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Pangenome analysis of Tanzanian clinical Klebsiella pneumoniae 
reveals pandemic clones with high genome plasticity and 
versatile mobilome, virulome, and resistome profiles
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ABSTRACT Klebsiella pneumoniae is a rapidly evolving pathogen with a diverse 
pangenome whose mobilome and resistome remain elusive. Here, we aimed to delineate 
the pangenome of 198 isolates from Tanzanian regions. Raw Illumina reads retrieved 
from public repositories were assembled and analyzed using multilocus sequence 
typing, core-genome single nucleotide polymorphism (SNP)-based phylogeny, and 
capsular polysaccharide (K-locus) and lipopolysaccharide O-antigen (O-locus) typing. 
A total of 184 isolates were classified as Klebsiella pneumoniae sensu stricto, while 14 
belonged to other species within the Klebsiella pneumoniae complex. We identified 
90 sequence types (STs), including global high-risk ST45, ST39, ST336, ST14, ST1552, 
and ST17. KL24 and KL25 were the most common K-loci, while OL2α.1 and OL2α.2 
were dominant O-loci. Pangenome analysis revealed 30,992 gene families, distributed 
as persistent (13.6%), shell (11.2%), and cloud (75.2%) genes, suggesting an open 
pangenome structure. Core-genome SNP-based phylogeny confirmed clonal expansion 
and lineage clustering. Virulence profiling showed yersiniabactin in 44% of isolates. 
Most genomes carried key fimbrial and iron uptake genes. Resistome analysis revealed 
near-universal presence of bla_CTX-M-15, oqxA/B, fosA6, sul2, and marA. Plasmid typing 
identified IncF-type (76%) and Col-type (54%) plasmids, while over 120 mobile genetic 
elements were detected, whose frequencies were on a huge spectrum of insertion 
sequences (e.g., IS5075 and MITEYpe1) and transposons (e.g., Tn5403 and Tn6082). 
Conclusively, Tanzanian K. pneumoniae strains exhibit extensive genomic plasticity, 
high-risk lineages, and a versatile mobilome, calling for national genomic surveillance 
to inform intervention strategies.

IMPORTANCE The Klebsiella pneumoniae complex comprises a diverse group of bacterial 
pathogens adapted to thrive over a wide range of environments. Isolates from clinical 
and environmental samples are implicated in nosocomial infections and multidrug 
resistance, with similar genome structures and inherent genes. Our study presents 
the first pangenome report underlying genomic plasticity of K. pneumoniae isolates 
from Tanzanian clinical specimens, demonstrating versatile clones, mobilome, and 
resistome profiles. Combining these profiles with the versatility of K and O structures, 
our study emphasizes the need for comprehensive multidisciplinary surveillance studies 
to optimize therapeutic and vaccine development.

KEYWORDS Klebsiella pneumoniae, pangenome, resistome, mobilome, virulome, 
Tanzania

K lebsiella pneumoniae is a common gram-negative pathogen responsible for a wide 
range of clinical infections, including urinary tract infections, pneumonia, sepsis, 

and wound infections. It is particularly associated with hospital-acquired infections 
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in neonates and immunocompromised individuals. The clinical success of K. pneumo­
niae is largely driven by its genomic plasticity, which facilitates the acquisition and 
dissemination of antimicrobial resistance (AMR) determinants via plasmids and other 
mobile genetic elements (MGEs) (1). Of particular concern is the global emergence of 
extended-spectrum β-lactamase (ESBL)-producing K. pneumoniae, frequently associated 
with the blaCTX-M-15 gene, which confers resistance to third-generation cephalospor­
ins, complicating therapeutic options (2). In Tanzania, ESBL-producing K. pneumoniae 
has been increasingly reported across hospital and community settings, reflecting its 
widespread and poorly contained transmission (3–5). A genomic surveillance study in 
Dar es Salaam identified a conserved IncFIIK5/IncR plasmid carrying blaCTX-M-15 in over 
70% of isolates from pediatric patients, spanning genetically diverse lineages, suggesting 
horizontal dissemination (5). A study from a neonatal unit in Mwanza linked ESBL-pro­
ducing K. pneumoniae (predominantly ST45) to severe neonatal sepsis and high mortality 
(3). More recently, fecal carriage of ESBL-producing Enterobacterales, mainly Escherichia 
coli and K. pneumoniae, was reported in 70.9% of patients with urinary tract infections 
in rural Tanzania (4). Despite these findings, most studies have relied on phenotypic 
resistance testing or targeted polymerase chain reaction (6–8), providing a limited scope 
of the genomic context and its public health implications. Genomic frameworks are 
crucial for understanding the transmission dynamics, evolutionary pressures, and the 
dissemination of multidrug-resistant (MDR) lineages in low-income and middle-income 
countries (1).

