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ABSTRACT Multidrug-resistant Klebsiella pneumoniae continues to challenge healthcare 
services globally. However, our understanding of its occurrence, genomic characteris­
tics, and epidemiology in low- and middle-income countries (LMICs) remains severely 
limited. In this study, we report the whole-genome sequencing of an extended-spectrum 
β-lactamase (ESBL)-producing, sequence type (ST) 37 K. pneumoniae isolate (ARM02) 
recovered from a patient in Armenia. Antibiotic susceptibility testing revealed that 
ARM02 was resistant to four of the 11 antibiotics tested, including ampicillin, amoxicillin-
clavulanic acid, cefepime, and ceftazidime. Genome sequencing analysis identified seven 
antimicrobial resistance (AMR) genes in ARM02, including blaTEM-1D, blaSHV-11, dfrA14, 
sul2, strA, strB, and the ESBL-producing gene blaCTX-M-15. In addition, ARM02 harbored 
12 virulence genes, including the common pilus fibrillin subunit encoding gene yagZ/
ecpA and a complete yersiniabactin siderophore system (irp1, irp2, ybtAEPQSTUX, and 
fyuA). Moreover, we also detected five insertion sequences and two plasmid replicons 
in the ARM02 genome. Phylogenetic analysis showed that ARM02 shared a common 
ancestor with the USA strains SRR5283489 and SRR5973349, diverging around 2007 (95% 
onfidence interval, 2004 to 2011). However, ARM02 carried a unique accessory genome, 
indicating independent evolution and spread. Our findings highlight the co-existence of 
virulence and resistance genes in the Armenian ST37 strain and emphasize the critical 
need for genomic surveillance in LMICs. This is crucial for understanding how gram-neg­
ative bacterial pathogens, such as ESBL-producing K. pneumoniae, which remain on the 
WHO’s Priority Pathogens list, evolve and spread in LMICs, and how they contribute to 
the global AMR crisis.

IMPORTANCE We report the first genomic analysis of an extended-spectrum β-lacta­
mase (ESBL)-producing Klebsiella pneumoniae ST37 isolate (ARM02) recovered from a 
hospitalized patient in Armenia. Genome sequencing identified several antimicrobial 
resistance (AMR) genes, including blaCTX-M-15, blaTEM-1D, and blaSHV-11, which were 
directly linked to the observed resistance phenotypes. ARM02 also carried a variety 
of virulence genes, including a complete yersiniabactin siderophore system, which is 
associated with enhanced pathogenicity. Phylogenetic analysis revealed that ARM02 was 
closely related to strains from the United States, but it harbored a unique accessory 
genome, suggesting independent evolution and local spread in Armenia. This highlights 
the critical need for robust genomic surveillance and targeted interventions in low- and 
middle-income countries. This study provides crucial insights into the genetic diversity 
and potential local transmission of ST37 K. pneumoniae in Armenia and calls for larger-
scale genomic surveillance to better understand and control its spread.
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A ntimicrobial resistance (AMR) continues to challenge healthcare and public services 
worldwide. In 2019, data from 204 countries showed that 1.27 million deaths were 

due solely to AMR, surpassing deaths from HIV/AIDS or malaria and that AMR-related 
infections played a role in 4.95 million deaths (1). Klebsiella pneumoniae was among six 
pathogens, each responsible for more than 250,000 AMR-related deaths, ranking just 
behind Staphylococcus aureus and Escherichia coli, marking it an emerging threat to 
global public health (1). K. pneumoniae, a Gram-negative, encapsulated, opportunistic 
pathogen belonging to the Enterobacteriaceae family (2), is ubiquitous and can be found 
in a wide range of environments, including mucosal surfaces of mammals, soil, and 
surface water (3). It commonly colonizes hospitalized patients and can cause a variety of 
infections, such as urinary tract infections, bacteremia, pneumonia, and liver abscesses 
in immunocompromised individuals (4, 5). Multidrug-resistant strains of K. pneumoniae, 
particularly those extended spectrum β-lactamase (ESBL)-producing strains, are regularly 
associated with nosocomial outbreaks and pose a serious risk to human health (6). 
ESBL production is encoded by genes predominantly located on plasmids, with the 
most common ESBL types being blaTEM, blaSHV, and blaCTX-M, conferring the bacteria
to acquire the ability to hydrolyze third-generation cephalosporins (7). Among them, 
blaCTX-M-15 and blaCTX-M-14 are the most widespread variants (8). Mobile genetic 
elements such as integrons, plasmids, insertion sequences, and transposons contribute 
greatly to horizontal gene transfer and hence, accelerate the spread of virulence and 
AMR genes (9).

