicated that approximately
5% of Shigella infections are caused by extensively drug-resistant (XDR) isolates, defined
by resistance to all commonly recommended oral antibiotics (https://www.cdc.gov/han/
2023/han00486.html). Notably, outbreaks of XDR Shigella among MSM communities
have been reported across multiple regions worldwide, further underscoring the public
health implications (10-12).

In this study, we aimed to investigate the prevalence and genetic characteristics
of ESBL-producing Shigella isolates from diarrheal patients over a multi-year period
starting from 2021. Special emphasis was placed on their association with azithromycin
resistance and the underlying molecular determinants, in order to better understand the
evolving antimicrobial resistance (AMR) landscape and to inform public health interven-
tions.

RESULTS
Study population, antibiotic susceptibility, and detection of ARG

From 2021 to 2023, 323 (7.5%) Shigella spp. were isolated from 4,291 enrolled diarrheal
patients admitted to the Infectious Diseases Hospital and B. C. Roy Children’s Hospital,
Kolkata, India. Among the Shigella spp., 69.7%, 27.9%, 1.5%, and 0.9% of the isolates
were identified as S. flexneri, S. sonnei, S. dysenteriae, and S. boydii, respectively. Antimi-
crobial susceptibility testing (AST) results showed that among 323 of the isolates, 86
(26.6%) exhibited a third-generation cephalosporin-resistant phenotype, while the PCR
assay revealed that 77 (23.8%) of the isolates harbored the blactx-m-15 gene. Testing
for the presence of other antibiotic resistance genes (ARGs) revealed that 48% (37/77)
of isolates had an XDR trait, i.e., resistant to ampicillin, third-generation cephalosporin,
cotrimoxazole, and azithromycin. Most of these isolates carried blacty-m-15 and mphA,
dfrA, and sul genes. Isolates having only the blactx-m-15 gene were considered ESBL
producers, while the others with both third-generation cephalosporin and macrolide
resistance were denoted XDR Shigella. Table 1 represents the number of ESBL-producing
and XDR Shigella spp. identified in this study.
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Our previous study conducted during 2013-2019 identified 12 Shigella spp. isolates
carrying only blactx-m-15, and none had the combination of blactx-m-15 and mphA
(13). In addition, they were phenotypically susceptible to azithromycin. The diarrheal
surveillance was discontinued in 2020 due to the COVID-19 pandemic. During the 7 years
of the pre-COVID period, the blacTxm-15-positivity rate was 2.9%. After the pandemic, the
blactx-m-15-positivity escalated to 21.1% (Fig. 1).

XDR was mainly detected among S. sonnei (33/37, 89.2%), as this species was resistant
to ampicillin, ciprofloxacin, azithromycin, co-trimoxazole, and cephalosporins. Figure 2
represents the isolation data of XDR S. sonnei with respective post-COVID-19 pandemic
years.

In the present study, Shigella isolates harbored only blactx-m-15. Among 40 ESBL-
producers, none were identified as macrolide resistant. All the isolates are ampicillin
and ceftriaxone resistant, with minimum inhibitory concentration (MIC) >256 and 64
mg/L, respectively. About 90% (36/40) isolates were also resistant to cefotaxime, with an
average MIC of >64 mg/L and 40% of the isolates (16/40) had blagya-1. None of them
carried blaspy and blatgy genes. About 52% (21/40) of the isolates showed resistance to
co-trimoxazole, with MIC >16/304 mg/L; among these, 85.7% (18/21) were dfrA-positive
and 23.8% (5/21) were sul2-positive.

All the tested ESBL-producing isolates remained resistant to ciprofloxacin, and 65%
(26/40) carried plasmid-mediated quinolone resistance gene gnrS and one with gnrB.
Apart from ARGs, integron cassettes were also detected in Shigella spp. The majority
of them (90%, 36/40) were positive for class | integrase. Interestingly, 2 had a typical
class-1 cassette, but 30 harbored an atypical class-1 cassette. However, among 33 class-2
integrase-positive isolates, only 20 had a class-2 integron cassette that included 15 S.
flexneri (2 kb), S. sonnei, and S. dysenteriae (1.5 kb each).

All the XDR isolates were resistant to azithromycin, with MICs ranging from 32 to 96
mg/L and carried mphA, and only seven had ermB. They were resistant to ampicillin, with
the MIC of 8-32 mg/L. For co-trimoxazole, the MIC range was 4/76-16/304 mg/L, with
the corresponding ARGs dfrA (100%, 37/37), sul2 (16.2%, 6/37), and sul1 (100%, 37/37).
Table 2 shows the AST results along with the genetic determinants of XDR S. sonnei.

All the S. sonnei isolates remained resistant to ciprofloxacin (MIC > 4 mg/L) by having
plasmid-mediated quinolone resistance genes (gnr), 3 with gnrB and 30 with gnrS.
Third-generation cephalosporin resistance was quite prominent, as the isolates were
resistant to both ceftriaxone and cefotaxime with a higher range of MIC. Almost all
the S. sonnei isolates had blactx-m-15 and a few had blapya-1 and blatgpm-1g (Table 2).
For integron gene cassette, all had class | integrase with different types of typical and
atypical cassettes. Among 19 class-2 integrase positive strains, 16 S. sonnei had 1.5 kb
cassette, and 3 S. flexneri had 2 kb cassette.