In this study, we aimed to delineate the pangenome of the currently available data 
sets, to extrapolate our understanding of the genetic complexity of circulating strains in 
Tanzania. Information from this comprehensive analysis aids in uncovering the patterns 
and dynamics of transmission of virulence and antibiotic resistance in Tanzania.

Utilizing multilocus sequence typing (MLST), core-genome phylogeny, AMR and 
virulence gene profiling, capsule and O-antigen serotyping, and mobilome analyses, 
we report a complex open pangenome, a spectrum of MGEs and versatile plasmids, 
collectively accounting for untapped virulome and resistome profiles.

MATERIALS AND METHODS

Data collection and metadata curation

In this study, we analyzed a total of 198 Klebsiella pneumoniae whole-genome 
sequencing data sets obtained from the NCBI Sequence Read Archive under the 
following BioProject accession numbers: PRJEB65607, PRJNA951629, PRJEB20875, and 
PRJNA503964. These isolates were collected from diverse clinical and geographic 
settings across three regions of Tanzania, offering a broader perspective than any single 
study alone. Specifically, the data sets included stool samples from children with diarrhea 
collected in Dar es Salaam between August 2010 and July 2011 (5), stool samples 
from patients with urinary tract infections in 2021 (4), rectal swabs from orthopedic 
patients in Mwanza collected in 2020, and blood samples from neonatal sepsis cases in 
Mwanza collected in 2016 (3). Associated metadata, including sample year, geographic 
origin, clinical source, and disease condition, were systematically curated from BioSam­
ple records and the published literature to ensure completeness and accuracy. This 
comprehensive metadata curation allowed for a contextually informed comparative 
genomic analysis of K. pneumoniae across multiple Tanzanian healthcare and community 
settings.

Quality control and genome assembly

Raw Illumina reads were quality-checked using FastQC (v0.11.9). Adapter sequences and 
low-quality bases (Phred score <20) were trimmed using Trimmomatic (v0.39). High-
quality reads were assembled de novo using SPAdes (v3.15.4) with default parameters. 
Assembly quality was assessed using QUAST (v5.2.0); metrics including N50, genome 
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size, guanine-cytosine (GC) content, and total contig count were recorded. Assemblies 
with >500 contigs or <90% completeness were excluded from further analysis.

Species confirmation and typing

Species-level identification was performed using Kleborate (v2.3.0) (9). MLST was 
assigned using Kleborate’s inbuilt PubMLST scheme.

Genome annotation

Genome assemblies were annotated using Bakta (v1.7.0) (10), with species-specific 
settings for Klebsiella pneumoniae. Annotations included coding sequences, tRNAs, 
rRNAs, ncRNAs, and pseudogenes. Functional annotation was assigned using cura­
ted databases (UniRef90, Pfam, TIGRFAMs), enabling downstream integration of gene 
product names, COG categories, Gene Ontology terms, and EC numbers. The resulting 
GFF3 files were used for pangenome and comparative analyses.

Pangenome analysis

Pangenome profiling was performed using PPanGGOLiN (v1.2.74) (11). Annotated GFF3 
files from Bakta were input to cluster genes based on ≥80% amino acid identity. Gene 
families were partitioned into persistent (core), shell (accessory), and cloud (unique) 
components using a probabilistic graph model. A tile plot and a U-shaped frequency 
plot were used to visualize gene distribution and genome plasticity. Pie charts were 
generated to illustrate the composition of gene partitions and functional modules.

SNP calling and phylogenetic analysis

Core-genome single nucleotide polymorphisms (SNPs) were identified using Snippy 
(v4.6.0) with K. pneumoniae MGH 78578 (GCF_000016305.1) as reference. SNPs shared 
by ≥95% of isolates were retained using Snippy-core. A maximum-likelihood phyloge­
netic tree was inferred from the core SNP alignment using IQ-TREE (v2.2.0). The best-
fitting model was selected via ModelFinder using Bayesian Information Criterion, and 
ultrafast bootstrapping (1,000 replicates) assessed branch support.

Virulome and resistome analysis

Virulence gene detection and scoring were performed using Kleborate (v2.3.0), screening 
for loci such as yersiniabactin (ybt), aerobactin (iuc), salmochelin (iro), colibactin (clb), 
and rmpA/rmpA2. Additional virulence gene detection was performed using ABRicate 
(v1.0.1) with the VFDB database (≥90% identity, ≥80% coverage). AMR genes were 
identified using ABRicate with ResFinder and CARD databases under the same thresh­
olds. Resistance scores were computed following Kleborate scoring criteria. Serotyping of 
O-antigen and capsular (K) loci was conducted using Kaptive via Kleborate. To ascertain 
hypermucoviscosity-related hypervirulence, FASTA-format assembly contigs of unique 
isolates were confirmed by reanalysis using the K-PAM platform (12).

