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ABSTRACT We report for the first time whole-genome sequencing of four multidrug-
resistant sequence type (ST) 307 Klebsiella pneumoniae recovered from patients in two 
hospitals in Armenia. Comparative genomic analysis revealed that the isolates were 
closely related, with a maximum of 39 single nucleotide polymorphism (SNP) differ
ences in the core genome. All Armenian isolates carried the integrative and conjuga
tive element ICEKp4, which bears the yersiniabactin locus, and shared a common 
evolutionary origin, diverging around 2005 (95% CI: 1999 to 2011). Antibiotic suscept
ibility testing showed resistance to several antibiotics, including ampicillin, amoxicillin-
clavulanic acid, cefepime, ceftazidime, norfloxacin, levofloxacin, and chloramphenicol. 
Specifically, isolates designated as ARM03 and ARM06 were resistant to piperacillin-tazo
bactam, ARM04 and ARM05 had intermediate resistance to both piperacillin-tazobactam 
and imipenem, and ARM03 showed intermediate resistance to amikacin. We further 
identified antimicrobial resistance (AMR) genes in four Armenian isolates, including 
blaOXA-1, blaTEM-1D, blaSHV-28, dfrA14, tet(A), sul2, qnrB1, aac(6´)-Ib-cr, strA, strB and the 
extended-spectrum β-lactamase gene blaCTX-M-15. Additionally, ARM03 and ARM06 also 
obtained dfrA5, sul1, sul3, cmlA1, mphA, aph3-Ia and the unique colistin resistance gene 
mcr-8.1, which was absent in all other publicly available ST307 isolates. These two 
isolates also acquired aerobactin siderophore-encoding gene clusters (iucABCD-iutA) and 
the hypermucoidy locus rmpADC (ARM06 had rmpA fragment). ARM04 and ARM05, as 
well as ARM03 and ARM06, had nearly identical AMR and virulence genes, along with 
similar plasmid replicon profiles, respectively. Our findings suggest that a transmission 
event occurred between the two hospitals in Armenia, likely facilitated by patients or 
community members, during which K. pneumoniae ST307 isolates acquired plasmids 
carrying AMR and virulence genes.

IMPORTANCE Multidrug-resistant (MDR) Klebsiella pneumoniae sequence type (ST) 307 
has emerged as a high-risk clone associated with hospital- and community-acquired 
infections, posing a major threat to global public health. We report in-depth comparative 
genomics analyses of K. pneumoniae ST307 isolates recovered from patients in Armenia. 
The unique colistin resistance gene mcr-8.1 identified in ARM03 and ARM06 was absent 
in all other ST307 isolates obtained from the publicly available data sets. ARM03 and 
ARM06 also acquired aerobactin siderophore-encoding gene clusters (iucABCD-iutA) 
and the hypermucoidy locus rmpADC (ARM06 possessed incomplete rmpA fragment). 
Our findings suggest that a transmission event has occurred between two hospitals 
in Armenia either through patients or community members. In addition, the Armenian 
isolates obtained plasmids carrying virulence and AMR genes during the transmission 
event. Our study emphasises the importance of genomic surveillance of this emerging 
MDR-hypervirulent pathogen to provide early interventions.
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T he Klebsiella pneumoniae sequence type (ST) 307 was first recorded in the Nether
lands in 2008 (Kp MLST database) (1). Since then, K. pneumoniae ST307 has been 

isolated from various sources, including humans (2, 3), pets (4, 5), wild animals (6), 
and the environment (7). This sequence type is increasingly recognized as a significant 
high-risk clone worldwide, with notable outbreaks reported in Europe and the USA (8, 
9). Known for its extensive drug resistance, K. pneumoniae ST307 also exhibits enhanced 
virulence factors such as hypermucoviscosity and enhanced iron acquisition, contribu
ting to its persistence and spread in healthcare settings (8). Besides sharing a feature 
of multidrug resistance, most ST307 isolates exhibited the same K and O loci (KL102 
and O2v2) (8) and had a high prevalence of blaCTX-M genes, with blaCTX-M-15 being 
the most common extended-spectrum β-lactamase (ESBL)-encoding gene (10). A recent 
global study found that the blaCTX-M-15 was detected in 93.7% (89/95) of K. pneumoniae 
ST307 genomes analyzed (1). ST307 is particularly concerning due to its association with 
severe infections and its high resistance to multiple antibiotics, which significantly limits 
treatment options. It frequently causes bloodstream infections, pneumonia, urinary tract 
infections, and other serious healthcare-associated infections (11–13). The increased 
virulence and resistance of ST307 necessitate enhanced surveillance and stringent 
infection control practices to manage its spread and impact on public health.