Pulsed-field gel electrophoresis (PFGE)

PFGE profile analysis of representative XDR S. sonnei (n = 31) identified four clusters (Fig.
S1), with five belonging to the first cluster, with 63.1% similarity, whereas another eight
isolates belonged to the second cluster, and the third cluster shared 63.3% similarity
among nine isolates. The fourth cluster (n = 7) showed 45.2% similarity to the other three
clusters. Isolate GH_PEER shares 55% similarity with the first three clusters. While isolate
B14475/2 revealed a distinctive banding pattern with 33.5% similarity to others.

TABLE 1 Serogroup distribution of ESBL-producing Shigella and XDR Shigella®

Only blactx-m-positive (ESBL) blactx-m and mphA-positive (XDR)
SD SF SB SS SD SF SB SS
2013-2019 0 8 0 4 0 0 0 0
2021-2023 1 33 1 5 1 3 0 33

“SF, S. flexneri; SS, S. sonnei; SD, S. dysenteriae; SB, S. boydii.
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FIG 1 blactx-m-15 positivity rate among Shigella isolates during pre-COVID-19 (2013-2019) and post-COVID-19 (2021-2023) period.

Whole genome sequence (WGS) and phylogenetic analyses

All genome assemblies used in this study met the predefined quality criteria (Table S1),
ensuring the robustness of the comparative genomic analyses. WGS of representative
XDR S. sonnei revealed that all the isolates belong to ST152, the globally distributed
common ST in this species. In the cgMLST, 15 isolates showed type “134911" All the
isolates harbored several ARGs. Notably, the isolate B14475/2 contained blatgp-1g apart
from blactx-m-15, and the other isolate M153B had blapya-1 instead of blacty-pm-15. All
the isolates had triple mutations (gyrA S83L, gyrA D87G, parC S80I) in the quinolone
resistance-determining region (QRDR). All the isolates had gnrS1/gnrB ARGs that also
encode resistance to quinolone. WGS analysis identified a single isolate that had the
macrolide-resistant gene ermB, but mphA was present in the rest of the isolates. Almost
all the sequenced isolates carried an IncFll type plasmid, but the isolate M153B harbored
an IncB/O/K/Z type plasmid. Figure 3 presents the genetic profile consisting of different
ARGs, plasmids, and virulence-encoding genes. WGS analysis of two different Shigella
serogroups is presented in Table 3. Phylogenetic analysis of Kolkata XDR S. sonnei and S.
flexneri revealed high similarity with the isolates reported from the United Kingdom (Fig.
4 and 5).

Nanopore sequencing and hybrid assembly

The long-read and hybrid assembly of a S. sonnei isolate M153B showed that the
third-generation cephalosporin resistance-encoding gene (blapya-1) and azithromycin-
resistant gene mphA were present in a transferable plasmid (Fig. 6), and this observation
was supported by the conjugation assay.

Conjugation and transfer of resistant plasmid

Escherichia coli J53 transconjugants were resistant to erythromycin, ampicillin, and
azithromycin, similar to the donor S. sonnei (M153B and M164A), S. dysenteriae (I-182),
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FIG 2 Isolation data regarding total XDR Shigella sonnei with respective post-pandemic years.

and S. flexneri (B-13618) (Table 4). The transconjugants showed an MIC of azithromycin
of =256 mg/L. The mphA gene was confirmed in the transconjugant’s plasmid DNA
by PCR. The plasmid profile of the recipient and transconjugant is shown in Fig. S2.
Although the WGS data of IDH 12931 showed the presence of blactx-m-15, the conju-
gation experiment failed to produce any transconjugant. We hypothesize that blactx-
M-15 may be located in the chromosome. Furthermore, hybrid assembly by Nanopore
sequencing validated this view (Fig. S3).

Plasmid stability analysis

The stability of the plasmids in E. coli transconjugants was evaluated through serial
passaging experiments conducted over 5 days in antibiotic-free LB broth. The isolate
harboring the plasmid demonstrated a high level of plasmid stability. After 6 days
of continuous passaging, 100% of the examined colonies retained the plasmid, as
confirmed by PCR screening for the associated ARGs. These findings indicate that the
plasmid remains highly stable within the host isolate under the experimental conditions,
with no plasmid loss throughout the study period.