Plasmid replicon and mobile genetic element profiling

Plasmid replicons were identified using ABRicate with the PlasmidFinder database 
(https://github.com/genomicepidemiology/plasmidfinder), using thresholds of ≥90% 
identity and ≥80% coverage. MGEs, including insertion sequences (ISs), transposases, 
and integrative elements, were identified using MobileElementFinder (MEFinder v1.0.3). 
Presence/absence matrices were used to visualize the distribution of MGEs, plasmids, 
AMR genes, and virulence genes across the data set using heatmaps.
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RESULTS

Data set overview and genome quality metrics

A total of 198 Klebsiella isolates from diverse clinical studies conducted across three 
Tanzanian regions were retrieved and processed for comparative genomic analysis. Raw 
sequencing reads revealed high-quality data with a median read length of 151 bp and 
an average of 160.7 bp (range: 110–246 bp). The average GC content was 56.78% (range: 
51%–69%), and the mean sequence duplication level was 27.86% (range: 0.08–0.52). The 
average assembly length was 5.57 Mbp, with a mean N50 of 155.25 kbp and a maximum 
contig size of 400.42 kbp. Assemblies with >500 contigs or <90% completeness were 
excluded. After filtering, all 198 assemblies met quality thresholds and were included 
in downstream analyses. Full assembly statistics, quality control, and sample metadata 
details are available in the Supplementary Material.

Species confirmation and sequence type diversity

Genome-based species identification confirmed that 184 of the 198 isolates belonged 
to Klebsiella pneumoniae sensu stricto. The remaining 14 isolates were classified as other 
members of the K. pneumoniae species complex (KpSC), comprising 10 K. quasipneumo­
niae subsp. quasipneumoniae, 3 K. variicola subsp. variicola, and 1 K. quasivariicola. MLST 
analysis of 198 isolates revealed substantial genetic diversity, with a total of 90 distinct 
sequence types (STs) identified. The most prevalent ST was ST45 (n = 21), followed 
by ST39 and ST336 (n = 9 each), ST14 and ST348 (n = 6 each), and ST1552 and ST17 
(n = 5 each). Additional frequently detected STs included ST35, ST37, and ST391 (n = 
4 each), while ST15, ST405, ST111, ST48, ST30, ST323, ST13, ST661, ST307, and ST834 
were each identified in three isolates (n = 3 each). Seventeen STs occurred in two 
isolates each, including ST280, ST471, ST1726, ST788, ST268, ST25, ST394, ST76, ST101, 
ST367, ST367-2LV, ST3403, ST397, ST3405, ST29, ST3433, and ST540. Notably, 67 isolates 
represented unique STs (singletons). Details are provided in the Supplementary Material.

Pangenome architecture

Pangenome analysis of 198 Klebsiella pneumoniae genomes revealed a total of 1,045,769 
genes, grouped into 30,992 gene families. A total of 4,207 gene families (13.6%) were 
categorized as persistent, present in ≥85% of genomes. The shell genome comprised 
3,464 gene families (11.2%), subdivided into shell-S1 (n = 413), shell-S2 (n = 506), and 
shell-S3 (n = 2,545), while the cloud genome, representing rare genes found in <5% of 
genomes, accounted for 23,321 gene families (75.2%) (Fig. 1B). Gene frequencies ranged 
from 0.01 to 1.0, with standard deviations of 0.21 for shell genes and 0.01 for cloud 
genes.

The gene presence/absence matrix illustrated the variable distribution of gene 
partitions persistent, shell, and cloud across genomes (Fig. 1A). Additionally, 879 gene 
modules were identified, encompassing 4,646 gene families, of which 62.4% belonged to 
the cloud genome, 37.5% to the shell genome, and only 0.06% to the persistent genome 
(Fig. 1C). The gene frequency distribution exhibited a U-shaped curve, indicating a high 
proportion of genes present in either nearly all or very few genomes, characteristic of an 
open pangenome structure (Fig. 1D).