The global spread of AMR genes has been declared as one of the top ten global public 
health threats by the World Health Organization (WHO) (10). Low-income and middle-
income countries (LMICs) are severely impacted by AMR due to unregulated antimicro­
bial use, the sale of counterfeit products, and the uncontrolled use of antimicrobials in 
farming (11, 12). The spread of AMR is a global public health issue, and understanding 
the molecular epidemiology and drug resistance mechanisms of K. pneumoniae will 
greatly impact clinical treatment options, infection control measures, and public health 
policies (13). Whole-genome sequencing (WGS) has been instrumental for monitoring 
and predicting outbreaks caused by pathogens (14). In many high-income countries, 
WGS has been widely used in studying genomic characteristics, genetic diversity, 
virulence, and AMR of emerging pathogens, including K. pneumoniae (15). However, 
regions such as Armenia have limited resources to fully utilize such technologies, 
resulting in a lack of data on the country’s AMR situation and the prevalence of 
circulating pathogens. Although Armenia developed the AMR National Action Plan 
in 2015 (16), its practical implementation remains limited. The situation is worsened 
because there are only a few studies reporting on the WHO’s Priority Pathogens, 
including ESBL-producing K. pneumoniae that maintain their critical status as such 
pathogens. To our knowledge, previously, only our group reported on WGS analysis 
of K. pneumoniae belonging to ST967 and ST307 recovered from patients in Armenia (17, 
18).

In this study, we report for the first time the WGS analysis of K. pneumoniae ST37, 
recovered from the stool sample of a hospitalized patient in Armenia. Further compara­
tive bioinformatics analysis provided insights into the genomic characteristics of this 
pathogen and shed light on its phylogenetic relatedness with clones found internation­
ally.

RESULTS

Isolates and antibiotic susceptibility testing

Eight K. pneumoniae isolates belonging to five sequence types (ST37, ST147, ST307, 
ST807, and ST967) were received from the Medical Microbiology laboratories of three 
hospitals in Armenia between January 2019 and August 2019. We previously reported 
the antimicrobial susceptibility profiles of these isolates, along with a comparative 
genomics analysis of a K. pneumoniae ST967 isolate (17). In this study, we report 
the phylogenomic analysis of the K. pneumoniae ST37 isolate, designated ARM02. 
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Antimicrobial susceptibility testing revealed that ARM02 was resistant to the amino­
penicillin antibiotic ampicillin, β-lactam antibiotic amoxicillin-clavulanic acid, and the 
cephalosporin antibiotics cefepime and ceftazidime. However, it remained sensitive to 
the β-lactam antibiotic piperacillin-tazobactam, fluoroquinolone antibiotics norfloxacin 
and levofloxacin, the aminoglycoside antibiotic amikacin, and carbapenem antibiotics 
meropenem and imipenem, as well as chloramphenicol (Table S1).

