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Shigellosis is a diarrhoeal disease responsible for approxi-
mately 212,000 annual deaths and accounting for 13.2% of all 
diarrhoeal deaths globally1. The Global Enteric Multicenter 

Study (GEMS) was a large case-control study conducted between 
2007 and 2011, investigating the aetiology and burden of 
moderate-to-severe diarrhoea (MSD) in children <5 years old in 
low- and middle-income countries (LMICs)2. GEMS revealed 
shigellosis as the leading bacterial cause of diarrhoeal illness in 
children, who represent a major target group for vaccination3. The 
aetiological agents are Shigella, a Gram-negative genus comprising 
S. flexneri, S. sonnei, S. boydii and S. dysenteriae, with the former 
two species causing the majority (90%) of attributable shigellosis 
in children in LMICs3. Currently, the disease is primarily managed 
through supportive care and antimicrobial therapy. However, there 
has been an increase in antimicrobial resistance (AMR) among 
Shigella4. Particularly concerning is the rise in resistance against 
the fluoroquinolone antimicrobial ciprofloxacin, the current World 
Health Organization (WHO)-recommended treatment, such that 
fluoroquinolone-resistant (FQR) Shigella is one of a dozen patho-
gens for which WHO notes new antimicrobial therapies are urgently 
needed5. The disease burden and increasing AMR of Shigella call for 
improvements in treatment and management options for shigello-
sis, and substantial momentum has built to rise to this challenge.

However, there is no licenced vaccine widely available for 
Shigella and one of the main challenges in its development is the 
considerable genomic and phenotypic diversity of the organisms6.  

The distinct lipopolysaccharide O-antigen structures of Shigella 
determine its serotype and is responsible for conferring the short- 
to medium-term serotype-specific immunity following infec-
tion7–10. Hence, considerable efforts are focused on generating 
O-antigen-specific vaccines. However, except for S. sonnei that has a 
single serotype, all species encompass multiple diverse serotypes: 14 
serotypes/subserotypes for S. flexneri, 19 for S. boydii and 15 for S. 
dysenteriae11. Thus, for serotype-targeted vaccine approaches, multi-
valent vaccines are proposed to provide broad protection against the 
disease12. While O-antigen conjugates are a leading strategy, chal-
lenge studies have recently demonstrated poor clinical efficacy13,14. 
An attractive alternative and/or complement to serotype-targeted 
vaccine formulations are specific-subunit vaccines that target highly 
conserved proteins and may offer broad protection. There are sev-
eral candidates in development that have demonstrated protection 
in animal models15,16, but the degree of antigenic variation in these 
targets among the global Shigella population remains unknown. 
Other strategies being explored include vaccines combining protein 
and serotype antigens, such as Generalized Modules of Membrane 
Antigens (GMMA), which involves use of outer membrane parti-
cles derived from genetically modified S. sonnei to elicit a stronger 
immune response17. However, GMMA also failed to demonstrate 
clinical efficacy against shigellosis in a recent challenge study18, 
indicating the continuing challenges of Shigella vaccinology.

Whole-genome sequencing analysis (WGSA) provides sufficient 
discriminatory power to resolve phylogenetic relationships and 
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characterize the diversity of bacterial pathogens, which are essen-
tial to informing vaccine development and other aspects of dis-
ease control19,20. However, these critical analysis tools are yet to be 
applied to a pathogen collection appropriate for broadly informing 
shigellosis control in the critical demographic of children in LMICs. 
Here we apply WGSA to Shigella isolates sampled during GEMS, 
representing 1,246 systematically collected isolates from across 
seven nations in sub-Saharan Africa and South Asia with some of 
the highest childhood mortality rates2,21. We found evidence of the 
potential benefit of genomic subtype-based targeting, characterized 
pathogen features that will complicate current vaccine approaches, 
and highlighted regional differences in Shigella diversity, as well 
as determinants of AMR, including convergent evolution towards 
resistance against currently recommended treatments. Our analy-
sis of this unparalleled pathogen collection informs the control and 
prevention of shigellosis in those populations most vulnerable to 
the disease.

Regional diversity of Shigella spp. across LMICs
To date, this is the largest representative dataset of Shigella genomes 
from LMICs (n = 1,246), collected across seven sites from Asia, West 
Africa and East Africa, comprising 806 S. flexneri, 305 S. sonnei,  
75 S. boydii and 60 S. dysenteriae (Fig. 1a). To compare the genomic 
diversity of Shigella species, we determined the distributions of 
pairwise single-nucleotide polymorphism (SNP) distances and 
scaled the total detected SNPs against the length of the chromo-
some (in kbp) for each species (Fig. 1b). This revealed that S. boydii 
contained the greatest diversity (24.2 SNPs per kbp), followed by 
S. flexneri (19.5 SNPs per kbp) and S. dysenteriae (11.8 SNPs per 
kbp), with S. sonnei being >9.8-fold less diverse (1.2 SNPs per kbp) 
or >13.1-fold less diverse (0.9 SNPs per kbp) when excluding two 
outliers (see below, Fig. 1b). Thus, S. sonnei caused more disease 
relative to genomic diversity than S. flexneri (5.9-fold), S. dysente-
riae (497.5-fold) or S. boydii (99.5-fold) (Fig. 1b). However, when 
stratified by serotype/subserotype or genomic subtype, S. sonnei 
had a more comparable diversity and less pronounced increase in 
disease burden relative to genomic diversity (1.1–22.1-fold higher 
by serotype/subserotype and 1.2–4.9-fold higher by genomic sub-
type) (Supplementary Figs. 1 and 2). Further analyses revealed 
that the reduced diversity of S. sonnei (measured in chromosomal 
SNPs) was also reflected by a reduced accessory genome repertoire 
(Extended Data Fig. 1) and less recombination events across the 
genomes (Extended Data Fig. 2) relative to other species. This indi-
cates the value of vaccination against S. sonnei as a comparatively 
conserved target relative to disease burden, and its comparability to 
subtypes of other Shigella spp.