Mobile genetic elements (MGEs) play important roles in the acquisition and 
dissemination of antimicrobial resistance (AMR) genes and virulence determinants (14). 
The MGEs include insertion sequences, transposons, integrons, plasmids, integrative and 
conjugative elements, prophages, and genomic islands (15). Through horizontal gene 
transfer, MGEs substantially facilitate the formation of multidrug-resistant (MDR) isolates 
and the spread of AMR genes and virulence determinants among different bacteria, 
resulting in genomic diversification (16, 17). The integrative and conjugative element 
ICEKp, located on the accessory genome (18), is the most common virulence-associated 
mobile genetic element in K. pneumoniae and can mobilize the spread of yersiniabactin 
(ybt) locus (19). Comparative analysis of 2,498 K. pneumoniae genomes showed that 
the ybt locus was detected in 40% of K. pneumoniae genomes and was further grou
ped into 17 distinct ybt phylogenetic lineages, each associated with 1 of 14 different 
ICEKp structural variants (ICEKp1–ICEKp14) (20). MDR K. pneumoniae and hypervirulent K. 
pneumoniae (hvKP) are generally associated with two distinct subsets of clonal lineages 
(21). Some typical virulence determinants (e.g., rmpA, iuc, and iro) were widely used 
for the identification of hvKP from classical K. pneumoniae (22, 23). MDR-hypervirulent 
K. pneumoniae are simultaneously hypervirulent and resistant to multiple antibiotics. 
This was commonly considered as the result of classical MDR K. pneumoniae lineages 
acquiring virulence determinants, hvKP acquiring MDR phenotypes, or K. pneumoniae 
acquiring plasmids containing both AMR genes and hypervirulence determinants (24). 
The prevalence of MDR-hypervirulent K. pneumoniae has increased over the past decade 
(25, 26). Recent reports include five cases of fatal outcomes for hospital patients due 
to infections caused by carbapenem-resistant hvKP isolates (27); an outbreak of ST11 
carbapenem-resistant MDR hvKP isolates in a Chinese hospital also resulted in fatalities 
(28). More recently, six colistin-resistant MDR K. pneumoniae isolates (belonging to 
ST11, ST5253, and ST86) harboring hypervirulent biomarker genes (peg344, iroB, iucA, 
rmpA, and rmpA2) have been identified (29). The rise in severe infections and the 
increasing limitations of effective treatments make MDR-hypervirulent K. pneumoniae 
a true superbug that poses a serious threat to public health (30). Armenia is a low-and 
middle-income country where genomic surveillance of Gram-negative bacteria is scarce. 
To the best of our knowledge, this is the first report of whole-genome sequencing and 
analysis of K. pneumoniae ST307 recovered from patients in Armenia. Here, we report 
in-depth comparative genomic analyses of K. pneumoniae ST307 isolates, which provide 
important insights into the genetic variation and evolution of K. pneumoniae ST307 
circulating in clinical settings in Armenia. Our findings inform the need for interventions 
for better diagnostic and infection prevention and control capacity to reduce the spread 
of this hypervirulent clone and inform effective treatment strategies.
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RESULTS

Isolates and antibiotic susceptibility testing

Four out of the eight K. pneumoniae previously reported isolates (31) included in this 
study belonged to ST307. ARM03, ARM05, and ARM06 were recovered from different 
patients (throat and urine samples) in the same hospital (H2), whereas ARM04 was 
recovered from a sputum sample in hospital H1 (Table S1). All isolates were resistant 
to 8 (n = 1) and 9 (n = 3) of the 11 antibiotics tested. All four isolates were resistant 
to the aminopenicillin antibiotic ampicillin, β-lactam antibiotic amoxicillin-clavulanic 
acid, cephalosporin antibiotics cefepime and ceftazidime, fluoroquinolone antibiotics 
norfloxacin and levofloxacin, as well as chloramphenicol, but were sensitive to carba
penem antibiotic meropenem (Table S1). In addition, ARM03 and ARM06 were resist
ant to the β-lactam antibiotic piperacillin-tazobactam, whereas ARM04 and ARM05 
had intermediate resistance to piperacillin-tazobactam and carbapenem antibiotic 
imipenem. Furthermore, ARM03 was found to have an intermediate resistance to the 
aminoglycoside antibiotic amikacin. Although ARM04 and ARM05 were recovered from 
two different patients in two different hospitals (H1 and H2), they exhibited similar 
antibiotic resistance profiles to all tested antibiotics. In addition, ARM03 and ARM06 
recovered from two different patients in the same hospital (H2) had nearly identical 
resistance profiles, with the only difference being that ARM03 showed intermediate 
resistant to amikacin (Table S1).