DISCUSSION

India is one of the largest producers and consumers of antimicrobials globally; hence,
the task of curbing AMR is a huge challenge. The emergence of ESBL Shigella and the
appearance of XDR Shigella in Kolkata are major public health concerns. In our previ-
ous observation, only a limited number (n = 12) of third-generation resistant Shigella
isolates have been reported in Kolkata (13). None of the previous isolates, including S.
sonnei (4/12) and S. flexneri (8/12), were resistant to the macrolide class of antibiotics
but remained resistant to other antimicrobials like fluoroquinolones, ampicillin, and
co-trimoxazole. In this study, we observed that the emerging trend of ESBL-producing
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TABLE 2 List of XDR S. sonnei ioslates with antimicrobial resistance (AMR) and ARG details”

Isolate Ciprofloxacin Azithromycin Ceftriaxone Cotrimoxazole Ampicillin
ARG MICmg/L ARG MICmg/L ARG MICmg/L ARG MICmg/L ARG

B13190 gnrS 48 mphA >64 blactx-m-15 40 dfr, sull >32 blapxa-1
B13114 gnrS 96 mphA >64 blactx-m-15 160 dfr, sull >32 blapxa-1
B 12931 gnrS 48 mphA >64 blactx-m-15 160 dfr, sull 32 blapxa-1
B 12988 gnrS 48 mphA >64 blactx-m-15 80 dfr, sull 16 blapxa-1
M11 gnrS 96 mphA >64 blactx-m-15 80 dfr, sull 32 blapxa-1
B 13619 gnrB 64 mphA <1 blactx-m-15 >320 dfr, sull >32 blapxa-1
B 13539 gnrS 48 mphA 32 blactx-m-15 160 dfr, sull 16 blapxa-1
B 13532 gnrS 48 mphA 32 blactx-m-15 160 dfr, sull 16 blapxa-1
M 164A gnrS 64 mphA >64 blactx-m-15 160 dfr, sull, sul2  >32 blapxa-1
B 13666 gnrS 32 mphA >64 blactx-m-15 >320 dfr, sull, sul2  >32 blapxa-1
B 13500 gnrS 64 mphA 8 blactx-m-15 >320 dfr, sull >32 blapxa-1
M 165 gnrS 64 mphA >64 blactx-m-15 160 dfr, sull, sul2  >32 blapxa-1
M 153B gnrB >256 mphA,ermB 8 blapya-1 >320 dfr, sull 16 blapxa-1
1120 gnrS 64 mphA >64 blactx-m-15 >320 dfr, sull >32 blapxa-1
B 13483 gnrS 64 mphA >64 blactx-m-15 80 dfr, sull, sul2  >32 blapxa-1
1377 qnrB 64 mphA, ermB <1 blactx-m-15 160 dfr, sull >32 blapxa-1
1348 qnrS 64 mphA 8 blactx-m-15 160 dfr, sull, sul2  >32 blapxa-1
B 13816 gnrS 32 mphA 8 blactx-m-15 160 dfr, sul2 16 blapxa-1
113546 gnrS 96 mphA, ermB  >64 blactx-m-15 160 dfr, sull >32 blapxa-1
113436 gnrS Nz mphA >64 blactx-m-15 160 dfr, sull >32 blapxa-1
113579 gnrS Nz mphA >64 blactx-m-15 >320 dfr, sull >32 blapxa-1
113578 gnrS Nz mphA, ermB  >64 blactx-m-15 160 dfr, sull >32 blapxa-1
113299 qnrS Nz mphA 8 blactx-m-15 80 dfr, sull >32 blapxa-1
113668 gnrS 64 mphA >64 blactx-m-15 160 dfr, sull >32 blapxa-1
113437 gnrS Nz mphA >64 blactx-m-15 40 dfr, sull >32 blapxa-1
M 316 qnrS Nz mphA,ermB 4 blactx-m-15 160 dfr, sull >32 blapxa-1
B 14489 qnrS 96 mphA,ermB 8 blactx-m-15 160 dfr, sull >32 blapxa-1
B 14475/2  qnrS 48 mphA,ermB 2 blatem-18, blactx-m-15 160 dfr, sull 8 blapxa-1
114197 gnrS Nz mphA >64 blactx-m-15 >320 dfr, sull >32 blapxa-1
114135 gnrS 96 mphA 8 blactx-m-15 >320 dfr, sull >32 blapxa-1
M 348 gnrS Nz mphA >64 blactx-m-15 160 dfr, sull, sul2  >32 blapxa-1
114493 gnrS 96 mphA, ermB ~ >64 blactx-m-15 >320 dfr, sull >32 blapxa-1
GH_PEER gnrS 96 mphA >64 blactx-m-15 >320 dfr, sull >32 blapxa-1

9MIC breakpoints (mg/L): ciprofloxacin >1; azithromycin >32; ceftriaxone >4; cotrimoxaole >4/76; ampicillin >32.

S. flexneri has increased in distinct serotypes. Another noteworthy trend is the emer-
gence of XDR S. sonnei strains resistant to azithromycin, ampicillin, cotrimoxazole, and
fluoroquinolones. To the best of our knowledge, there have been no such reports of XDR
Shigella spp. in India.