SNP-based phylogeny and genomic clustering

A total of 683,177 high-quality core-genome SNPs were identified among the 198 
genomes. The annotated tree in Fig. 2A represents multilocus STs, capsular loci (K-locus), 
O-antigen loci (O-locus), yersiniabactin sequence types (YbST), colibactin (CbST), 
aerobactin (AbST), salmochelin (KSmST), rmpA (RmST), geographical location, specimen 
type, and disease condition metadata. STs such as ST45, ST39, ST336, and ST14 were 
observed to cluster together. Similarly, isolates sharing the same K-locus and O-locus 
types were also grouped within the same clades. The distribution of isolates by country 
and sampling sites was presented as a geographic map (Fig. 2B).
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Virulence gene distribution

Virulence gene profiling using Kleborate identified ybtA and ybtP in 87 of 198 isolates 
(43.94%), while fyuA, irp2, ybtE, ybtQ, ybtS, ybtT, ybtU, and ybtX were each detected in 86 
isolates (43.43%). Notably, the operons clbABCDEFGILMNPQ (colibactin), iucABCD-iutA 
(aerobactin), and iroBCDN (salmochelin) were present in only one isolate (0.51%), 
specifically ERR11968338 (ST348). The regulators rmpA and rmpA2 were absent in all 
genomes analyzed. These findings are summarized in the virulence gene frequency (Fig. 
3).

Overall, the number of virulence genes per isolate ranged from 6 to 68 (Fig. 4E). The 
most prevalent virulence determinants included entB, fepC, and ompA, each found in 194 
isolates (97.98%), as well as yagV/ecpE, yagZ/ecpA, and ykgK/ecpR, each present in 196 
isolates (98.99%). yagY/ecpB was found in 195 isolates (98.48%). The isolate SRR24046082 
(ST307) showed the highest virulence score of 4, while ERR11968338 (ST348) scored 2 
despite harboring multiple virulence loci. Most isolates had a virulence score of 0 or 1 
(see Fig. 5B). Conversely, low-frequency genes such as afaA, afaB-I, afaC-I, afaD, afaE-I, 
draP, fimH, iucA, and espX5 were each detected in only one isolate (0.51%), while fimA 

FIG 1 Comparative pangenome composition. (A) Gene presence–absence matrix across all isolates, with hierarchical clustering highlighting distinct genomic 

profiles and patterns of accessory gene distribution. The matrix illustrates the total pangenome, partitioned into the core genome (persistent genes; orange), 

accessory genome (shell genes S1–S3; green), and strain-specific unique genes (cloud genes; blue). Gene copy number and gene family presence are indicated: 

red blocks represent multicopy genes, blue blocks indicate the presence of a gene family, and white blocks indicate gene family absence. (B) Pangenome 

composition illustrated as a pie chart, depicting the relative proportions of persistent (blue), shell (red), and cloud (green) gene categories across the data set. 

(C) Modular distribution of genes within the pangenome, with persistent genes shown in green, shell genes in black, and cloud genes in brown, highlights the 

genome’s structural dynamics. (D) The rarefaction curve demonstrates the openness of the genomes, as evidenced by the continual discovery of novel genes 

with the inclusion of additional genomes.
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was absent (Fig. 4C). The core occurrence and absence of these virulence genes across all 
Klebsiella isolates are depicted in Fig. 5B.

Resistome profile

A total of 6–68 AMR genes were detected per isolate (Fig. 4E). Frequently detected genes 
included CTX-M-15 (197/198, 99.49%), TEM-1 (174/198, 87.88%), FosA6 (160/198, 80.81%), 
sul2 (178/198, 89.9%), oqxA (192/198, 96.97%), and oqxB (194/198, 97.98%). Other highly 
prevalent genes were acrB (197/198, 99.49%), KpnF (198/198, 100%), marA (198/198, 
100%), and msbA (198/198, 100%). Among aminoglycoside-modifying enzymes, AAC(3)-
IId was detected in 108 isolates (54.55%), APH(3″)-Ib in 82 (41.41%), and APH(6)-Id in 97 
(48.99%). Fluoroquinolone resistance determinants such as AAC(6″)-Ib-cr were identified 
in 63/198 (31.82%). Plasmid-mediated quinolone resistance genes such as QnrS1 (27/198, 
13.64%), QnrB17 (25/198, 12.63%), and OXA-1 (49/198, 24.75%) were also observed. 
Several SHV variants were found, including SHV-187 (67/198, 33.84%), SHV-120 (23/198, 
11.62%), SHV-110 (15/198, 7.58%), and SHV-106 (14/198, 7.07%), while other β-lactamases 
such as OKP-B-17 (2/198, 1.01%) and ACT-6 (2/198, 1.01%) were rare. Very low-frequency 
genes (each detected in one isolate; 0.51%) included ErmB, SHV-1, OKP-B-5, FosB1, QepA2, 
LEN-26, and others (see Fig. 4A). Gene profiling revealed that core AMR gene presence 