Phylogenomic analysis of K. pneumoniae ARM02

Multilocus sequence typing (MLST) and serotype analysis revealed that K. pneumoniae 
ARM02 belongs to sequence type 37, capsule type K15, and the O antigen type O4 
(Table 1). To delve deeper into the genetic makeup of ARM02, we then compared its 
genome with 147 publicly available K. pneumoniae ST37 genomes. These ST37 isolates 
were recovered from 28 countries and two sources (human and chicken) (Fig. 1 ; Table 
S2). The core single-nucleotide polymorphism (SNP) maximum likelihood phylogenetic 
tree showed that ARM02 was phylogenetically closely related to two human isolates 
from the United States (SRR5283489 and SRR5973349) (Fig. 2). Pairwise SNP distances 
analysis of the core genomes revealed that ARM02 had the shortest SNP distance of 
216 to SRR5973349, while 243 SNP differences were observed between ARM02 and 
SRR5283489 (Table S3). The pangenome analysis identified 4,063 core genes (>99% 
of the pangenome) and 15,032 accessory genes (<99% of the pangenome). Through 
assessing the accessory genes, we found that ARM02 had a unique accessory genome, 
despite its close relatedness with SRR5973349 (r = 0.61) (Fig. S1; Table S4). Additionally, 
the genome-wide average nucleotide identity analysis showed that the Hadamard value 
between ARM02 and SRR5973349 was 0.955, indicating a high level of genetic similarity 
(Fig. S2).

Genetic origin of K. pneumoniae ST37 population

To further investigate the evolutionary origin of the ARM02 and its closely related ST37 
isolates, we reconstructed a maximum clade credibility (MCC) tree using BEAST. Results 

TABLE 1 Genomic characteristics of ARM02a,b

Antibiotics, virulence factors, or molecular data Gene type or molecular data

Antimicrobial resistance
  Beta-lactams TEM-1D
  ESBLsa CTX-M-15
  Ampicillin SHV-11
  Trimethoprim dfrA14
  Sulfonamides sul2
  Aminoglycosides strA , strB
Virulence factors profile
  Hypermucoidy (rmpA and/or rmpA2)b −
  Yersiniabactin (ybt) ybtS, ybtX, ybtQ, ybtP, ybtA, irp2, irp1, 

ybtU, ybtT, ybtE, fyuA
  Colibactin (clb) −
  Salmochelin (iro) −
  Aerobactin (iuc) −
  Others yagZ/ecpA
Molecular data
  MLST ST37
  Capsule (K) serotype KL15
  O antigen (lipopolysaccharide) serotype O4
  Plasmid replicon IncN, IncFIB(K)
  Insertion sequence ISEc9, ISKox1, ISKpn1, IS6100, IS26
a ESBLs, extended spectrum β lactamases; −, negative.
bHypermucoidy (rmpA and/or rmpA2) represents the regulator of mucoid phenotype A.
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showed that the estimated nucleotide substitution rate for the global ST37 population 
was 1.43 ×  10−3 substitutions per site per year (95% confidence interval [CI], 3.42  ×  10−4 

to 3.59 ×  10−3), with an inferred tree root date of 1796 (95% CI, 1,377 to 1,995) (Fig. 3). 
Further detailed analyses of the clusters using RhierBAPS revealed that the ST37 isolates 
could be grouped into three distinct clusters, with ARM02 classified in BAP2. The 
divergence of ARM02 and its closest related US strains (SRR5973349 and SRR5283489) 
was inferred to have occurred in 2007 (95% CI, 2,004 to 2,011), indicating that they 
shared and had descended from a common ancestor.