Early global population structure studies revealed that each 
Shigella species is delineated into multiple WGSA subtypes22–25. 
Specifically, S. flexneri comprises seven phylogroups (PGs)22 and 
S. sonnei, five lineages26. To describe the genomic epidemiology 
of the GEMS Shigella within existing frameworks, we constructed 
species phylogenetic trees and integrated these with epidemiologi-
cal metadata and publicly available genomes. The S. flexneri phy-
logeny revealed two distinct lineages separated by ~34,000 SNPs; 
one comprising five previously described PGs22 and a distant clade 
comprising largely S. flexneri serotype 6 isolates (herein termed 
Sf6), contributing distinctly to the disease burden of each country 
(Fig. 2 and Supplementary Fig. 3). Phylogenetic analysis of S. sonnei 
revealed that all but two isolates belonged to the globally dominant 
multidrug resistant (MDR) Lineage III23 (Supplementary Fig. 4).  
For S. boydii and S. dysenteriae, a total of three and two previously 
described phylogenetic clades25,27 were identified, respectively 
(Supplementary Fig. 5). Marked phylogenetic association of isolates 
with country of origin prompted an examination of species genomic 
diversity by region (East Africa, West Africa and Asia) and revealed 
that while S. flexneri diversity was comparable across regions, 

diversity varied by region for the remaining species (Extended 
Data Fig. 3). Specifically, S. sonnei was more genomically diverse 
in East Africa owing to the presence of two Lineage II isolates from 
Mozambique. For S. boydii, Asia contained greater diversity than 
African regions, owing to isolates belonging to additional clades. 
S. dysenteriae diversity was lower in West Africa relative to other 
regions by virtue of having only one circulating clade. Except for  
S. sonnei, similar trends were also observed for regional Shigella 
serotype/subserotype diversity (Extended Data Fig. 4). These geo-
graphical differences highlight the importance of considering 
regional variations during vaccine development and that vaccine 
candidates should be evaluated across multiple regions.

One limitation of the GEMS dataset is its constraints in geo-
graphical regions and time (being sampled between 2007 and 2011). 
However, several pieces of evidence support the utility of GEMS as 
being representative of Shigella in time and space. Specifically, the 
prevalence and regional distribution of Shigella serotypes across 
African GEMS sites were similar to those observed in the replicate 
Vaccine Impact of Diarrhea in Africa (VIDA) study conducted 
between 2015 and 201828. Furthermore, recent large-scale genomic 
analyses of S. sonnei revealed that isolates sampled from a broad 
range of South Asian countries belonged to the same genomic sub-
type as the majority of GEMS isolates26. Finally, publicly available 
data for S. flexneri from LMICs sampled until 2021 were phylo-
genetically admixed with GEMS isolates (see below and Extended 
Data Fig. 7). Thus, GEMS has ongoing relevance as being represen-
tative of the diversity of Shigella targeted for control.

genomic subgroups as an alternative targeting method
As GEMS was a case-control study, the dataset comprised Shigella 
case isolates derived from patients with MSD and control isolates 
from children without diarrhoea2 (see Methods). To explore the 
utility of vaccination targeting genomic subtype (relative to tar-
geting serotype) for S. flexneri, we determined the relative effect 
size of the dominant subtype on the epidemiological outcome of 
shigellosis (that is, isolates derived from case patients rather than 
from controls). The dominant genomic subtype was PG3, which 
comprised the majority (47%, 378/806) of total isolates, as well as 
case (50%, 341/687) isolates, with some regional variation (Fig. 2). 
This resulted in an increased odds ratio ofcase status (OR = 2.3, 95% 
CI = 1.5–3.6, P = 0.0001) for PG3 compared with other genomic 
subtypes (PGs and Sf6) (Methods and Supplementary Table 4). The 
association of cases with the dominant serotype, S. flexneri sero-
type 2a (accounting for 29% (234/806) of total isolates and 31% 
(210/687) of case isolates) also resulted in an increased odds ratio of 
case status (OR = 1.9, 95% CI = 1.7–3.2, P = 0.0099) (Supplementary 
Table 4). However, the higher prevalence of cases and larger effect 
size on case status of PG3 relative to serotype 2a offer compelling 
evidence that targeting vaccination by phylogroup might offer 
broader coverage per licenced vaccine relative to a serotype-specific 
approach. Hence, finding common surface-exposed antigens that 
are conserved within phylogroups causing the major burden of dis-
ease may be an effective vaccine design approach that can provide 
greater efficacy than serotype-targeted vaccines.

Diversity of S. flexneri relevant to serotype-targeted 
vaccines
The development of serotype-targeted vaccines is complicated by 
the diversity and distribution of serotypes, which are heterogenous 
over time and geography8,21,29,30. Furthermore, genetic determinants 
of O-antigen modification are often encoded on mobile genetic ele-
ments31,32 that can move horizontally among and within bacterial 
populations, causing the recognized, but poorly quantified phenom-
enon of serotype switching22,30,31, and resulting in the rapid escape of 
infection-induced immunity against homologous serotypes. For our 
analyses of serotype switching, we focused on S. flexneri owing to its 
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high disease burden and serotypic diversity. Phenotypic serotyping 
data were overlaid onto the phylogeny and revealed that while there 
was a generally strong association of genotype (that is, PG/Sf6) with 

serotype (Fisher’s exact test, P < 2.20 × 10−16), multiple serotypes 
were observed for each genotype (Fig. 3). The greatest serotype 
diversity was observed in PG3, comprising seven distinct serotypes 
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and two subserotypes. Correlation of serotypic diversity (number of 
serotypes) and genomic diversity (maximum pairwise SNP distance 
within genotype) revealed no evidence for an association (Extended 
Data Fig. 5). However, a significant positive correlation of serotypic 
diversity with the number of isolates in each genotype was found, 
indicating that serotype diversity scales with prevalence.