FIG 2 Phylogenomic analysis and geographic distribution of Klebsiella clinical isolates from Tanzania. (A) Phylogenomic tree based on core-genome SNP 

alignments showing the population structure and genetic diversity of the isolates. Each leaf represents a single genome, color-coded by species: K. quasipneumo­

niae (yellow), K. pneumoniae (mint green), K. variicola (red), and K. quasivariicola (purple). Isolates are annotated with multilocus STs, capsular loci (K-locus), 

O-antigen loci (O-locus), and virulence-associated subtypes including yersiniabactin (YbST), colibactin (CbST), aerobactin (AbST), salmochelin (SmST), and rmpA 

(RmST). Metadata tracks show geographic origin, clinical condition, and specimen source (blood, rectal swab, or stool). (B) Map of Tanzania showing sampling 

locations (Dar es Salaam, Morogoro, and Mwanza). Markers indicate the number of isolates recovered at each site. A color-coded legend defines the categories 

for species, virulence factors, and metadata annotations.
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clustered together across isolates (see Fig. 5A). Among the 198 isolates, 196 exhibited a 
resistance score of 1, 1 isolate showed a score of 0, and 1 isolate, K. pneumoniae 
ST290-1LV SRR24046077 displayed a resistance score of 2 (see Fig. 5A).

Capsular (K) and O-antigen serotyping

The analysis of the O-antigen and K-capsule loci revealed a predominance of specific O-
locus and K-locus types among the 198 isolates. The most prevalent O-locus was OL2α.1, 
identified in 92 (46.5%) isolates, followed by OL2α.2 in 63 (31.8%) and OL3γ in 18 (9.1%). 
Other O-locus types, including OL3α/β (nine isolates), OL5 (13), OL4 (6), OL13 (5), and 
OL10, OL12, OL15, and OL2α.3 (each <2%), were less common. In terms of K-locus 
(capsular) types, KL24 was the most frequently observed, detected in 34 (17.2%) isolates, 
followed by KL25 in 20 (10.1%), KL102 in 9 (4.5%), and KL16, KL30, KL23, and KL149 each 
in 6–7 isolates (Fig. 2A).

Mobilome profile

Plasmid replicons and MGEs in the 198 Klebsiella isolates revealed extensive diversity and 
distribution. Across all isolates, a total of 24 distinct plasmid replicon types were 
identified. The number of plasmid replicons per isolate ranged from 1 to 10 (Fig. 4E). The 
most prevalent replicon types included IncFII_1_pKP91 in 150 isolates (75.76%), 
IncFIB(K)_1_Kpn3 in 143 (72.22%), IncR_1 in 136 (68.69%), and Col440I_1 in 107 (54.04%). 

FIG 3 Distribution of siderophore gene clusters among the isolates. The bar plot shows the proportion (%) and count of genes encoding siderophore gene 

clusters, including yersiniabactin, colibactin, aerobactin, salmochelin, and regulators of the mucoid phenotype. The data were generated using Kleborate, with 

blue bars representing the percentage of isolates carrying each gene cluster.
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Other frequently detected replicons included ColRNAI_1 (65 isolates, 32.83%), 
IncFIB(pKPHS1)_1 (34, 17.17%), IncFIB(Mar)_1_pNDM-Mar (35, 17.68%), and 
IncHI1B_1_pNDM-MAR (36, 18.18%) (see Fig. 4D).

MGE profiling detected over 120 different MGEs, including insertion sequences, 
transposases, and integrative elements. The number of MGEs per isolate ranged from 2 
to 28 (Fig. 4E). The most frequently observed elements included MITEYpe1 (194 isolates, 
97.98%), MITEEc1 (175, 88.38%), IS5075 (151, 76.26%), ISEc9 (140, 70.71%), ISSen9 (148, 
74.75%), and ISEcl10 (122, 61.62%). Additional common MGEs included ISKpn1 (108, 
54.55%), ISKpn24 (105, 53.03%), and Tn6196 (101, 51.01%), while several low-frequency 
MGEs, such as ICEKpnHS11286-1, ISPlge3, and ISCfr12, were also detected in <10% of 
isolates (see Fig. 4D). The complete distribution of plasmid replicons and MGEs across 
isolates is visualized with heatmaps (see Fig. 6A and B).

DISCUSSION

Klebsiella pneumoniae is rapidly evolving, with yet elusive virulome and resistome, posing 
a global threat to public health. Here, from comprehensive pangenome analyses, we 
report a multitude of STs with versatile virulome, resistome, and mobilome profiles 
reflecting a complex of pathogens with an open pangenome. Overall, the average 
assembly of 5.57 Mbp, GC content, and other genomic features indicate that most 
sequenced Tanzanian isolates have the average genome size of K. pneumoniae described 
from standard studies (2, 13, 14), and thus our downstream analyses and results suffice 
for genomic interpretation and inference.