During the COVID-19 epidemic, India’s socio-economic landscape was marked by
increased vulnerability across multiple dimensions. Poverty surged, with an estimated
19% of urban non-poor becoming poor and over 60% of rural households vulnera-
ble (14). Financial distress intensified, particularly in districts with high infection rates
(15). The crisis disproportionately affected informal workers and migrants (15, 16).
Districts with economically deprived populations experienced higher mortality (16).
However, government food subsidies and migrant remittances helped mitigate from
adverse effects. In addition, the COVID-19 pandemic period of 2020-2021 triggered a
paradoxical and concerning shift in antibiotic prescribing patterns, characterized by a
surge in usage despite a viral etiology. Contrary to expectations of reduced antibiotic
use due to lockdowns, the first wave led to a significant increase in consumption.
Meta-analyses and observational studies have demonstrated that in multiple settings,
70%-90% of hospitalized COVID-19 patients received empiric antibiotics, including
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genes, plasmids, and virulence genes.

ceftriaxone and azithromycin, with usage patterns poorly aligned with actual bacterial
disease burden and stewardship principles (17-21). An interrupted time series analy-
sis of private sector sales estimated that the COVID-19 epidemic contributed to an
excess of 216 million doses of antibiotics between June and September 2020, with
azithromycin alone accounting for 38 million excess doses, likely driven by its repur-
posing for COVID-19 management despite a low incidence of bacterial co-infection
(22). This pattern underscores a critical disjunction between healthcare infrastructure
expansion and the quality of care delivered, as the empirical use of broad-spectrum
antibiotics, a pre-existing challenge highlighted by pre-pandemic studies showing 44.8%
of prescriptions were empirical (23). Besides the empirical use of antimicrobials in clinical
settings, another important factor leading to increased antimicrobial consumption is
self-medication. The knowledge that antimicrobials recommended for COVID-19 are
readily available without a prescription further facilitates the practice of self-medication.
Such dynamics, compounded by limited antimicrobial stewardship during the pandemic
and the high prevalence of over-the-counter antibiotic use in India, may have acceler-
ated the expansion and clinical dominance of XDR Shigella clones in the post-pandemic
period (24).

The prevalence of XDR Shigella has been reported in several countries. Following the
increase in fluoroquinolone resistance, the spread of XDR S. sonnei has been reported
for the first time in Vietnam since 2014 (25). Following this finding, the appearance
of XDR S. sonnei has been reported in other countries, including the USA, the United
Kingdom, Australia, Belgium, Spain, France, and China (10, 12, 26-31). Most of these
globally reported XDR isolates were associated with MSM. In India, the MSM population
is estimated to be approximately 352,000, with 4.3% of those infected with HIV (32-34).
In contrast to global trends, our findings on the identification of XDR Shigella spp.
primarily involve pediatric diarrheal cases from Kolkata, with only four XDR Shigella
isolates identified in adult male patients. An important and concerning observation in
this study is that the majority of XDR Shigella isolates were recovered from pediatric
patients, whereas globally, the emergence and dissemination of XDR Shigella, particularly
S. sonnei, has been predominantly associated with transmission within MSM networks.
This divergence from the global epidemiological pattern suggests that these high-risk
resistant lineages are no longer confined to specific adult transmission networks but
may have become established in the community and are now circulating widely among
children.
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TABLE 3 WGS details of representative strains from other Shigella groups

Strain Shigella spp. ARGs Plasmid type MLST type cgMLST
B 13618 S. flexneri 2a gnrS1, blactx-m-15 IncFll ST245 64133
blapxan, sull, dfrAT,
mphA, catA1, aadAl,
aadA5, dfrA17
1182 S. dysenteriae aadA, strA, strB, IncFll ST148 45653
blactxm-15, mphA, gnrSi,
sull, sul2, tetB, dfrA,
dfrA17

A recent 10-year retrospective study from Israel reported a dramatic rise in ceftriaxone
resistance in pediatric S. sonnei isolates, increasing from 3.2% in 2019 to 78% in 2021,
indirectly reflecting the rapid expansion of XDR S. sonnei lineages in the region (35).
Although comprehensive AMR profiling was not performed in that study, the marked
increase in third-generation cephalosporin resistance strongly supports the notion of
accelerated acquisition of resistance determinants among S. sonnei circulating in the
pediatric population, supporting our findings.

These findings indicate a worrying shift in the epidemiology of XDR Shigella, where
highly resistant isolates traditionally linked to specific adult transmission routes are
now posing a direct therapeutic challenge in children, a population with limited
treatment options. This transition represents a significant public health concern and
underscores the urgent need for strengthened pediatric surveillance and antimicrobial
stewardship. This difference in demographic distribution underscores the potential for
varied transmission dynamics in the Indian context and highlights the urgent need for
enhanced surveillance, antimicrobial stewardship, and targeted public health interven-
tions.

Several studies from different countries have revealed that ST152 is the most frequent
lineage among extended-spectrum cephalosporin-resistant S. sonnei carrying different
alleles of blactx-m, some of them are co-resistant to quinolones and macrolides, like
our study isolates (36-39). During COVID-19, MDR S. flexneri serotype 2a with the ST245
was identified as a causative agent for an outbreak in Vancouver (40). Comparison of
WGS-based phylogenetic analysis of the XDR S. sonnei with global isolates revealed a
high similarity with the UK isolates. Given that shigellosis is widely recognized as a
travel-associated disease, international travelers may play a pivotal role in introducing
and disseminating resistant strains within local populations.