To qualitatively and quantitatively determine serotype switch-
ing across S. flexneri, we examined the number of switches occur-
ring within each genotype. A switching event was inferred when a 
serotype emerged (either as a singleton or monophyletic clade) that 
was distinct from the majority (>65%) serotype within a genotype  
(Fig. 3 and Extended Data Fig. 6). PG6 was excluded from the anal-
ysis, as only three isolates from GEMS belonged to this genotype 
and a dominant serotype could not be inferred. Quantitatively, this 
revealed that serotype switching was infrequent, with only 26 inde-
pendent switches (3.3% of isolates) identified across the five S. flex-
neri genotypes. Although the frequency of switching varied across 
the genotypes, statistical support for an association of serotype 
switching with genotype fell short of significance (Fisher’s exact test, 
P = 0.09). Qualitatively, the majority (22/26) of switching resulted in 
a change of serotype, with few (4/26) resulting in a change of sub-
serotype. Examination of O-antigen modification genes revealed 
that serotype switching was facilitated by changes in the presence or 
absence of various phage-encoded gtr and oac genes in the genomes, 
as well as point mutations in these genes (Supplementary Table 5). 
Our data also revealed that few (4/26) switching events resulted in 
more than two descendant isolates (Extended Data Fig. 6). This 
indicates that while natural immunity drives the fixation of rela-
tively few serotype-switched variants in the short term, the potential 
pool of variants that could be driven to fixation by vaccine-induced 

selective pressure following a serotype-targeted vaccination pro-
gramme is much larger.

To estimate the probable timeframe over which serotype switch-
ing events might be expected to occur, we estimated the divergence 
time of the phylogenetic branch giving rise to each switching event. 
To streamline the analysis, we focused on two subclades of PG3, 
the most prevalent phylogroup, in which seven independent sero-
type switching events were detected (Supplementary Fig. 6). On 
the basis of the timeframes observed within our sample (spanning 
4 years from 2007 to 2010), serotype switching was estimated to 
occur within an average of 348 d, ranging from 159 d (95% high-
est posterior density (HPD): 16–344) to 10,206 d (28 years) (95% 
HPD: 5,494–15,408) (Supplementary Table 6). Taken together, 
our data show that although serotype-switching frequency is low, 
it can occur over relatively short timeframes and lead to serotype 
replacement such that non-vaccine serotypes could replace vaccine 
serotypes following a vaccination programme, as has been observed 
for Streptococcus pneumoniae33,34. Consequently, serotype switch-
ing may impact the long-term effectiveness of vaccines that only 
provide serotype-specific protection against O-antigens. This high-
lights the advantages of protein-based or multivalent component 
approaches, such as the Invaplex or live attenuated vaccines that 
target both carbohydrates and protein antigens6,35.

Heterogeneity among Shigella vaccine protein antigens
Although conserved antigen-targeted vaccines can overcome some 
hurdles of serotype-targeted vaccines, they are also subject to com-
plications arising from genetic diversity. Hence, we performed 
detailed examination of six protein antigens that are currently in 
development and have demonstrated protection in animal models 
(Supplementary Table 1). First, we assessed the distribution of the 
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candidates among GEMS Shigella isolates, which revealed that the 
proportional presence of antigens varied across species and with 
genetic context (Supplementary Fig. 7a). Specifically, genes encoded 
on the virulence plasmid (ipaB, ipaC, ipaD, icsP) were present in 
>85% of genomes for each species, with the exception of S. son-
nei. The low proportion (≤5%) of virulence plasmid encoded genes 
detected among S. sonnei was caused by a similarly low detection 
of the virulence plasmid among S. sonnei (6%) (Supplementary  
Fig. 7b), which probably arose due to loss during sub-culture36. In 
contrast, the chromosomally encoded ompA was present in >98% of 
all isolates. While the sigA gene (carried on the chromosomally inte-
grated SHI-1 pathogenicity island) was present in 99% of S. sonnei  

genomes, it was identified in only 63% of S. flexneri genomes. 
Notably, among S. flexneri genomes, the sigA gene was exclusively 
found in PG3 and Sf6, and was present in >96% of isolates in each 
genotype (Supplementary Fig. 3), indicating an appropriate dis-
tribution for targeting the two genotypes. Second, we assessed the 
antigens for amino acid variation and modelled the probable impact 
of detected variants, since antigen variation may also lead to vaccine 
escape, as demonstrated for the P1 variant of SARS-CoV-237,38. We 
determined the distribution of pairwise amino acid (aa) sequence 
identities per antigen against S. flexneri vaccine strains for each 
species (see Methods). Overall, sequence identities were >90%, but 
varied with antigen (Supplementary Fig. 7a). For example, OmpA 
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was present in the highest proportion of genomes, but showed ~5% 
sequence divergence, while SigA was present in fewer genomes, 
but exhibited little divergence (<0.5%) among species. The least 
conserved sequence was IpaD, ranging from 3 to 7% divergence  
within species.

Not all antigenic variation will affect antibody binding, so we per-
formed in silico analyses of the detected variants to assess whether 
they may compromise the antigens as vaccine targets. Again, we 
focused our analyses on S. flexneri owing to its high disease bur-
den and the probable complication of serotype-based vaccination 
strategies for this species. Furthermore, as Shigella vaccines are 
likely to be used broadly across LMICs, we expanded the analyses 
to include an additional 236 publicly available S. flexneri genomes 
(collected from 2007 and 2021, and sampled from various coun-
tries across Asia and Africa), which were phylogenetically admixed 
with the GEMS isolates (Extended Data Fig. 7). A total of 148 aa 
variants were detected across the six antigens, 58 (39%) of which 
were associated with genotype (that is, belonging to either PGs 
1–5 or Sf6). Among the total variants detected, only 15 (10%) were 
unique to the publicly available genomes (Extended Data Fig. 7 and 
Supplementary Table 8), indicating that the GEMS dataset captured 
the majority of the diversity across LMICs. We then determined if aa 
variants were located in immunogenic regions (that is, epitope/pep-
tide fragment) (Supplementary Fig. 8) and assessed their potential 
destabilization of protein structure through in silico protein model-
ling. For IpaB, IpaC and IpaD, the epitopes have been empirically 
determined39,40. The sequence and location of peptide fragments of 

SigA, IcsP and OmpA used in vaccine development are available41,42. 
Variants located within the immunogenic regions were identified 
for all antigens relative to PG3 reference sequences (Methods and 
Fig. 4). Only 5 of 148 variants were predicted to be highly destabi-
lizing to protein structure, and these occurred in: OmpA (residue 
89) at a periplasmic turn, SigA (residues 1233 and 1271) in adja-
cent extracellular turns in the translocator domain (Supplementary  
Fig. 9), IcsP (residue 191) within the extracellular region of the beta 
barrel, and IpaD (residue 247) within a beta-turn-beta motif flank-
ing the intramolecular coiled-coil (Fig. 4). None of the five destabi-
lizing variants were located within the epitope/peptide region of the 
vaccine candidates.