Phylogenetic analysis of global K. pneumoniae ST307 population

To investigate the genetic relatedness and differences of the Armenian isolates with 
those ST307 isolates already deposited in public data sets, we downloaded 745 
K. pneumoniae ST307 genomes from the Pathogenwatch database (Table S2) and 
conducted a core single nucleotide polymorphism (SNP) phylogenetic analysis. All 
genomes were previously recovered from 34 countries and four different animal sources, 
most of which (684/749) belonged to capsule type K102 and O antigen type O2 (the 
remaining were unknown) (Table S2). To infer the genetic structure based on shared 
patterns of sequence variation, the evolutionary tree of the K. pneumoniae ST307 was 
partitioned into five phylogenetic groups (PGs) using FastBaps v.1.0.4, which was based 
on the hierarchical Bayesian clustering algorithm (Fig. 1). PG1 included two isolates 
recovered from Vietnam in 2015 and 2016, respectively. PG2, PG3, and PG4 contained 
95, 126, and 274 isolates recovered from human sources in America, respectively. PG5 
included a total of 252 isolates, including our isolates recovered from Armenia (Table S3).

PG5 contained isolates recovered from 34 countries and four different sources 
(human, dog, cat, and horse). Based on their phylogenetic relationship, K. pneumoniae 
ST307 PG5 isolates were divided into three main clades (Fig. 2). However, the clade 
division does not appear to be related to a particular country or source. The K. pneu
moniae ST307 isolates recovered in our study clustered together in clade A and were 
phylogenetically closely related to each other, with a maximum SNP distance of 39. There 
was no SNP difference between ARM03 and ARM06, while there were only three SNP 
differences between ARM04 and ARM05 (Table S4). The Armenian isolates were found 
to be closely related to a phylogenetic clade which consists of four isolates including 
one recovered from a human in Italy (SRR9854284, 2019), one from a human in Germany 
(SRR10615702, 2019), and two from Switzerland, one from a dog (SRR11460696, 2020) 
and one from a cat (SRR11460688, 2020).

Origins of K. pneumoniae ST307 PG5

We further conducted an in-depth analysis of isolates in PG5, including those recovered 
from Armenia (included in this study). Repetitive sequences from the same host species, 
country, and collection date were clustered at 99% identity using CD-HIT to remove 
redundancy. A total of 84 non-redundant strains were used to reconstruct the maxi
mum clade credibility (MCC) phylogenetic tree to infer the evolutionary origins of the 
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Armenian isolates with those phylogenetically closely related ST307 isolates belonging 
to PG5 (Fig. 3). The ST307 PG5 MCC tree had an estimate substitution rate of 8.414 
× 10−4 substitutions per site per year (95% CI: 6.104 × 10−4 to 1.0779 × 10−3) and an 
inferred tree root date of 1934 (95% CI: 1855 to 1990). The most recent inferred date 
of divergence of the Armenian isolates to their closest phylogenetically related isolates 
(SRR9854284, SRR10615702, SRR11460696, and SRR11460688) was 2005 (95% CI: 1999 
to 2011), indicating that they shared and had descended from a common ancestor. The 
most recent divergence date that was shared by both the ARM04 and ARM05 was 2016 
(95% CI: 2014 to 2018), while the most recent divergence date between ARM03 and 
ARM06 was 2018 (95% CI: 2017 to 2019). This indicates a closer phylogenetic relatedness 
between the isolates of ARM03 and ARM06, as well as between ARM04 and ARM05.

Genotypic characterization of antibiotic resistance

The AMR gene profiles of the Armenian K. pneumoniae ST307 were compared to the 
remaining 248 K. pneumoniae ST307 isolates belonging to PG5. We identified a total 
of 81 different AMR genes within the resistome of the PG5 isolates, with the average 
number of AMR genes per isolate being 12 (ranging between 2 and 21). (Fig. 2; Table 
S5). A number of AMR genes, including β-lactam resistance genes blaOXA-1 (207/252) and 
blaTEM-1D (184/252), aminoglycoside resistance genes aac(3)-IIa (185/252), aac(6´)-Ib-cr 
(205/252), strA (201/252), and strB (202/252), fluoroquinolone resistance gene qnrB1 
(197/252), phenicol resistance gene CatB4 (198/252), sulfonamide resistance gene sul2 
(223/252), tetracycline resistance gene tet(A) (179/252), trimethoprim resistance gene 
dfrA14 (234/252), ESBL-encoding gene blaCTX-M-15 (232/252), and ampicillin resistance 
gene blaSHV-28 (241/252), were detected in the majority of the PG5 isolates, suggest
ing that multidrug resistance was preserved in K. pneumoniae ST307 isolates belong
ing to PG5 (Fig. S1; Table S5). In addition, two CTX-M-type ESBL genes (blaCTX-M-15 
and blaCTX-M-63) were identified in PG5 isolates, with blaCTX-M-15 (232/252) being the 
most common ESBL-encoding gene, also found in all Armenian isolates. Moreover, the 