Increase in azithromycin resistance in S. sonnei has been previously reported (41).
This drug has been widely used in COVID-19 patients, and this could be a plausible
reason for the emergence of macrolide-resistant ESBL S. sonnei. Prior investigations have
often implicated blactx-m-27 in conferring third-generation cephalosporin resistance in
S. sonnei (30, 41). In our study, the majority of the S. sonnei strains carried blactx-m-15
reports from other countries that substantiate the current observation (12, 42, 43).

Hybrid assembly of two representative isolates in our study revealed co-localization of
blapya-1 and mphA on a single 14 kb plasmid, while another isolate carrying blactx-m-15
lacked plasmid-mediated transfer, indicating chromosomal integration of the resistance
determinant. Recently, a novel XDR S. sonnei carrying an AmpC-type blapya-1 gene was
reported from Los Angeles (44).

Previous studies have documented plasmid-to-chromosome gene transfer events as
an important mechanism for stabilizing antimicrobial resistance (45). Although plasmids
harboring both mphA and ermB have been reported from India, these plasmids did
not carry determinants for third-generation cephalosporin resistance (45). Recently, an
IncFll-type plasmid co-carrying macrolide and third-generation cephalosporin resistance
genes was reported in Shigella spp. from Bangladesh (46). Acquisition of such plasmids
likely contributes to the emergence and persistence of XDR S. sonnei by enriching the
ARG pool within the gut microbiota. Ceftriaxone resistance in S. flexneri was very low
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between 2011 and 2019, but this trend also changed during the post-COVID-19 period.
Similar trends were observed in S. flexneri XDR strains from different countries (11, 47).
Plasmids carrying blactx-m-15 and mphA are typically associated with highly stable,
conjugative IncF/Incl-type backbones that are well adapted to Enterobacteriaceae hosts
and impose relatively low fitness costs, facilitating their persistence even in the absence
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FIG6 Hybrid assembly illustrated that mphA and blapyp are in the plasmid backbone (M153B).

of continuous antibiotic pressure. However, our long-read sequencing data suggest that
in a single isolate, these resistance determinants are no longer exclusively plasmid-borne
but appear to be integrated into the chromosome. This transition has important clinical
and evolutionary implications.

Chromosomal integration of ESBL and macrolide resistance genes effectively
decouples resistance maintenance from plasmid carriage, eliminating the metabolic
burden associated with plasmid replication and reducing the likelihood of resistance
loss when antibiotic pressure is withdrawn. As a result, these XDR Shigella lineages may
achieve stable vertical inheritance of resistance traits, allowing them to persist in the
population even if antimicrobial stewardship improves and cephalosporin or macrolide
usage declines. In such scenarios, resistance becomes a fixed genomic trait rather than a
horizontally transferable accessory element.

Clinically, this implies that reductions in antibiotic consumption alone may be
insufficient to reverse resistance trends once these genes have been chromosomally
assimilated. Instead, these isolates may continue to circulate as highly fit, resistant

TABLE 4 Phenotypic and plasmid characteristics of S. sonnei and transconjugants
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B GC Skew+
M GC Skew-
H GC Content
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hypothetical protein

——1S6 family transposase 156100

Isolate Donor isolate Transconjugant Conjugation

Resistance profile ARGs Resistance profile

efficiency
ARGs

S.sonnei (M153B)  AZM, E, AM, CRO, SXT  mphA, blappa1, gnrB  AZM, E, AM, AZD
S.sonnei (M164A)  AZM, E, AM, CRO, SXT  mphA, blactxm-1s, gnrS — AZM, E, AM, CTX, CRO, AZD

S. sonnei AZM, E, AM, CRO, SXT mphA, blactx-m-15. gnrS - =°

(112931)

S. flexneri (B 13618) AZM, E, AM, CRO, SXT mphA, blactx-m-15.gnrS — AZM, E, AM, CTX, CRO, SXT,
AZD

S. dysenteriae AZM, E, AM, CRO, SXT mphA, blactx-m-15,gnrS — AZM, E, AM, CTX, CRO, SXT,

(1182) AZD

mphA, blapya-1, gnrB 6.6x107°
mphA, blactxm1s gnrS — 24x10°°

mphA, blactx.m-1s. gnrS 53 x107°

mphA, blactm1s gnrS — 32x10°°

au_n
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clones within communities, particularly in high-transmission settings. Furthermore, while
chromosomal integration limits the immediate horizontal transfer potential compared
with plasmid-borne genes, the associated mobile elements retain the capacity to
mobilize these resistance determinants back onto plasmids, maintaining the possibility
of future dissemination.

Reallocation of healthcare resources toward the COVID-19 response likely reduced
capacity for timely diagnosis and culture-guided therapy, increasing reliance on empiric
broad-spectrum antibiotics, which can promote selection of resistant organisms. Recent
reports have documented increased community antibiotic consumption and delayed
surveillance activities in multiple Indian states during the pandemic period, creating
conditions conducive to the emergence and dissemination of resistant enteric patho-
gens (22, 48, 49). Taken together, disruptions in healthcare delivery, changing antibiotic
use practices, and persistent socio-economic challenges in Kolkata post-COVID-19 create
an environment that plausibly supports the observed escalation of CTX-M-producing
XDR Shigella spp.