While it remains possible that mutations could affect antigenicity 
through the disruption of folding or global stability, it is less likely 
than if they occurred in immunogenic regions. Our results thus 
indicate that it is less likely that existing natural variation will com-
promise antigen-based vaccine candidates for Shigella compared 
with serotype-based vaccines. However, any in silico approaches 
have limitations and functional immunological experiments will 
be required to determine the true impact of these variations on the 
antigen structure and its antigenicity. Furthermore, the knowledge 
base regarding the structure of antigens is currently incomplete. For 
example, there was no suitable template available for IpaC, and some 
epitopes were predicted to be in membrane regions which should 
be inaccessible to antibodies, indicating the need for more accurate 
publicly available protein structures to be developed for many of the 
vaccine antigen candidates. Finally, 90% of the antigenic variants  
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were captured by GEMS, further supporting the representative-
ness of this dataset across time and space. Nevertheless, the pres-
ence of an additional destabilizing mutation in the more recent 
publicly available data highlights the need for ongoing surveillance  
across LMICs.

Region-specific details of antimicrobial resistance
Until a licenced vaccine is available, we must continue to treat 
shigellosis with supportive care and antimicrobials, for which the 
current WHO recommendation is the fluoroquinolone, ciprofloxa-
cin43. However, FQR Shigella is currently on the rise and spread-
ing globally44. To examine AMR prevalence among GEMS isolates 
for evaluating treatment recommendations, we screened for known 

genetic determinants (horizontally acquired genes and point muta-
tions) conferring resistance or reduced susceptibility to antimicro-
bials. Although we used only minimal phenotypic data, phenotypic 
resistance and genotypic prediction correlate well in S. flexneri 
and S. sonnei45,46. Our analysis revealed that 95% (1,189/1,246) of 
isolates were multidrug resistant (MDR), carrying AMR determi-
nants against three or more antimicrobial classes (Fig. 5). S. flexneri 
exhibited the greatest diversity of AMR determinants, with a total 
of 45 identified determinants across the population, comprising 
38 AMR genes and 7 point mutations (Extended Data Fig. 8 and 
Supplementary Table 2), and an extensive AMR genotype diversity 
of 72 unique resistance profiles (Fig. 5 and Extended Data Fig. 9). 
In contrast, S. sonnei exhibited the least diversity, with only 23 AMR 
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Fig. 6 | AMR genotypes grouped by region and convergent evolution of ciprofloxacin resistance. a, Detection of known AMR genetic determinants 
associated with drug class grouped by region. Each cell in the heatmap represents the percentage of isolates from a region containing genetic 
determinants associated with resistance to a drug class. Genetic determinant conferring reduced susceptibility to quinolone is indicated with an asterisk. 
b, The genetic convergent evolution of ciprofloxacin resistance in S. flexneri and S. sonnei. The presence of multiple monophyletic clades of QRDR 
mutations (single, double or triple according to the inlaid key) conferring reduced susceptibility or resistance to ciprofloxacin is shown in the outer ring. 
Figures for S. boydii and S. dysenteriae are shown in Supplementary Fig. 10.

NATuRE MICRoBIoLogy | VOL 7 | FEBRUARy 2022 | 251–261 | www.nature.com/naturemicrobiology 257

http://www.nature.com/naturemicrobiology


Articles NATurE MICrObIOLOGy

determinants and 21 unique resistance profiles. An intermediate 
and comparable degree of AMR diversity was observed for both  
S. dysenteriae and S. boydii.

Overall, a high frequency of AMR genes conferring resistance 
against aminoglycoside, tetracycline, trimethoprim and sulfon-
amide antimicrobials was observed, while resistance against other 
antimicrobial classes varied with region and species (Fig. 6a and 
Supplementary Fig. 10a). The extended spectrum beta-lactamase 
gene blaCTX-M-15 was detected in a small (9/1,246) percentage of 
isolates, and genes conferring resistance to macrolides and lincos-
amides were also infrequent (Extended Data Fig. 8), indicating that 
the recommended second-line treatments probably remain effective 
antimicrobials47.

However, higher rates of resistance were found against the 
first-line treatment. FQR in Shigella can be conferred through the 
acquisition of FQR genes or, more typically, by point mutations 
in the chromosomal Quinolone Resistance Determining Region 
(QRDR) within the DNA gyrase (gryA) and the topoisomerase IV 
(parC) genes. Single and double QRDR mutations are known to 
confer reduced susceptibility to ciprofloxacin and are evolutionary 
intermediates on the path to resistance, conferred by triple muta-
tions in this region45,48. Overall, FQR genes were uncommon in  
S. flexneri (4%, 33/806), S. sonnei (1%, 3/305) and S. dysenteriae 
(7%, 4/60), but were present in 32% (24/75) of S. boydii. QRDR 
mutations were identified in all species (Extended Data Fig. 8), but 
were more common among S. sonnei (65%, 199/305) and S. flexneri 
(54%, 435/806) than among S. boydii (15%, 11/75) and S. dysente-
riae (30%, 18/60). Among these, triple QRDR mutations were iden-
tified in 13% (106/806) of S. flexneri and 14% (44/305) of S. sonnei. 
Analysis of the QRDR mutants across the phylogenies indicates 
marked convergent evolution towards resistance across the genus. 
Specifically, all triple QRDR mutant S. sonnei belonged to one 
monophyletic subtype (previously described as globally emerging 
from Southeast Asia49), while three distinct triple QRDR mutational 
profiles were found across three polyphyletic S. flexneri genotypes 
(Fig. 6b). Thus, the polyphyletic distribution of single, double and 
triple QRDR mutants indicates continued convergent evolution of 
lineages with reduced susceptibility or increased resistance to FQR.