FIG 1 Core SNP phylogenetic analysis of global K. pneumoniae ST307 isolates. The evolutionary tree is 

divided into five phylogenetic groups according to the FastBaps software and is labeled with different 

colors. The color of the circle at the end of each branch represents the country where the strain was 

collected. The Armenian isolates are marked with red stars.
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ESBL-encoding gene blaCTX-M-63 was only detected in SRR5660179 recovered from a 
patient in Thailand in 2016.

The genomic characterization of the Armenian isolates revealed that all four isolates 
carried multiple genes conferring resistance to a number of antibiotics (Table 1). 
Interestingly, ARM04 and ARM05 had identical AMR gene profiles (11 genes), including 
β-lactam resistance genes blaOXA-1 and blaTEM-1D, ESBL-encoding gene blaCTX-M-15, 
ampicillin resistance gene blaSHV-28, trimethoprim resistance gene dfrA14, tetracycline 
resistance gene tet(A), sulfonamide resistance gene sul2, fluoroquinolone resistance gene 
qnrB1, and aminoglycoside resistance genes aac(6´)-Ibcr, strA, and strB. In addition to 
the above 11 AMR genes, ARM03 and ARM06 possessed the trimethoprim resistance 
gene dfrA5, sulfonamide resistance genes sul1 and sul3, chloramphenicol resistance gene 
cmlA1, macrolide resistance gene mphA, aminoglycoside resistance gene aph3-Ia, and 
colistin resistance gene mcr-8.1. Eighteen AMR genes were simultaneously detected 
both in ARM03 and ARM06, which was greater than the average number of antibiotic 
resistance genes (n = 12), compared to the K. pneumoniae ST307 isolates in PG5. The 
colistin resistance gene mcr-8.1 was unique to ARM03 and ARM06 isolates and was 
absent in all other ST307 isolates obtained from the Pathogenwatch database.

Accessory genome and unique genes

To further investigate the unique genomic characteristics of the Armenian isolates, we 
performed pangenome analysis of all ST307 isolates found in PG5. The pangenome 
comprised a total of 14,612 genes, including 4,318 core genes and 10,294 accessory 
genes. The Pearson correlation heatmap showed that four Armenian isolates shared 

FIG 2 K. pneumoniae ST307 PG5 core maximum likelihood phylogenetic tree, along with a heatmap of virulence and AMR genes. The phylogenetic tree 

has three distinct clades, indicated by color. Line color represents host species. The heatmap columns are as follows: (i) country; (ii) capsule (K) serotype; (iii) 

lipopolysaccharide (LPS) O-antigen serotype; (iv) virulence determinants (dark green: present, gray: absent), and (v) AMR genes (orange: present, gray: absent).
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many accessory genes, with Pearson correlation coefficient range of 0.7052–0.9893, 
while the mean Pearson correlation coefficient was 0.641 (SD = 0.1299, range: 0.2455 
to 1) for all isolates in PG5 (Fig. S2). ARM03 had a significantly high correlation in its 
accessory genome with ARM06 (r = 0.9893, Z score = 6.57, P < 2.2 × 10−16), whereas 
ARM04 represented a strong correlation with ARM05 (r = 0.9885, Z score = 4.54, P < 2.2 × 
10−16).

Using Scoary, which calculates the associations between all genes in the acces
sory genome and specific traits (32), we identified two genes, oadB and yeeO, 
that were exclusively present in all four Armenian ST307 isolates (Table S6). As 
an extremely hydrophobic integral membrane protein, oadB catalyzes the decarbox
ylation of oxaloacetate coupled to Na+ translocation (33, 34). yeeO is a multidrug 
efflux transporter of flavin adenine dinucleotide (FAD) and flavine mononucleotide 
(FMN) (35). Moreover, 13 genes identified as unique to ARM03 and ARM06 had 
known functions, including modulating protein (ymoA), isonitrile hydratase (inhA), 
phosphoethanolamine lipid A transferase (mcr-8.1), transcriptional activator protein 
(copR), adaptive-response sensory-kinase (sasA), diacylglycerol kinase (dgkA), DNA gyrase 
inhibitor (sbmC), D-aminopeptidase (dap), cardiolipin synthase B (clsB), heme-binding 
protein A (hbpA), IS1182 family transposase ISCfr1, IS3 family transposase ISKpn11, and 
glucose 1-dehydrogenase (Table S6). We identified that 8 out of these 13 genes (ymoA, 
inhA, mcr-8.1, copR, sasA, dgkA, sbmC, and dap) were located within a 16,409 bp genomic 
fragment. Using BLAST search analysis, we found that this genomic fragment was part 
of the K. pneumoniae plasmid pKP57-mcr8 (NCBI accession number CP088130.1, aligned 
length: 16,409 bp, coordinates: 5,332 bp–21,740 bp) with 100% query coverage and 
100% similarity. Therefore, we can hypothesize that ARM03 and ARM06 may come to 
possess the colistin resistance gene mcr-8.1 through a plasmid carrying this gene.