FIG 4 Summary of virulence genes, MGEs, plasmid replicons, and AMR determinants. (A) Bar plot showing the prevalence (%) of acquired AMR genes, including 

β-lactamases, efflux pump genes, and other resistance determinants. (B) Bar plot showing the prevalence (%) of MGEs, including insertion sequences and 

integrative elements. (C) Bar plot showing the prevalence (%) of key virulence genes.(D) Bar plot showing the frequency (%) of plasmid replicon types, including 

IncF, IncR, and Col-type replicons. (E) Boxplots showing the distribution (median and interquartile range) of the total number of detected features per isolate for 

virulence genes, AMR genes, MGEs, and plasmid replicons.
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From the pangenome architecture for 198 isolates, a high genome plasticity represen­
ted by a presence/absence matrix with gene families per isolate and a U-shaped 
frequency distribution in Fig. 1A and B is a hallmark of an open pangenome (11, 14). The 
persistence of 13.6% of the genes indicates that these genes could be present in ≥85% of 
genomes (core or nearly core) (Fig. 1B). This shows that these isolates comprise a minimal 
core genome, with the largest tailored to niche-specific functions or recent acquisitions. 
The shell genome of 11.2% of gene families indicated that the pangenome could be 
considerably conserved. The standard deviations of 0.21 for shell genes and 0.01 for 
cloud genes indicate moderate frequency variation among the strains (11). The cloud 
gene proportion of 75.2% suggests that most genes (3 out of 4) are found in <5% of 
genomes, indicating strong strain-to-strain variability and high horizontal gene transfer 
rates. These could be attributed to plasmids and mobile genetic elements, including 
phages (15). Overall, these findings suggest that the isolates in this work have a wide 
range of adaptations across hospitals, the community, and environmental reservoirs (13, 
16). This underscores its adaptability in clinical settings, an evolutionary advantage 
posing risks of new AMR and complicating intervention initiatives.

As shown in Fig. 4, a versatile mobilome is represented by diverse plasmids, insertion 
sequences, and transposons of various families. The IncFII_1_pKP91, IncFIB(K)_1_Kpn3, 
IncR_1, ColRNAI_1, and IncFIB(pKPHS1) are the most frequently known plasmids within 
the KpSC, as also reported from other studies (17–19). Their occurrence has been 
attributed to the transmission of AMR genes conferring resistance to diverse β-lactams, 
aminoglycosides, sulfonamides, and macrolides, among other routine antibiotic classes 
(5, 18, 20, 21). Therefore, their prevalence in these Tanzanian strains presents a severe 
threat to the health system, not only because they can render K. pneumoniae untreatable 
but also present a scaffold for interspecific transmission within the family Enterobacteria­
ceae (3, 4, 16, 22).

We show that the distribution of MGEs is on a huge spectrum (Fig. 4B). This could 
account for the most possible agents of the observed pangenome plasticity as a result of 
high horizontal gene transfer rates leading to intra-strain and inter-strain genome 

FIG 5 Gene profiling of virulence and AMR genes with corresponding virulence and resistance scores. (A) Heatmap showing the presence or absence of 

AMR genes, clustered by gene presence patterns across isolates. Gene detection was performed using ABRicate (CARD database). The heatmap color scale 

represents percent identity: yellow indicates absence or lower identity matches; dark red indicates gene presence at higher identity. Kleborate resistance scores 

are indicated: 0 (red), 1 (purple), and 2 (green). (B) Heatmap showing the presence or absence of virulence genes, clustered by similarity in virulence gene 

profiles. Gene detection was performed using ABRicate (VFDB database). The heatmap color scale represents percent identity: sky blue indicates absence or 

lower identity; navy blue indicates gene presence at higher identity. Kleborate virulence scores are indicated: 0 (purple), 1 (orange), 2 (pink), and 4 (green). Gene 

presence was defined as ≥90% sequence identity and ≥80% coverage. Clustering was performed using hierarchical clustering with Euclidean distance.
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diversity (14, 21). Although the study of mobile genetic elements is still at its natal stage 
globally, emphasis should be placed on the role of mobilomes in pathogen genome 
diversities and their epidemiological impacts for more effective outbreak surveillance 
and control strategies.