We then stratified the dataset by geographic region, which 
revealed that FQR was largely associated with isolates from Asia 
where fluoroquinolones are more frequently used compared with 
African sites (Fig. 6a and Supplementary Fig. 10a)50; this is consis-
tent with trends observed in atypical enteropathogenic Escherichia 
coli isolated from GEMS50. Furthermore, analysis of African Shigella 
isolates from VIDA collected between 2015 and 2018 revealed that 
all species across West Africa and East Africa remained susceptible 
to ciprofloxacin28. Our analyses thus suggest that for the period of 
the GEMS trial (2007–2011), 17% (150/881) of Shigella isolates from 
Asia were resistant and 58% (508/881) had reduced susceptibility to 
the WHO-recommended antimicrobial. The high level of reduced 
susceptibility, together with marked convergent evolution towards 
resistance, suggests that management of shigellosis with fluroqui-
nolones at these sites may soon be ineffective and regional antimi-
crobial treatment guidelines may require updating. These results 
indicate the value of AMR and genomic surveillance in LMICs for 
the control and management of shigellosis, and will be improved by 
initiatives such as the Africa Pathogen Genomics Initiative51 and the 
WHO Global Antimicrobial Resistance Surveillance System52.

Conclusions
Pathogen genomics is a powerful tool that has a wide range of appli-
cations to help combat infectious diseases. Here we have applied 
this tool to an unparalleled systematically collected Shigella dataset 
to characterize the relevant population diversity of this pathogen 
across LMICs in a pre-vaccine era. This study has highlighted the 
urgent need to continue the development of Shigella vaccines for 

children in endemic areas. The genomic diversity in Shigella pres-
ents a major hurdle in controlling the disease and we have dem-
onstrated the anticipated pitfalls of current vaccination approaches, 
emphasizing the importance of considering the local and global 
diversity of the pathogens in vaccine design and implementation. 
The relatively low heterogeneity among protein vaccine antigens 
in the S. flexneri population, and the lack of mutations predicted 
to be destabilizing, support the use of conserved antigens, and/or 
their inclusion alongside serotype-specific approaches for improved 
vaccine design. Our results also revealed that current antimicrobial 
treatment guidelines for shigellosis should be updated, particularly 
in Asia, and that improved and ongoing surveillance is essential to 
guide antimicrobial stewardship. Taken together, this study dem-
onstrates the benefit of genomics in guiding prevention and con-
trol of shigellosis, providing further impetus to continue working 
to overcome the challenges associated with the implementation 
of WGS for pathogen surveillance in LMICs. Finally, our results 
suggest that annual Shigella surveillance would probably identify  
serotype switching, which would be especially important following 
the introduction of a vaccination programme. Although our results 
are focused on shigellosis, our approach is translatable to other bac-
terial pathogens and is particularly relevant as we enter the era of 
vaccines for AMR.

Methods
Dataset, bacterial isolates and sequencing. A total of 1,264 Shigella isolates 
from both cases and controls collected during GEMS were investigated in this 
study2,3. According to the GEMS study design, case enrolment required each 
child with diarrhoea (diarrhoea was defined as three or more loose stools within 
the previous 24 h) seeking care at a selected sentinel hospital or health centre to 
fulfill at least one of the criteria for MSD2. Controls were enrolled as children 
without diarrhoea, matched to every individual patient with MSD by age, sex 
and residential area. All isolates were derived from stool samples/rectal swabs: 
their identification, confirmation and isolation have been described previously21. 
A total of 1,344 isolates were sequenced at the Earlham Institute, with genomic 
DNA extraction, sequencing library construction and whole-genome sequencing 
carried out according to the Low Input Transposase Enabled (LITE) pipeline53. 
Among these, 225 isolates failed quality controls having mean sample depths of 
coverage <10× and an assembly sizes of <4 MB and were re-sequenced. For these 
isolates, genomic DNA was re-extracted at the University of Maryland School of 
Medicine (Baltimore, MD) from cultures grown in Lysogeny Broth overnight. 
DNA was extracted in 96-well format from 100 μl of sample using the MagAttract 
PowerMicrobiome DNA/RNA Kit (Qiagen) automated on a Hamilton Microlab 
STAR robotic platform. Bead disruption was conducted on a TissueLyser II 
(20 Hz for 20 min) instrument in a 96-well deep-well plate in the presence of 
200 μl phenol/chloroform. Genomic DNA was eluted in 90 μl water after magnetic 
bead clean up and the resulting genomic DNA was quantified by Pico Green. The 
genomic DNA was shipped to the Centre for Genomic Research (CGR, University 
of Liverpool) for whole-genome sequencing. Sequencing library was constructed 
using NEBNext Ultra II FS DNA Library Prep Kit for Illumina and sequenced on 
the Illumina NovaSeq 6000 platform, generating 150 bp paired-end reads.

An additional 125 publicly available Shigella and E. coli reference genomes  
were included in the phylogenetic analyses and a further 236 S. flexneri genomes 
were included in the assessment of vaccine protein antigens. Details of GEMS  
and reference genomes analysed in this study are listed in Supplementary Tables 2 
and 3, respectively.