FIG 3 Bayesian evolution analysis of K. pneumoniae ST307 PG5 isolates. The color of the circle at the end of each branch represents the country where the isolate 

was collected. Line color represents the host species.
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Comparative analysis of virulence genes

PG5 encompassed a total of 252 isolates, with no virulence genes detected in 207 of 
them. However, the remaining 45 PG5 isolates contained a total of 19 virulence genes 
(Fig. 2; Table S5). This includes EuSCAPE_RO055, isolated from a human in Romania 
in 2014, which harbored five aerobactin siderophore-encoding operons (iucABCD-iutA). 
Forty-one isolates, including ARM04 and ARM05, possessed 11 yersiniabactin genes 
(irp1, irp2, ybtAEPQSTUX, and fyuA). Furthermore, three isolates (ARM03, ARM06, and 
SRR10615702) were identified with 11 yersiniabactin genes, five aerobactin siderophore-
encoding operons, and three hypermucoidy locus rmpADC (ARM06 has rmpA frag
ment). Additionally, the virulence genes detected in ARM03, ARM06, and SRR10615702 
belonged to ybt locus sequence type 10 (ybt10), aerobactin lineage iuc1, and rmp 
sequence type 1 (rmp1), with ARM06 carrying an incomplete rmp1. Previous studies 
demonstrated that both the iuc1 and rmp1 were present in IncFIB(K) virulence plasmid 
(36, 37). We further conducted a BLAST search on the 18,078bp and 18,147bp genomic 
regions where five aerobactin siderophore-encoding operons were located in ARM03 
and ARM06, respectively. The result showed that they all showed 100% sequence 
coverage and 99.99% sequence identity with the plasmid pK2044 (NCBI accession 
number: AP006726.1) found in K. pneumoniae NTUH-K2044. Besides, rmpA was also 
found to present on the plasmid pK2044. Thus, we hypothesize that ARM03 and ARM06 
may have acquired a plasmid carrying the iuc and rmp.

Integrative and conjugative element ICEKp

The yersiniabactin gene cluster is often mobilized by the integrative and conjugative 
element ICEKp, which can be further divided into different structural variants according 
to ybt locus typing (20). A total of six ICEKp types (ICEKp2, ICEKp3, ICEKp4, ICEKp5, 
ICEKp11, and ICEKp12) were identified in all isolates belonging to PG5 (Fig. S3). ICEKp4 
was detected in all four Armenian isolates, as well as in their closest phylogenetically 
related clades (SRR9854284, SRR10615702, SRR11460696, and SRR11460688). The total 
length of this ICEKp4 sequence identified in all Armenian isolates was 58,199 bp, 
which had 100% query coverage and 99.97% similarity with the ICEKp4 sequence 
(NCBI accession number: KY454629.1, total length 58,199 bp) detected in K. pneumoniae 
16703568 (Fig. 4).

Plasmid typing

Overall, a total of 26 different plasmid replicons have been identified in isolates 
belonging to PG5, with 99.2% (248/252 strains) carrying at least one plasmid replicon 
(Fig. 5; Table S7). Among them, IncFIB(K) was the most common (n = 233) detected 
plasmid replicon, followed by IncN2 (n = 40) and IncFIB (pQil) (n = 37). The greatest 
number of plasmid replicons identified in one isolate was 5 (n = 1), followed by 4 (n = 
35), 3 (n = 39), 2 (n = 84), 1 (n = 89), and none (n = 4). On average, each isolate in PG5 
possessed two plasmid replicons. Only one plasmid replicon (IncFIB(K)) was detected in 
ARM04 and ARM05 (Table S7). In addition to IncFIB(K), ARM03 and ARM06 also harbored 
IncFIB(Mar) (found in 10.31% of all PG5 strains), IncFII(K) (found in 3.17% of all PG5 

FIG 4 Comparison of the structures of the integrative and conjugative element ICEKp4. The sequence of the 58,199 bp ICEKp4 region from all four Armenian 

isolates was aligned against the ICEKp4 sequence from K. pneumoniae strain 16703568 (GenBank accession number: KY454629.1, coordinates: 1–58,199 bp). 