Most importantly, the SNP-based phylogeny in Fig. 2A clearly shows multiple 
subclades, which represent versatile lineages resulting from up to 683,177 high-quality 
core-genome SNPs. In addition to this huge number of SNPs and subclade clusters, we 
find overlaps among several STs, such as the cluster of ST45, ST39, ST336, and ST14. 
This indicates a huge diversity, which could be reflected in the virulome and resistome 
patterns associated with a variety of STs (23). From these findings, epidemiological 
studies focusing on K. pneumoniae are still needed to establish a conserved pattern of 
the core genome, which could help design broad-spectrum vaccines.

From our Kleborate analysis, the identification of 184 species shows that most of 
the KpSC species circulating in Tanzania comprise the K. pneumoniae sensu stricto. The 
recovery of 90 distinct STs from only four projects suggests a huge diversity of clones 
circulating in Tanzania. This suggests the need for comprehensive genomic surveillance 
studies to substantiate the risk of this diversity and predict future outbreaks for more 
informed interventions for the country.

We show that the prevalence of ST45 is the highest, accounting for over 10% of all 198 
samples. The ST45 is a global clone, which has been implicated in neonatal sepsis with 
transmission of ESBLs and carbapenem resistance (18, 24).

FIG 6 Plasmid replicon and MGE profiles. (A) Heatmap showing the presence or absence of plasmid replicons clustered by similarity. The heatmap color scale 

represents percent identity: green indicates absence or lower identity and yellow indicates presence at higher identity. (B) Heatmap showing the presence or 

absence of MGEs, including insertion sequences and integrative elements, clustered by similarity. The heatmap color scale represents percent identity: blue 

indicates absence or lower identity and dark red indicates presence at higher identity. Plasmid replicons and MGEs were detected using ABRicate (PlasmidFinder 

and ISfinder databases). Presence was defined as ≥90% sequence identity and ≥80% coverage. Clustering was performed using hierarchical clustering with 

Euclidean distance.
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Our results concur with these reports, demonstrating that most of the ST45 isolates 
are frequent in blood samples, representing an important risk of septic shock. Reported 
from Mwanza, the ST45 clone was also isolated from rectal swabs (18), suggesting that 
the clone can disseminate through multiple organs and systems. In addition, the ST45 
has been shown to harbor the plasmid types IncFIB(K), IncQ, IncR, and/or IncFII(K)/IncR/
IncFII(Yp) carrying genes encoding aph(3′)-Ia, bleO, tet(A), and dfrA14, blaTEM1B, blaKPC-2, 
and bla CTX-M-15, conferring resistance to aminoglycosides, tetracyclines, fluoroquino-
lones, and third-generation cephalosporins (18, 24, 25). This clone has also been grouped 
into the 21 common K. pneumoniae lineages accounting for nosocomial transmission 
clusters, along with ST323 and ST340 (26). Therefore, given its high frequency and global 
distribution, the ST45 attracts attention as one of the most likely risks in the clinic and the 
environment, with the highest rate of AMRG transmission.

Among high-risk clones are ST11, ST307, ST37, ST348, ST101, ST14, ST147, and ST15, 
which have been characterized with MDR associated with nosocomial infections (18, 19, 
27–29). Our findings, therefore, suggest a critical risk of MDR circulating in the country, 
with high-risk clones exacerbating the risk of ESBLs across the country. The next most 
prevalent clones, ST39 and ST336, and their public health risk have been determined by 
the ESBL gene CTX-M-15 and carbapenem resistance genes (30). In Tanzania, Perdersen et 
al. (5) reported in 2020 that the occurrence of the ST39 clone, which harbors IncFII/IncR, 
was attributed to the dissemination of ESBLs, including blaCTX-M-15, among children 
in most hospitals. On the other hand, ST336 has been reported from other continents, 
including Australia and Europe, predominantly accounting for the blaCTX-M-15 form 
of ESBL in clinical and environmental settings (31, 32). The high prevalence of these 
clones could account for the corresponding prevalence of resistance to ceftriaxone, a 
third-generation cephalosporin of routine application in Tanzania (33). However, studies 
on AMR profiles have reported the prevalence of β-lactamases from clinical settings (3, 
18, 34). Rigorous surveillance should combine targeting individual STs and genes with 
wet laboratory experimentation to come up with policy briefs suggesting reshuffles of 
the clinical AMR panels.