In summary, the increasing prevalence of third-generation cephalosporin-resistant
Shigella and the emergence of XDR S. sonnei in India pose a serious threat to current
therapeutic strategies. This underscores the urgent need to expand the surveillance
of MDR Shigella using an integrated approach that combines rapid pathogen identifica-
tion, WGS-based characterization, and detailed mapping of transmission dynamics of
antimicrobial resistance (AMR) at both national and global levels.

Limitations

We acknowledge several methodological and surveillance-related limitations that may
influence the interpretation of our findings. First, the sampling framework may have
introduced selection bias. The study did not include asymptomatic community carriers
or non-diarrheal controls for the assessment of resistance gene carriage. Asymptomatic
individuals may serve as a silent reservoir for ARG dissemination; therefore, the absence
of community-based controls limits our ability to generalize these findings to the
broader population for asymptomatic carriage dynamics.

Second, the surveillance structure may have resulted in an underrepresentation of
subclinical infections and cases from remote or rural settings. Only patients admitted to
the Infectious Diseases Hospital and Dr. B. C. Roy Hospital, including referred cases from
peripheral regions, were included. Consequently, the data set predominantly reflects
isolates circulating in urban Kolkata and referred patients and may not fully capture the
genetic diversity and transmission dynamics of Shigella isolates in rural communities.

Third, exposure-related variables, including prior antibiotic use, were based on
self-reported data. Such information may have affected the accuracy of exposure
classification and limited the strength of associated epidemiological inferences.

Fourth, this study provides a regional genomic overview and does not incorporate
comparative genomic analyses with contemporaneous isolates from other parts of
the Indian subcontinent. The absence of inter-regional genomic comparison restricts
assessment of broader clonality patterns and limits inference regarding large-scale
dissemination of isolates across India.

In addition to these epidemiological constraints, several genomic analytical
limitations should be considered. The prevalence and structural configuration of
blapya and mphA co-location were not systematically resolved across the entire XDR
collection. Comprehensive locus-level structural validation was not performed for all
isolates, and most genomes were derived from short-read assemblies without systematic
read-mapping confirmation or alternative assembly reconciliation. Given the abundance
of insertion sequences and transposase-rich regions flanking resistance determinants,
assembly artifacts, such as collapsed repeats or chimeric joins, cannot be fully excluded.

The publicly available NCBI genome assemblies included in the single-nucleo-
tide polymorphism (SNP)-based phylogenetic analysis were generated using diverse
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sequencing technologies and assembly pipelines, which may introduce variability in
assembly quality, SNP identification, and inferred tree topology.

Plasmid typing for the majority of isolates was inferred from short-read assemblies,
which limits definitive assignment of ARGs to specific plasmid backbones and may
not resolve multi-replicon or mosaic plasmid architectures. Hybrid assemblies were
completed for two representative isolates and demonstrated both plasmid-borne and
chromosomal integration of resistance determinants; however, the limited number of
long-read-resolved genomes constrains generalizability regarding structural diversity.

Finally, we did not compute pairwise SNP distances, core-genome SNP thresholds, or
patristic distances, nor did we apply standardized genomic clustering criteria. Therefore,
the designation of “high similarity” is based on phylogenetic topology and shared
genomic features rather than quantitative distance metrics, limiting resolution for formal
transmission or outbreak delineation.

Collectively, these constraints primarily affect fine-scale transmission inference,
structural resolution of resistance loci, and broader epidemiological generalizability.
Accordingly, conclusions regarding genomic architecture, plasmid attribution, and
population-level dissemination should be interpreted within these methodological
boundaries.

MATERIALS AND METHODS
Study population and bacterial isolates

The study included 323 Shigella isolates from 4,291 diarrheal patients admitted to
the Infectious Diseases Hospital and B. C. Roy Children’s Hospital in Kolkata, India,
between January 2021 and December 2023. Stool specimens collected from these
patients were tested for common enteric infections within 2 h using standard micro-
biological procedures (50). Institutional ethical clearance was obtained to conduct this
investigation. For the isolation of Shigella spp., stool samples were directly inoculated
on MacConkey’s agar, Hektoen Enteric Agar, and Xylose Lysine Deoxycholate agar (BD
BBL). The plates were incubated for 18-24 h at 37°C. Suspected colonies of Shigella were
identified biochemically and further confirmed serologically by slide agglutination using
commercially available antisera (Denka Seiken). Shigella isolates collected between 2021
and 2023 were analyzed as part of this prospective laboratory surveillance program. In
addition, the previously published 2013-2019 pre-pandemic COVID-19 data set was used
exclusively in Fig. 1 and Table 1 for historical comparison and was not included in any
additional analyses of the 2021-2023 prospective surveillance isolates.