Genotypes of resistance and virulence

AMR profiling identified a total of 97 AMR genes across all ST37 isolates, with a median of 
six AMR genes per isolate (range 0–24) (Table S5). Although ARM02 was phylogenetically 
related to the strains SRR5973349 and SRR5283489 from the United States, their AMR 
profiles differed significantly. In the ARM02 genome, we detected 7 AMR genes, includ­
ing the β-lactam resistance gene blaTEM-1D, the ESBL-encoding gene blaCTX-M-15, the 
ampicillin resistance gene blaSHV-11, the trimethoprim resistance gene dfrA14, the 
sulfonamides resistance gene sul2, and the aminoglycosides resistance genes strA and 
strB (Fig. 2 ; Table 1). Among them, blaTEM-1D, blaCTX-M-15, sul2, strA, and strB were located 
on contig NODE_4, which was identified as plasmid-derived using MOB-suite (Table S6). 
Several resistance genotypes found in the Armenian isolate ARM02, such as strA (38/148), 
strB (38/148), sul2 (40/148), blaTEM-1D (41/148), and blaSHV-11 (122/148), were also 
commonly identified in other K. pneumoniae ST37 isolates. In addition to the genes 
detected in ARM02, aadA2 (45/148), sul1 (69/148), and tet(A) (45/148) were also fre­
quently observed in ST37 isolates. Overall, the ESBL genes were identified in 41% 
(61/148) of the K. pneumoniae ST37 isolates, including the Armenian strain ARM02. Ten 
different ESBL genes were identified, with blaCTX-M-15 (25/148) being the most prevalent, 
followed by blaCTX-M-2 (13/148) and blaCTX-M-14 (5/148). However, neither SRR5973349 
nor SRR5283489 carried any ESBL genes. Moreover, 36.4% (45/148) of the ST37 strains, 
including SRR5283489, carried carbapenem-resistant genes; however, no carbapenem 
resistance genes were detected in ARM02. This was consistent with conventional 
antibiotic susceptibility testing, which showed that ARM02 was sensitive to the carbape­
nem antibiotics imipenem and meropenem.

FIG 1 Country origin of K. pneumoniae ST37 isolates used in this study.
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In total, we identified 12 virulence genes in the K. pneumoniae ST37 strains included in 
this study. Among them, yagZ/ecpA was present in 133 out of 149 isolates, including 
ARM02 (Fig. 2; Table S7). Additionally, 40 ST37 isolates, including ARM02, SRR5973349,
and SRR5283489, harbored the siderophore yersiniabactin (ybt) locus, which consists of 
11 genes (irp1, irp2, ybtAEPQSTUX, and fyuA). Notably, only one strain, SRR10906101, was 
found to carry the astA gene encoding heat-stable enterotoxin 1 (East1), which has been 
commonly reported in E. coli isolates. Fifteen isolates did not carry any of the virulence-
associated genes tested.

Mobile genetic elements

A total of 31 plasmid replicons were identified in 91.9% (136/148) of K. pneumoniae ST37 
isolates, with an average number of two replicon types per isolate (Fig. 4; Table S8). 
ARM02 had a different plasmid replicon profile compared to SRR5973349 and 
SRR5283489. ARM02 harbored two plasmid replicons, IncN and IncFIB(K) (Fig. 4 ; Table 1). 
SRR5283489 carried two plasmid replicons, IncFII(K) and IncFIB(pQil), while SRR5973349 

FIG 2 Core SNP phylogenetic analysis of global K. pneumoniae ST37 isolates. line color represents the host species. The heatmap columns are as follows: (i) 

country; (ii) capsule (K) serotype; (iii) lipopolysaccharide (LPS) O-antigen serotype; (iv) virulence genes (orange: present; grey: absent); and (v) AMR genes (black: 

present; grey: absent).
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only carries IncR (Fig. 4; Table S8). The most common replicons identified in this study 
were IncFIB(K) (n = 101), followed by IncN (n = 35), and IncFII(K) (n = 34). Among the IncN 
group, the most frequently identified plasmid type was IncN[pMLST-5] (n = 12), followed 
by IncN[pMLST-9] (n = 7), IncN[pMLST-unknown] (n = 6), IncN[pMLST-7] (n = 5), and 
IncN[pMLST-15] (n = 4). ARM02 carried a unique IncN plasmid, IncN[pMLST-6] (Fig. S3). In 
addition, we detected five insertion sequences in the ARM02 genome, including ISEc9, 
ISKox1, ISKpn1, IS6100, and IS26 (Table S9). ISEc9 was found adjacent to the ESBL-gene 
blaCTX-M-15.