Sequence mapping and variant calling. Adaptors and low-quality bases were 
trimmed with Trimmomatic v0.3854, and reads qualities were assessed using 
FastQC v0.11.6 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and 
MultiQC v1.755. Filtered reads were mapped against Shigella reference genomes 
with BWA mem v0.7.1756 using default parameters. S. flexneri, S. sonnei, S. boydii 
and S. dysenteriae sequencing reads were mapped against reference genomes 
from Sf2a strain 301 (accession NC_004337), Ss046 (accession NC_007384), Sb 
strain CDC 3083-94 (accession NC_010658) and Sd197 (accession NC_007606), 
respectively. Mappings were filtered and sorted using the SAMtools suite v1.9-4757,  
and optical duplicate reads were marked using Picard v2.21.1-SNAPSHOT 
MarkDuplicates (http://broadinstitute.github.io/picard/). QualiMap v2.2.258 was 
used to evaluate mapping qualities and estimate mean sample depth of coverage. 
Sequencing reads for isolates sequenced using the LITE pipeline and re-sequenced 
at the CGR were combined to increase overall sample depth of coverage. Sequence 
variants were identified against reference using SAMtools v1.9-47 mpileup and 
bcftools v1.9-8057. Low-quality SNPs were filtered if mapping quality was <60, 
Phred-scaled quality score was <30 and read depth was <4.
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Phylogenetic reconstruction, inference of genomic diversity, and genotyping. 
Filtered SNP variants were used to generate a reference-based pseudogenome 
for each sample, where regions with depth of coverage >4× were masked in 
the pseudogenome. Additionally, regions containing phage (identified using 
PHASTER59 web server) and insertion sequences were identified from the reference 
genomes, and co-ordinates were used to mask these sites on the pseudogenomes 
using BEDTools v2.28.0 maskfasta60. For each species, chromosome sequences 
from the masked pseudogenomes were extracted and concatenated. Gubbins 
v2.3.461 was used to remove regions of recombination and invariant sites from 
the concatenated pseudogenomes (Supplementary Fig. 4). This generated 
a chromosomal SNP alignment length of 78,251 bp for S. flexneri (n = 806), 
5,081 bp for S. sonnei (n = 305), 98,842 bp for S. boydii (n = 75) and 45,031 bp for 
S. dysenteriae (n = 60). Maximum-likelihood phylogenetic reconstruction was 
performed independently for each species and inferred with IQ-TREE v2.0-rc262 
using the FreeRate nucleotide substitution, invariable site and ascertainment  
bias correction model, with 1,000 bootstrap replicates. To contextualize GEMS 
isolates within the established genomic subtypes and to infer the most appropriate 
root for each species tree, phylogenetic trees were reconstructed including 
publicly available reference genomes of isolates from previously defined lineages/
phylogroups/clades and E. coli isolates (Supplementary Table 3). The phylogenetic 
trees for S. flexneri, S. boydii and S. dysenteriae waere rooted using E. coli strain 
IAI1-117 (accession SRR2169557) as an outgroup. The phylogenetic tree for  
S. sonnei was midpoint rooted. Visualizations were performed using interactive 
Tree of Life (iTOL) v6.1.163. Assignment of S. sonnei genomes to hierarchical 
genotypes was performed using the script sonnei_genotype.py (https://github.com/
katholt/sonneityping) on the basis of mapping files, and according to a previously 
described genotyping scheme26.

To measure the extent of Shigella genomic diversity among the GEMS 
population, pairwise SNP distance was determined from the alignment of core 
genome SNPs identified outside regions of recombination using snp-dists v0.7.0 
(https://github.com/tseemann/snp-dists). For each species, the genomic diversity, 
measured by SNPs per kbp, was determined by dividing the core genome SNP 
alignment length by the core genome size (S. flexneri 4,015,307 bp, S. sonnei 
4,177,070 bp, S. boydii 4,088,693 bp and S. dysenteriae 3,821,602 bp). To scale the 
proportion of disease burden attributable to the genome diversity of each species, 
the percentage of species contribution to GEMS shigellosis disease burden was 
divided by the number of SNPs per kbp.

Serotype switching timeframe inference. To estimate the probable timeframe 
of serotype switching, we performed temporal phylogenetic reconstruction to 
infer the time of divergence along branches exhibiting serotype switching. We 
streamlined the analysis and focused on isolates belonging to two subclades 
of S. flexneri PG3. First, for each of the two subclades (n = 99 and n = 45), a 
maximum-likelihood phylogeny was reconstructed on the basis of genome 
multiple sequence alignments (described above). Then, TempEst v1.5.364 was used 
to determine whether there was sufficient temporal signal in the data by inferring 
linear relationship between root-to-tip distances of the phylogenetic branches and 
the year of sample isolation. Data from both subclades revealed positive correlation 
between sampling time and phylogenetic root-to-tip divergence, with R2 of 0.186 
and 0.111 (Extended Data Fig. 10). Once temporal signals within each of the 
two datasets were confirmed, core genome SNP alignments of length 559 bp and 
1,244 bp were analysed independently using BEAST2 v2.6.165. The parameters 
were as follows: dates specified as days, bModelTest66 implemented in BEAST2 
was used to infer the most appropriate substitution model, a relaxed log normal 
clock rate with a coalescent Bayesian skyline model for population growth. Beauti 
v2.6.365 was used to general xml configuration files. A total of five independent 
chains were performed, each with chain length of 250,000,000, logging every 1,000 
and accounting for invariant sites. Convergence of each run was visually assessed 
with Tracer v1.7.167, with all parameter effective sampling sizes ≥200. Tree files 
were sampled and combined using LogCombiner v2.6.1, the combined files were 
then summarized using TreeAnnotator v2.6.0 with 10% burn-in to generate the 
Maximum Clade Credibility tree68. Divergence time was inferred by reading the 
branch length from the most recent common ancestor to the first sampled isolate 
that serotype-switched.