AST and MIC determination

AST of currently recommended drugs for shigellosis was performed with all Shigella
isolates using the standard Kirby-Bauer disc-diffusion method (51). Commercially
available discs (BD) of ampicillin (10 pg), ciprofloxacin (5 pg), ceftriaxone (30 ug),
cefotaxime (30 ug), ceftazidime (30 pg), azithromycin (15 pg), and cotrimoxazole
(1.25/23.75 pg) were used in the AST. The MICs of ampicillin, ciprofloxacin, ceftriax-
one, cefotaxime, and ceftazidime (Sigma Aldrich, USA) were determined using an agar
dilution method. E. coli ATCC 25922 served as the quality control strain. The MIC for
azithromycin and cotrimoxazole was determined using Etest (Biomeriux). An increase of
5 mm in the inhibitory zone around the ceftazidime/cefotaxime discs with clavulanic acid
compared to ceftazidime/cefotaxime alone was detected.

Genotypic detection of antibiotic resistance genes

Total DNA was extracted from Shigella strains using a DNA extraction kit (Qiagen)
and tested for the presence of ARGs, such as P-lactamases (blagxa and blatgm),
the extended-spectrum cephalosporin resistance gene (blactx-m), AmpC B-lactamases
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(blapyp), plasmid-mediated quinolone resistance genes (gnrB and gnrS), and sulfona-
mide resistance genes (dfrA, sull, and sul2), following previously established PCR
protocols (13). Additionally, the PCR analysis included the mphA and ermB genes (52).

Pulsed-field gel electrophoresis

PFGE was performed following the methods of PulseNet (https://www.pulsene-
tinternational.org/assets/PulseNet/uploads/pfge/PNLO5_Ec-Sal-ShigPFGEprotocol.pdf) to
eliminate selection of the clonal isolates for the WGS process. Xbal restriction digestion
enzyme (50 U/plug) was used to digest bacterial DNA, and PFGE was conducted in a
CHEF-DRIII electrophoresis system (Bio-Rad Life Science Group, Hercules, CA, USA) for 21
h at 6 V/cm potential with switch times ranging from 5 to 35 s at 14°C. Xbal-digested
Salmonella enterica serovar Brandrup H9812 was used as a molecular weight ladder.
The dendrogram was constructed as previously described using FP-Quest Software, v4.5
(BioRad Laboratories, Hercules, CA, USA), applying the Dice coefficient with a band
position tolerance of 1.5% (13).

WGS analysis

Twenty-one representative XDR S. sonnei isolates were chosen from different PFGE
clusters and sub-clusters to confirm the genetic diversity present in the collection. In
addition to PFGE diversity, epidemiological and phenotypic characteristics, including
patient demographic information and antimicrobial resistance profiles, were carefully
considered in order to include isolates representing different resistance patterns and
temporal distribution. Bacterial DNA was extracted using the DNA mini kit (Qiagen)
and quantified using the Qubit 3.0 (Thermo Fisher Scientificc USA) and Nanodrop
(Thermo Fisher Scientific, USA). DNA library preparation was made with the Nextera
XT kit. The lllumina Novaseq 6000 platform facilitated paired-end sequencing accord-
ing to the manufacturer’s v1.5 chemical procedure, featuring a read length of 2 x
150 bp and a sequencing cycle of 2 x 501 (lllumina Inc.,, San Diego, CA). Additionally,
in order to understand the genetic background of the mphA and third-generation
cephalosporin ARGs, long-read sequences of two representative strains were made
using the SQK-LSK114 ligation sequencing kit and Nanopore MinlON (Oxford, UK).
Both short and lengthy raw reads, as well as de novo hybrid assembly, have been
performed using Unicycler (https://github.com/rrwick/Unicycler) (53). The quality of draft
genome assemblies generated from short-read sequencing data was evaluated using
standard assembly metrics to ensure reliability for downstream comparative genomic
and phylogenetic analyses. For each isolate, sequencing depth (coverage), total assembly
length, N50, GC content, and number of contigs (>500 bp) were calculated using QUAST
v5.0.2 (http://quast.sourceforge.net). Assemblies with an average coverage of >30x,
N50 > 20 kb, and fewer than 300 contigs were considered of acceptable quality for
further analysis. PILON v1.23 (http://github.com/broadinstitute/pilon/releases/) was used
to rectify all erroneous mappings in the contigs generated during contig assembly. The
RAST server, available at http://rast.nmpdr.org, enabled genome annotation. Artemis, a
genome viewer, was employed to visualize the .gbk file. Genomic images were generated
by the SNAPGene software version 4.3.8. pubMLST (https://pubmlst.org/species-id), and
the ANI calculator facilitated the speciation of Shigella spp. The online tools ResFinder
4.7.2 (https://genepi.dk/resfinder) and PlasmidFinder 3.0.3 (https://genepi.dk/plasmid-
finder) identified the ARGs and plasmid incompatibility types.

Phylogenetic analysis

We searched the NCBI database (www.ncbi.nIm.nih.gov) for S. flexneri genomes satisfying
the following criteria: (i) presence of the blacty.w, sul, and dfr gene variants, (ii) mutation
in the QRDR, or gnr genes. As a result, 297 S. flexneri genomes were retrieved. Similarly,
we also searched the NCBI database for S. sonnei genomes containing mphA and/or
ermB, as well as the presence of the blactx.m gene variant. In this search, we retrieved
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1,888 S. sonnei genomes. Therefore, 1,888 S. sonnei (Table S2) and 297 S. flexneri (Table S2)
downloaded genomes were used in the phylogenetic analysis.