DISCUSSION

The first recorded K. pneumoniae ST37 strain was identified in the United States in 1996 
(19). Since then, ST37 strains have been reported in both human patients and animals 
worldwide, with the majority of cases reported in Europe (20), the United States (21),
and China (22). However, there is currently a dearth of knowledge regarding antibiotic 

FIG 3 MCC time-calibrated phylogenetic tree of K. pneumoniae ST37 isolates. The color of the circle at the end of each branch represents a country. The line color 

represents the host species. The evolutionary tree was grouped into hree BAP clusters and colored accordingly.
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resistance and the genomic characterization of K. pneumoniae ST37 in Armenia. In this 
study, we report for the first time the resistome profile, virulence determinants, and 
mobile genetic elements of a K. pneumoniae ST37 strain, designated ARM02, recovered 

FIG 4 The hierarchical clustering heatmap of plasmid replicon profiles (green: present; grey: absent). The color of the annotation bar indicates the country of 

origin of the sample.
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from a hospitalized patient in Armenia and present its relatedness to K. pneumoniae ST37 
strains globally.

Antibiotic susceptibility testing revealed that ARM02 was resistant to four of the 11 
antibiotics tested. Our results showed a strong correlation between AMR genes and 
resistance phenotypes: the ampicillin resistance was associated with chromosomally 
located blaSHV-11, resistance to amoxicillin-clavulanic acid was linked to blaTEM-1D, and 
resistance to cephalosporins (ceftazidime and cefepime) was connected to the ESBL 
gene blaCTX-M-15. This highlights the consistency between the detected AMR genes 
and antimicrobial susceptibility testing results. ESBL-producing K. pneumoniae strains are 
becoming increasingly prevalent worldwide and are classified as “critical priority”-resist­
ant bacteria due to the high morbidity and mortality rates they cause (23). Among 
the ESBL genes, CTX-M family has emerged as the most widespread, particularly across 
various genera of Enterobacterales, with blaCTX-M-15 being the most frequently reported 
(24, 25). Between 2012 and 2015, it was reported that CTX-M-type ESBLs accounted 
for 88.7% (1,797/2,025) of all ESBLs identified from 26 medical centres across six Latin 
American countries (26). In this study, 61 of 148 isolates carried ESBL genes. CTX-M-
type ESBLs accounted for 91.8% (56/61) of all ESBLs, with blaCTX-M-15 being the most 
common, representing 45.9% (28/61) of the ESBLs identified. Consistent with other 
studies (27), we found that the blaCTX-M-15 gene co-occurred with two non-ESBL variants 
(blaTEM-1D and blaSHV-11) in the ARM02 genome, which is alarming. Using MOB-suite, 
we identified that blaTEM-1D, blaCTX-M-15, sul2, strA, and strB were located on contig 
NODE_4, which was predicted to be plasmid-derived. Additionally, an insertion sequence 
element, ISEc9, was found to be located adjacent to blaCTX-M-15, which may facilitate 
the horizontal transfer of this AMR gene. Previous studies have suggested that both 
ISEc9 and IncF plasmids play key roles in the global mobilization and dissemination of 
blaCTX-M-15 (28–30). Moreover, we identified two plasmid replicons, IncN and IncFIB(K), in 
the ARM02 genome. IncN plasmids have been previously reported to contribute to the 
spread of AMR genes among Enterobacteriaceae bacteria (31). Furthermore, we detected 
the presence of an IS26 insertion in the ARM02 genome. Previous studies have shown 
that the presence of IS26 in the upstream noncoding regions of blaSHV-1, blaSHV-2a, and 
blaSHV-12 may promote the acquisition and evolution of an ESBL-positive phenotype (32, 
33).