Genome assembly and annotation. Draft genome sequences were assembled 
using Unicycler v0.4.769 with –min_fasta_length set to 200. QUAST v5.0.270 was 
used to assess the qualities of the assemblies. Assemblies with total assembly length 
outside the range of <4 Mbp and >6.4 Mbp were removed, resulting in an average 
length of 4,275,508 bp (range 4,004,109–4,538,734 bp) for S. flexneri, 4,264,097 bp 
(range 4,008,630–4,779,279 bp) for S. sonnei, 4,227,671 bp (range 4,000,714–
4,689,815 bp) for S. boydii and 4,297,921 bp (range 4,040,642–4,659,860 bp) for 
S. dysenteriae. An average N50 value of 29,804 bp (range 6,810–34,658 bp) was 
generated for S. flexneri, 23,961 bp (range 11,547–30,008 bp) for S. sonnei, 20,835 bp 
(range 15,323–40,119 bp) for S. boydii and 22,137 bp (range 14,090–31,358 bp) for 
S. dysenteriae. Draft genomes were annotated using Prokka v1.13.371.

Pangenome analysis. The pangenome of each species was defined using Roary 
v3.12.072 without splitting paralogues. The pangenome accumulation curves were 

generated separately for each species using the specaccum function from Vegan 
v2.5-7 (https://github.com/vegandevs/vegan/), with 100 permutations and random 
subsampling. Inspections of the variable gene content showed that all four species 
had open pangenomes, implying that the number of unique genes increases with 
the addition of newly sequenced genomes.

Shigella flexneri molecular serotyping. Shigella serotype data were provided  
by collaborators at the University of Maryland School of Medicine; serotyping  
was performed as previously described21. In silico serotyping of S. flexneri  
genomes was performed using ShigaTyper v1.0.673, which detects the presence  
of serotype-determining genetic elements from sequencing reads to predict 
serotype. ShigaTyper predictions were 84% concordant with the serotype data 
provided. SRST2 v274 was used to detect mutations within serotype-determining 
genetic elements, and was run against ShigaTyper sequence database with  
default parameters.

Protein antigen screening. To determine the presence of antigen vaccine 
candidates among GEMS Shigella isolates, genes of the antigen vaccine candidates 
were screened against draft genome assemblies using screen_assembly19, with 
a threshold of ≥80% identity and ≥70% coverage to the reference sequence. 
Reference sequences for ipaB, ipaC, ipaD and icsP were derived from S. flexneri 
5a strain M90T (accession GCA_004799585) and those for ompA and sigA were 
derived from S. flexneri 2a strain 2457 T (accession NC_004741), both strains 
being commonly used in the laboratory for vaccine development. Antigen 
sequence variations were determined by examining the BLASTp75 percentage 
identity against relevant query reference sequences. Allelic variations of antigen 
vaccine candidates among the S. flexneri population were identified manually 
by visualizing amino acid sequence alignments using AliView v1.2676. Publicly 
available S. flexneri genomes were also integrated into the analysis, with assembled 
genomes downloaded from EnteroBase (accessed 25 August 2021), including all 
isolates sampled between 2007 and 2021 from across LMICs (Asia n = 155 and 
Africa n = 81). No samples from Latin America met these criteria.

Protein antigen modelling. To assess the effect of point mutations on protein 
stability and vaccine escape, six antigen candidates from S. flexneri PG3 were 
modelled: OmpA, SigA, IcsP, IpaB, IpaC and IpaD (Supplementary Table 1). PG3 
was selected as it is the most prevalent phylogroup and is therefore the target of 
current vaccine development. To model the antigen targets, we first searched for 
a suitable template using HHPred77,78. Five of the six proteins (OmpA, SigA, IcsP, 
IpaB and IpaD) had suitable homologues available. To improve the performance 
of the comparative modelling, the signal peptides for OmpA, SigA and IcsP were 
removed and OmpA, SigA and IpaB were modelled in two parts to make use 
of optimal templates. RosettaCM source release-18879 was used to generate 200 
models for each of the five proteins using the single best available template.  
For IpaC, where no suitable templates were available, trRosetta80 was used to 
create five de novo predicted models. The best model for each antigen candidate 
was selected using QMEAN’s v4.2.0 average local score. QMEANbrane v4.2.081,82 
was used for suitable membrane proteins (IpaB, IpaC and IpaD), otherwise 
QMEANDisCo v4.2.081 was used (Supplementary Table 7). Full details of the 
modelling and ranking are shown in Supplementary Table 8. The effect of point 
mutations on the stability of the antigen candidates was assessed using PremPS83, 
and the default criterion of ΔΔG > 1 kcal mol−1 was used to define highly 
destabilizing mutations.

Detection of AMR genetic determinants and AMR testing. To detect the 
presence of known genetic determinants for AMR, AMRFinderPlus v3.9.384 was 
used to screen draft genome assemblies against the AMRFinderPlus database, 
which is derived from the Pathogen Detection Reference Gene Catalog (https://
www.ncbi.nlm.nih.gov/pathogens/). AMRFinderPlus was performed with the 
organism-specific option for Escherichia, to screen for both point mutations and 
genes, and filter out uninformative genes that were nearly universal in a group. 
The output was then filtered to remove genetic determinants identified with ≤80% 
coverage and ≤90% identity. The presence of S. sonnei virulence plasmid was 
confirmed using short-read mapping using BWA mem (as described above) against 
the reference virulence plasmid from Ss046 (GenBank accession CP000039.1). 
Presence of the plasmid was defined by the mapping of >60% breadth of coverage 
across the reference. Visualizations of AMR resistance profiles were performed 
with UpSetR v2.1.385. Four S. flexneri isolates with triple QRDR mutations 
were phenotypically tested for ciprofloxacin resistance using the Kirby–Bauer 
standardized disk diffusion method86.