Assembled whole-genome sequences of 1,888 S. sonnei and 297 S. flexneri were
retrieved from NCBI using an in-house developed customized Python script. SNPs
were identified using Snippy (v4.3.6) (github.com/tseemann/snippy), where downloaded
assembled genomes are aligned to a reference genome, and SNPs were extracted from
the resulting whole-genome alignment. S. flexneri 2457T (GenBank: AE014073) and S.
sonnei strain 53G (GenBank: NC_016822) were used as the reference genomes (12, 30).
Snippy maintains default parameters as alignment identity of 70% and a minimum
contig size of 500 bp to ensure that only reliable, high-confidence variant calls are
retained for downstream analysis.

To account for the confounding effects of horizontal gene transfer and recombina-
tion, which can introduce false SNP signals and distort phylogenetic inference, recom-
bination-affected genomic regions were identified and masked using Gubbins (v2.3.4)
(54). Gubbins operates iteratively by building successive phylogenies and identifying
regions of elevated SNP density that are indicative of recombination. By default, Gubbins
maintains a maximum of five iterations and a minimum of three SNPs per recombination
block as the detection threshold. The resulting alignment of non-recombinant SNPs
was then used to construct a maximum-likelihood phylogenetic tree using IQ-TREE
(v1.6.10) (55). IQ-TREE evaluates the best-fit nucleotide substitution model using its
built-in ModelFinder algorithm before tree construction. ModelFinder is an algorithm
built into IQ-TREE that tests nucleotide substitution models to determine which one
best describes the evolutionary patterns in our sequence data (56). The substitution
model is a core mathematical assumption that underlies every step of phylogenetic
tree inference. IQ-TREE uses maximum likelihood calculation, which is dependent on the
substitution model used while generating the phylogenetic tree. If the wrong model is
applied, the likelihood scores become inaccurate, which can lead to incorrect branch
length estimates, poorly supported nodes, and even a wrong tree topology. Running
ModelFinder first ensures that the tree is built on a correct substitution model. Model-
Finder selects the best model by comparing candidate models using information criteria,
typically the Bayesian Information Criterion. Each model is scored based on how well it
fits the data while penalizing unnecessary complexity (to avoid overfitting). GTR+G came
out to be the best model for phylogenetic tree building. The General Time Reversible
(GTR) model is the flexible standard nucleotide model, allowing each of the six possible
nucleotide substitution rates to vary independently, along with unequal base frequen-
cies. The +G component adds a gamma distribution to model rate variation across
sites, acknowledging that some positions in an alignment evolve faster than others.
IQ-TREE with the GTR+G substitution, with 1,000 bootstrap replicates, to assess branch
support and node reliability. The final phylogenetic tree was annotated with relevant
metadata (e.g., Country, AMR gene presence [Fig. 4 and 5]), using the Interactive Tree
of Life web server (http://itol.embl.de). A complete workflow diagram for phylogenetic
analysis is also presented as a supplementary figure (Fig. S4). The complete command-
line workflow and key scripts used for WGS processing and phylogenetic analysis are
provided in File S1 to support full reproducibility of the study.

Conjugation and transfer of resistant plasmid

Two XDR S. sonnei (M153B and M164A), one XDR S. flexneri (B13618), and one XDR S.
dysenteriae (1182) were used as donor strains, while E. coli J53 (Azide®) was the recipi-
ent for conjugation experiments. Both the Shigella strains had high MICs of azithromy-
cin and harbored the mphA gene as a macrolide resistance determinant. MacConkey
agar with azithromycin (32 mg/L) and sodium azide (100 mg/L) was used to differenti-
ate between pink lactose-fermenting E. coli colonies and pale non-lactose-fermenting
Shigella colonies. Recipient E. coli J53 can grow only if it receives the AZM resistance
factor from donors, as it is susceptible to azithromycin. The identified transconjugants
were reconfirmed as E. coli using the Vitek-2 system (bioMérieux). The selected and
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confirmed transconjugants were then subjected to antimicrobial susceptibility tests and
plasmid profile analysis.

Determining plasmid stability

To assess the stability of plasmids in the transconjugant strains, the following experimen-
tal procedure was conducted. Initially, the transconjugants were cultured overnight in
the presence of antibiotics. The resulting overnight culture was used as a 1% (vol/vol)
inoculum in fresh LB broth, resulting in an approximate initial cell density of 5 x 10
CFU/mL. The cultures were subsequently subjected to serial passaging every 24 h for a
period of 5 days in antibiotic-free LB broth, maintained at 37°C with shaking at 150 rpm.
After each passage, the cultures were serially diluted and plated on LB agar. To evaluate
plasmid loss during subculturing, approximately 10 colonies from each culture were
randomly selected and screened for the presence of the respective antibiotic resistance
genes using PCR.
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