Arrows represent open reading frames.
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isolates), and IncHI1B (found in 8.33% of all PG5 isolates), further indicating that ARM03 
and ARM06 may have acquired additional plasmids.

DISCUSSION

Genomic surveillance studies of K. pneumoniae are scarce in Armenia. Recently, we 
reported the whole-genome sequencing and analysis of a newly emerged K. pneumo
niae ST967 recovered from a patient in Armenia (31). Such limited data available for K. 
pneumoniae surveillance, including for ST307, prevent a complete mapping of the global 
population structure and origins of K. pneumoniae emerging in different regions of the 
world, thereby hindering the design of appropriate interventions.

In this study, we report for the first time the whole-genome sequencing and 
comparative genomic analysis of MDR K. pneumoniae ST307 isolates collected from 
patients in two different hospitals in Armenia. The phylogenetic comparison showed 
that the Armenian isolates were closely related to each other, with the maximum SNP 
distance being 39, indicating clonal relatedness. Time-calibrated phylogenetic analysis 
estimated that the date of the most recent common ancestor of the Armenian isolates 
was 2005 (95% CI: 1999–2011). Moreover, a phylogenetic clade consisting of four isolates 
(SRR9854284, SRR10615702, SRR11460696, and SRR11460688) was found to have a close 
evolutionary relatedness with Armenian isolates and all carried the integrative and 
conjugative element ICEKp4. The inferred most recent divergence date between these 
isolates and the Armenian isolates was 2005 (95% CI: 1999–2011).

Although ARM04 and ARM05 were collected from two different hospitals in 2019, 
they were closely related, exhibiting identical AMR and virulence genes, as well as 

FIG 5 The plasmid replicon profiles of K. pneumoniae ST307 PG5 isolates (red: present, gray: absent). The 

side dendrogram indicates the hierarchical clustering by plasmid replicons. The color of the annotation 

bar represents the country where the isolate was collected.
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plasmid replicon profiles (Table 1). There were only three SNP differences in the core 
genomes between ARM04 and ARM05, with an accessory genome similarity of 98.85%, 
which together indicate a high genetic similarity. Our findings suggested that there may 
have been a cross hospital or community transmission of these K. pneumoniae ST307 
isolates in Armenia. ARM03, ARM06, and ARM05 were collected from different patients 
in the same hospital in 2019. Among them, ARM03 and ARM06 showed closer phyloge
netic relatedness and had similar AMR and virulence genes, as well as plasmid replicon 
profiles (Table 1). There was no SNP difference in the core genomes between ARM03 
and ARM06, with the accessory genome similarity of 98.93%, indicating clonal and direct 
patient-to-patient transmission. Moreover, we found that ARM03 and ARM06 acquired 
additional AMR genes (dfrA5, sul1, sul3, cmlA1, mphA, mcr-8.1, and aph3-Ia), virulence 
factors (iucABCD-iutA and rmpADC), and plasmid replicons (IncFIB(Mar), IncFII(K), and 
IncHI1B) based on the genome of ARM05. Through BLAST analysis of these gene regions, 
we found that some additional acquired AMR genes (e.g., mcr-8.1) and virulence factors 
(e.g., rmp and iuc) in ARM03 and ARM06 may be located on plasmids. Therefore, we 
hypothesize that the ST307 isolates circulating in different hospitals in Armenia may 
have acquired plasmids carrying AMR and virulence genes during their transmission and 
formed a stable transmission network.

As an emerging clone, blaCTX-M-15-associated MDR K. pneumoniae ST307 has spread 
widely worldwide (1). Consistent with previously published studies (1), we also detec
ted the ESBL gene blaCTX-M-15 in all four Armenian strains. Antibiotic susceptibility 
testing revealed that the Armenian isolates were resistant to 8 (n = 1) and 9 (n = 
3) of the antibiotics tested. Our findings indicate that the ampicillin resistance phe
notype in the Armenian isolates can be attributed to blaSHV-28, the cephalosporin 
antibiotics (ceftazidime, cefepime) resistance phenotypes can be attributed to the 
ESBL gene blaCTX-M-15, the fluoroquinolone antibiotics (norfloxacin and levofloxacin) 
resistance phenotypes can be attributed to qnrB1, the chloramphenicol resistance 
phenotype can be attributed to cmlA1, and the β-lactam antibiotics (piperacillin-tazo
bactam and amoxicillin-clavulanic acid) resistance phenotypes can be attributed to 
blaOXA-1 and blaTEM-1D. However, we were unable to determine the antibiotic resist
ance genotype that confer phenotypic resistance to chloramphenicol in ARM04 and 
ARM05, or intermediate resistance to the aminoglycoside antibiotic amikacin in ARM03, 
as well as intermediate resistance to imipenem in ARM04 and ARM05. Overall, our 
findings revealed that there was a certain correlation between the presence of a specific 
antibiotic resistance gene and its resistance phenotype.