Statistical analyses. The strength of association of S. flexneri genomic subtype 
and serotype with the occurrence of case outcome was calculated using MedCalc 
Software odds ratio calculator v20 (https://www.medcalc.org/calc/odds_ratio.
php) to report the odds ratio, 95% confidence interval and statistical association. 
Association of genomic subtype with serotype and serotype switching was tested 
using Fisher’s exact test. Linear regression analysis was used to determine the 
correlation between serotype diversity and various properties of genomic subtype. 
Both analyses were performed using R v4.0.3.
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Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Short-read sequences supporting the findings of this study have been deposited  
in the European Nucleotide Archive (https://www.ebi.ac.uk/ena/) under the  
project accession number PRJEB45383. Accession numbers for isolates used 
in this study are listed in Supplementary Table 2. Publicly available sequences 
were downloaded from GenBank (https://www.ncbi.nlm.nih.gov/genbank/), 
Sequence Read Archive (https://www.ncbi.nlm.nih.gov/sra), the European 
Nucleotide Archive (https://www.ebi.ac.uk/ena) and EnteroBase (http://enterobase.
warwick.ac.uk/). Accession numbers of publicly available genomes are listed in 
Supplementary Table 3. Phylogenetic trees, antigen protein models and BEAST 
input and output files have been deposited in FigShare (https://doi.org/10.6084/
m9.figshare.14743833). Source data are provided with this paper.

Code availability
All codes used in this study are described in the Methods. No custom algorithms 
were used for analyses.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Pangenome accumulation curve of S. flexneri, S. sonnei, S. boydii and S. dysenteriae. Each curve demonstrates the number of 
unique protein coding genes in the pangenome as a new genome is randomly added. Random permutation of the data were subsampled 100 times, in 
which genomes are subsampled without replacement at each iteration. The x-axis display the number of genomes and the y-axis shows the minimum and 
maximum range of unique gene count after each iteration in (A) and the mean value in (B).
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Extended Data Fig. 2 | Detection of recombination among Shigella genomes. ML phylogenetic tree of each species are displayed on the left. Coloured 
columns represents regions of putative recombination with elevated SNP density detected across the genome. Columns highlighted in red represents 
recombination detected in multiple isolates and blue represents recombination detected in a single isolate.
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Extended Data Fig. 3 | Regional genomic diversity of gEMS Shigella. Comparison of regional genomic diversity of Shigella spp, as measured by pairwise 
core SNP distance (x-axis) across GEMS study sites (Asia: Bangladesh, India and Pakistan; East Africa: Kenya and Mozambique; West Africa: The Gambia 
and Mali) for S. flexneri, S. sonnei, S. boydii and S. dysenteriae.
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Extended Data Fig. 4 | Regional serotypes/subserotypes diversity of gEMS Shigella. Regional serotypes/subserotypes diversity of Shigella spp across 
GEMS study sites for S. flexneri, S. boydii and S. dysenteriae. Each barplot represents the relative frequencies of serotypes/subserotypes at each region 
according to the inlaid key.
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Extended Data Fig. 5 | Association of S. flexneri serotype diversity with different properties of a genomic subtype. Each of the six subtypes identified 
among S. flexneri (PG1-PG7 and Sf6), the number of different serotypes is displayed along the y-axis and plotted against (A) the number of isolates within 
the subtype and (B) the genetic diversity of the subtype, as measured by pairwise core SNP distance and plotted along the x-axis. Linear regression 
analysis was performed to assess the association between serotype diversity and the different properties of subtypes. The regression coefficient of 
determination (R2) and p-value are displayed on the top left of each plot.
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Extended Data Fig. 6 | Serotype switching events across S. flexneri genomic subtypes. ML phylogenetic tree of each subtype was generated based on 
core genome SNPs. Serotypes determined through biochemical serotyping are displayed on the right-hand side of each tree, and coloured according to 
the inlaid key. The 26 inferred serotype switching events occurring along the phylogenetic branches are labelled accordingly. Numbers inside each backets 
represents switch IDs, with further details provided in Supplementary Table 4. Where the dominant serotype cannot be determined, a question mark is 
displayed, indicating switch from unknown ancestral type. Serotype switching events resulting in more than two descendant isolates are highlighted in red.
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Extended Data Fig. 7 | Vaccine antigen variation among S. flexneri subtypes. ML phylogenetic tree of 806S. flexneri GEMS and 236 publicly available 
genomes, based on core genome SNPs is displayed on the left. The six subtypes identified among the population are highlighted in different colours 
according to the inlaid key. The alternating grey and purple colour blocks displayed above the top panel represents the six antigen vaccine candidates 
assessed in the current study. The matrix in the center demonstrates presence (in black) of aa variation for each antigen vaccine. Only variable sites are 
displayed. The full list of variable sites represented are available in Supplementary Table 8.
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Extended Data Fig. 8 | Prevalence of genetic determinants conferring AMR among Shigella spp. Barplots shows the number of genetic determinants 
detected in S. sonnei, S. flexneri, S. dysenteriae and S. boydii isolates that confer resistance or reduced susceptibility to various antimicrobials. Genes and 
point mutations (indicated with an asterisk) are plotted along the y-axis and grouped by drug class (displayed on the left). The dashed lines highlight 
genetic determinants identified in half or more of the isolates for each species.
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Extended Data Fig. 9 | Diversity of AMR genotype resistance profiles. UpSet plots illustrate the AMR genotype resistance profiles for (A) S. flexneri, (B) 
S. sonnei, (C) S. boydii and (D) S. dysenteriae. Genotypic AMR profiles are shown in the combination matrix in the center panel. Each column represents a 
unique genotypic profile, where each black dot represents presence of a genetic determinant conferring resistance or reduced susceptibility to a drug class 
(displayed on the left). The vertical the barplot above the matrix displays the number of isolates with a particular profile, with the exact number of isolates 
displayed above each bar. The horizontal barplot on the left of the matrix illustrates the proportion of isolates containing AMR genetic determinants 
associated with a drug class.
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Extended Data Fig. 10 | Temporal phylogenetic signal for S. flexneri. Correlation between isolate sampling time in months (x-axis) and phylogenetic 
root-to-tip divergence (y-axis), as estimated by TempEst based on ML phylogeny of each subclade. The two datasets correspond to S. flexneri serotype 2a 
isolates belonging to node A (A) and S. flexneri serotype 2b isolates belonging to node B (B) from PG3 in Supplementary Fig. 12. The linear regression line is 
coloured in red, with the coefficient of determination (R2) and p-value displayed for each plot.
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