ARM02 was found to harbor 12 virulence genes, including the common pilus fibrillin 
subunit-encoding gene yagZ/ecpA, as well as a complete yersiniabactin siderophore 
system (irp1, irp2, ybtAEPQSTUX, and fyuA). Iron is an essential nutrient needed for 
bacterial metabolic processes and is acquired via a siderophore-mediated system (34). 
Ybt is a phenolate siderophore that was first identified in Yersinia enterocolitica (35)
and has since been commonly found in Enterobacteriaceae bacteria (36, 37). Ybt is 
present in roughly a third of clinical K. pneumoniae isolates and is reported to have a 
significant association with strains isolated from severe infections such as liver abscesses 
(38, 39). A previous study using a signature-tagged mutagenesis screen identified that an 
insertional disruption in ybtQ resulted in an attenuated K. pneumoniae strain (40, 41). The 
deletion of YbtPQ in K. pneumoniae increases antimicrobial susceptibility. Conversely, the 
introduction of ICEKp or a plasmid encoding YbtPQ into E. coli decreases its susceptibility 
to a broad range of antimicrobials, suggesting that YbtPQ, located on the mobile genetic 
element ICEKp, may also facilitate antimicrobial efflux (42). Gu et al. (43) demonstrated 
that the convergence of virulence and AMR in K. pneumoniae isolates represents a 
significant threat to the treatment and management of K. pneumoniae infections, posing 
a substantial risk to human health due to their hypervirulence, multidrug resistance, 
and highly transmissible nature (43). Our study highlights the worrying co-existence of 
virulence and resistance genes in the Armenian K. pneumoniae ST37 isolate, emphasizing 
the importance of genomic surveillance in LMICs.

Phylogenetic analysis showed that ARM02 was most closely related to two USA 
isolates (SRR5283489 and SRR5973349), with the most recent divergence date of 2007 
(95% CI, 2,004 to 2,011), indicating that they shared a common ancestor. ARM02 
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exhibited the shortest SNP distance of 216 to the US strain SRR5973349 and carried 
the same virulence factors, indicating that they showed high similarity in the core 
genome. pMLST schemes allow us to differentiate between plasmids within incompati­
bility groups and to define epidemiological and evolutionary relatedness. The pMLST 
result showed that ARM02 carried a unique IncN plasmid, IncN[pMLST-6], which differs 
from the IncN plasmids found in other ST37 strains. Through assessing the accessory 
genes, we found that ARM02 possessed a unique accessory genome, although it was 
most similar to the US strain SRR5973349 (r = 0.61). Despite sharing a common ancestor 
with the US strains, ARM02 may have evolved and spread independently. Our analysis 
suggested that ARM02 could be a local strain, not directly transmitted from other 
countries.

Conclusions

The main limitation of this study is the small size of the characterized isolates. However, 
this study provides the first genomic characterization of K. pneumoniae ST37 in Armenia, 
revealing that the strain is resistant to multiple antibiotics and carries several resistance 
genes, such as blaCTX-M-15, blaTEM-1D, and blaSHV-11, which correlate strongly with its 
resistance phenotype. The study also identifies virulence-related genes, including a 
complete yersiniabactin siderophore system, which may contribute to the severity of 
infections. Phylogenetic analysis showed that ARM02 is closely related to strains from 
the United States; however, ARM02 possessed a unique accessory genome, suggesting 
potential independent evolution and spread in Armenia. This highlights the need for 
local surveillance and implementation of appropriate infection prevention and control 
meseaures. Although this study reports the genomic analysis of only a single isolate, it 
provides important insights into the ST37 in Armenia, confirming that larger genomic 
surveillance studies are needed to further understand its evolution and spread.

MATERIALS AND METHODS

Identification and antibiotic susceptibility testing

K. pneumoniae ST37 described in this study was among the eight K. pneumoniae isolates 
received from the Medical Microbiology laboratories of three hospitals in Armenia 
between January 2019 and August 2019 and reported previously (17, 18). All isolates 
were speciated as K. pneumoniae using a matrix-assisted laser desorption ionization-time 
of flight mass spectrometry as described previously (44) and tested for their susceptibil­
ity to eleven antibiotics commonly used in clinical settings in Armenia as described 
previously (17).