Through Scoary analysis, we identified 13 genes unique to the ARM03 and ARM06 
isolates. Among them, eight genes (YmoA, inhA, mcr-8.1, CopR, SasA, dgkA, sbmC, and 
dap) were located within the same gene region (16,409 bp in length), which we 
hypothesize is part of the pKP57-mcr8 plasmid (NCBI accession number: CP088130.1).The 
gene mcr-8.1 is associated with colistin resistance, a last-resort drug for combat 
infections caused by MDR Gram-negative bacteria (38). The first IncFII-type plasmid-
mediated colistin resistance gene mcr-8 in K. pneumoniae was identified in isolates 
recovered from chickens and pigs in China (39). Since then, mcr-8.1 has been widely 
reported among K. pneumoniae isolates from animals and humans around the world, 
including China (40, 41), Laos (42), and Bangladesh (43), but none from Armenia. 
Plasmids are thought to play important roles in the dissemination of mcr-type gene. 
mcr-8.1 has been found on various incompatibility (Inc) plasmid replicon types, such as 
IncFII, IncFIA, IncFIB, IncQ, IncR, and IncA/C replicons (40, 41). To our knowledge, this is 
the first detection of the colistin-resistant gene mcr-8.1 in K. pneumoniae ST307 isolates, 
and it is also the first report of K. pneumoniae isolates carrying mcr-8.1 in Armenia.

The integrative and conjugative element ICEKp is the most common virulence-asso
ciated mobile genetic element in K. pneumoniae (14). ICEKp has at least 14 structural 
variants, all of which carry the ybt locus (20). ybt is one of the siderophores that 
mediate iron acquisition, an essential element for bacterial metabolic processes (44). 
Some studies have reported that ybt is associated with invasive infections and ICEKp 
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can strongly influence the pathogenicity of K. pneumoniae strains (20). Deletion of ICEKp 
increased the susceptibility of K. pneumoniae to antimicrobials, while the introduction of 
ICEKp or a plasmid-encoding ybtPQ into Escherichia coli decreased the susceptibility to a 
broad range of antimicrobials (18). In this study, we found that all four Armenian isolates 
carried ICEKp4. BLAST analysis revealed that the ICEKp4 sequence was also present in 
several E. coli strains (e.g., E. coli LR890603.1 with similarity: 99%, coverage: 99%). Previous 
reports have also detected ICEKp4 in K. pneumoniae of various sequence subtypes, such 
as ST15 (45), ST147, and ST11 (46), as well as Klebsiella aerogenes (47). Our findings, along 
with existing literature, suggest that ICEKp4 may be a result of cross-species transmission 
and that those isolates carrying ICEKp4 may well have increased pathogenicity.

In addition to ybt, we detected aerobactin siderophore-encoding gene clusters 
(iucABCD-iutA) and the hypermucoidy locus rmpADC in ARM03 and ARM06, with ARM06 
showing an incomplete rmpA, possibly related to the de novo assembly of short reads. 
The iucABCD operon and its cognate ferrisiderophore receptor gene iutA encode proteins 
necessary for aerobactin siderophore biosynthesis and transport (48, 49). Previous 
studies showed that mutant iutA (aerobactin deficient) significantly reduced the survival 
and growth of K. pneumoniae (50). The rmpA is associated with the hypermucoidy 
phenotype, a critical virulence factor in hypervirulent K. pneumoniae strains. In addition, 
rmpA also serves as a transcriptional regulator for rmpD and rmpC, and together, these 
genes form a single operon (51). The rmpC is involved in the upregulation of capsule 
expression (52), whereas rmpD drives hypermucoviscosity independently of capsule 
biosynthesis (53). Ye et al. found that isolates recovered from 40 patients with liver 
abscesses carried iuc, iro, rmpA, and rmpA2, with 35 isolates harboring at least one 
virulence plasmid (54). We then conducted a BLAST analysis of the regions containing 
iuc and rmpA in ARM03 and ARM06. The results showed that these regions belonged 
to plasmid pK2044 (NCBI accession number: AP006726.1). Classical hvKP isolates are 
usually susceptible to antibiotics (55). Previous comparative studies suggested that MDR 
K. pneumoniae clones might bring a greater threat to the convergence of hyperviru
lence and multidrug resistance, since they are more likely to acquire virulence genes 
than hypervirulent clones are to acquire AMR genes (21, 56, 57). Therefore, we hypothe
size that ARM03 and ARM06 may have obtained plasmids carrying iuc and rmp. The 
acquisition of virulence plasmids could escalate the burden of emerging pathogens for 
public health services in Armenia and globally due to potential transmission risk.

The main limitation of this study is that the sample size was too small; however, 
this is the first whole-genome sequencing analysis of K. pneumoniae ST307 recovered 
from patients in Armenia, and most importantly, it is also the first report of colistin 
resistance gene mcr-8.1 identified in K. pneumoniae ST307 isolates. Our analysis showed 
that they belonged to the same genetic lineage and had a common ancestor despite 
being recovered from patients in two different hospitals. All four isolates were resistant 
to a wide range of antibiotics and carried the integrative and conjugative element 
ICEKp4 which possessed ybt locus. In addition, ARM03 and ARM06 acquired aerobactin 
siderophore-encoding gene clusters (iucABCD-iutA) and the hypermucoidy locus rmpADC 
(ARM06 had incomplete rmpA) which all may be located on a mobilizable plasmid. It 
was evident that there had been a transmission event, which occurred between the 
two hospitals either through patients or community members. In addition, during such 
transmission events, the Armenian K. pneumoniae ST307 isolates obtained plasmids 
carrying virulence and AMR genes and formed a stable transmission within the hospital. 
Our study highlights the importance of genomic surveillance that would contribute to 
the global efforts to design interventions for limiting the spread of MDR-hypervirulent K. 
pneumoniae.
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MATERIALS AND METHODS

Identification, antibiotic susceptibility testing, and whole-genome sequenc
ing

Isolate identification, antibiotic susceptibility testing, and whole-genome sequencing of 
four K. pneumoniae isolates included in this study were performed as described in our 
previous study (31).

Phylogenetic relationship construction and accessory genome analysis

Previously reported K. pneumoniae ST307 genomes were downloaded from the 
Pathogenwatch database (58) (https://pathogen.watch). All isolates were aligned to the 
reference genome (GenBank accession number: CP025143.1) and SNPs were identified 
using Snippy v.4.6.0 (https://github.com/tseemann/snippy). Gubbins v.2.4.1 (59) was 
performed to remove the recombination fragments. A maximum likelihood phyloge
netic tree was reconstructed using FastTree v.2.1.11 (60), under the GTR + GAMMA 
model with 100 bootstraps replications and visualized using Evolview (61, 62). The 
phylogeny was partitioned into robust PGs defined through hierarchical Bayesian 
clustering using FastBaps v.1.0.6 (63). SNP distance between isolates was calculated 
by snp-dists (https://github.com/tseemann/snp-dists). Roary v.3.13.0 (64) was used to 
identify core and accessory genes. According to the presence/absence of all accessory 
genes, Pearson correlation heatmap was constructed in R v.3.6.2 (R Core Team, https://
www.R-project.org). Z-scored normalization was used to determine the significance 
between accessory gene correlation data.

Time-calibrated phylogenetics

BEAST v.2.6.3 was used to estimate the divergence time (65). CD-HIT was used to cluster 
and remove repetitive sequences (>99% identity) with the same host species, country, 
and collection date for the BEAST analysis (66, 67). The optimal nucleotide substitution 
model was determined using jModelTest v.2.1.10 (68). The GTR + Gamma substitution 
model, the relaxed clock log normal model, and the Bayesian skyline coalescent model 
were used. The Markov Chain Monte Carlo chain was run for 10 million generations, 
each of which was sampled every 1,000 iterations. Convergence and burn-in values were 
assessed using the Tracer v.1.7.2. The MCC tree was generated using TreeAnnotator and 
visualized by FigTree v.1.4.4 (https://github.com/rambaut/figtree).

Virulence factors, antimicrobial resistance genes, and unique genes

Kleborate v.0.3.0 (24) was used to identify K locus, O locus, AMR, virulence genes, and 
the integrative and conjugative element ICEKp for each isolate. Plasmid replicon types 
were assessed by searching the PlasmidFinder database with Staramr v.0.7.2 (https://
github.com/phac-nml/staramr). Scoary was utilized to identify unique genes in the 
Armenian isolates (32). Similarity searches of target sequences was performed using the 
BLAST service at NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The genomic comparison 
was visualized using Easyfig (69).
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