WGS and molecular analysis

Genomic DNA was extracted using the TIANamp Bacteria DNA Kit (Tiangen, China) 
according to the manufacturer’s instruction. The DNA that passed quality control was 
then subjected to library construction using the Nextera XT DNA Sample Preparation 
kits or TruSeq DNA HT Sample Prep Kit (Illumina, USA). Sequencing was performed on 
the Illumina HiSeq platform with 151 bp paired-end reads. Quality-control analyses were 
performed using FASTQC v0.11.9, and adapter sequences were removed using Trimmo­
matic v0.38 (45). Contig sequences were assembled using SPAdes (version 3.9.0) (46). 
The annotation was performed with Prokka v1.14.5 (47). Sequence types of K. pneu­
moniae isolates were determined by MLST v2.19.0 (https://github.com/tseemann/mlst) 
(48). Capsule serotype, O antigen, and AMR genes (> 90% identity and 90% cover­
age) were detected using Kleborate v0.3.0 (https://github.com/katholt/Kleborate) (49). 
The MOB-suite (https://github.com/phac-nml/mob-suite) was used to determine which 
antibiotic resistance genes are encoded on plasmids (50). Plasmid replicon types were 
identified using Abricate v1.0.1 (https://github.com/tseemann/abricate) through the 
PlasmidFinder database (51) with a minimum identity of 90% and minimum coverage 
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length of 60%. Plasmid typing was done in pMLST v1.4 (https://cge.food.dtu.dk/services/
pMLST/). Abricate v1.0.1 (https://github.com/tseemann/abricate) was used to predict 
virulence genes (> 90% identity and 90% coverage) profiling through the VFDB database 
(https://github.com/haruosuz/vfdb).

Core and accessory genome analysis

Previously reported K. pneumoniae ST37 genomes were downloaded from the Pathogen­
watch database (52) (https://pathogen.watch). All isolates were aligned to the reference 
genome (GenBank accession number: CP060049.1), and SNPs were identified using 
Snippy v.4.6.0 (https://github.com/tseemann/snippy). Gubbins v2.4.1 (53) was used to 
detect recombinant regions. We constructed a maximum likelihood core SNP phyloge­
netic tree using FastTree v2.1.11 (54), with 100 bootstraps and the GTR + GAMMA 
model. The trees were visualized and optimized via Evolview (55, 56). Hierarchically 
clustering of the sequence data to reveal nested population structure was applied using 
RhierBAPS (57). Pairwise SNP differences were assessed using the snp-dists tool (https://
github.com/tseemann/snp-dists). Average nucleotide identities were computed using 
the software Pyani v0.2.11 (https://github.com/widdowquinn/pyani) (58). The core and 
accessory genomes were calculated using the rapid standalone pangenomic pipeline 
Roary v3.13.0 (59) (https://sanger-pathogens.github.io/Roary).

Time-calibrated phylogenetic reconstruction

Bayesian time-scaled phylogenetic analysis was performed using Bayesian evolutionary 
analysis sampling trees (BEAST v2.6.3) (60). The best-fitting nucleotide substitution 
model was determined using jModelTest v2.1.10 (61). A Bayesian skyline coalescent 
model and “Relaxed Clock Log Normal” molecular clock were selected. GTR with gamma 
substitution model (GTR + Gamma) and a rapid bootstrap procedure (100 replicates) 
were employed. The Markov chain Monte Carlo (MCMC) chain was run for 10 mil­
lion generations and sampled every 1,000th generation. The convergence of MCMC 
analyses was diagnosed in the Tracer v1.7.2. MCC tree was generated using TreeAnno­
tator (https://beast.community/treeannotator) and visualized by FigTree v1.4.4 (http://
tree.bio.ed.ac.uk/software/figtree/).
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