From virulence distribution results, the high frequencies of the siderophore genes 
ybtA, ybtP, fyuA, irp2, ybtE, ybtQ, ybtS, ybtT, ybtU, and ybtX suggest that 43% of the 
isolates possess this iron acquisition machinery. The gene ybtA encodes a yersiniabactin 
transcriptional regulator protein YbtA, which activates the expression of the yersinia­
bactin synthetase irp2, putative inner membrane ABC-transporter ybtP, and the iron 
acquisition outer membrane yersiniabactin receptor psn/fyuA (35), collectively required 
for synthesis and organization of yersiniabactin for uptake of iron from the environment. 
While the isolated ERR11968338 (ST348) harbors the aerobactin and colibactin clusters, 
SRR24046082 (ST307) possesses aerobactin in addition to the yersiniabactin cluster, 
therefore accounting for its highest Kleborate virulence score (Fig. 5). It is important 
to note that aerobactin and colibactin contribute to the potential for translocation 
from the gut to the bloodstream and systemic infection, as it has been commonly 
associated with meningitis (36, 37). In addition, colibactin has been shown to promote 
survival in hypervirulent hypermucoviscous K. pneumoniae (20, 38). Our K-PAM analysis 
confirmed that isolate SRR24046082, ST307, is potentially hypermucoviscous, carrying 
the gene iucA. Although the isolate lacks the regulator genes rmpA and rmpA2, evidence 
suggests that the possession of iucA is a sufficient factor for hypervirulence (39). As 
part of the BioProject PRJNA951629, the BioSample (SAMN34046999) indicates that the 
isolate is associated with bloodstream infections, supporting the inherent virulome of 
SRR24046082 (ST307). However, although this isolate has not been mentioned in the 
publication by the authors from the same project in Mwanza (3, 18), our analysis reports 
this isolate as one of the most important threats owing to its hypervirulence, not to 
mention its ESBLs. Interestingly, a study by Heiden and colleagues (40) recently reported 
an outbreak of the ST307 clone from Germany that demonstrated hypermucoviscous 
phenotypes. These findings strongly support our speculation that the ST307 isolate in 
this work could account for bloodstream and systemic infections. Overall, combining 
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Kleborate with ABRicate/VFDB results, the most prominent component of the virulome 
belongs to the iron acquisition class, especially the yersiniabactin. These findings concur 
with those reported from an epidemiological genomic analysis study by Spadar and 
colleagues in 2022 from Portuguese hospitals (41).

On the other hand, information on K and O-antigen serotyping of K. pneumoniae in 
Tanzania is missing. This indicates that circulating Klebsiella clones are largely unchar­
acterized. Even in the projects from which we extracted our sequences (4, 5, 18), 
capsular polysaccharides and O-antigen typing were not reported. Here, through the 
application of Kleborate, we show that most of the isolates possess the locus O1 
(OL2α.1), followed by O2 (subtype O2α.2L). Similar results have been reported from other 
countries, including Ghana (42), China (43), and Australia (26). Recently, in Uganda, MDR 
K. pneumoniae clones were also reported to predominantly possess the O1 and O2 loci in 
the same ranking (28). Therefore, our findings concur with other studies that most strains 
possess the O1 and O2 loci (5, 26, 28, 43), suggesting that vaccine strategies aiming 
to utilize the O1 and O2 antigens are likely to cover a wide range of strains. However, 
detailed analysis reveals intra-serotype variations, which suggest that there is a huge 
spectrum of serotype variants yet to be substantially elucidated. Evidence shows that 
serotypes O1 and O2ac provide an unusual mechanism for antigen diversification (44), 
potentially linked to different epitope variants. For instance, the O2 subtypes detected in 
Gorrie et al. (26) were O2afg, O2a, and O2ac, while in this study, we detected the O2α.2L, 
suggesting a need for experimental and downstream immunotyping to appropriately 
design relevant vaccine constructs. In addition, we note that O3 and O5 account for 
about 12% of all the isolates in this study, thus also attracting attention as an important 
category to consider for intervention. These findings are consistent with those from a 
multicounty study, which showed that O3 and O5 also comprise a significant group of up 
to 25% of all the isolates (45). Overall, combining our findings with those of others (26, 
28, 43, 45), we recommend that vaccines designed for K. pneumoniae should consider O1, 
O2, O3, and O5 as priority serotypes along the intervention trajectory.

On the other hand, we observe a slightly distributed pattern of K types, although 
KL24 is the most prevalent (17.2%), followed by KL25 (10.1%). In this work, we observe in 
Fig. 2 that KL24 matches with OL2α. Considerable evidence shows that strains carry­
ing the serotype KL24:O2a are highly virulent and strongly associated with systemic 
infections (46). These findings are partially consistent with the multicounty study by Choi 
et al. (45), who also observed that KL24 was the most common in their study by 7%. 
However, the next most common was KL2, which was completely not detected in all 
the isolates of the present study. In the Shanghai study by Wang et al. (43), the most 
common K loci were KL1 (54%), KL2 (18%), followed by KL24 and KL25 (9% each). These 
findings support the observation that KL24 and KL25 are common, although further 
research is necessary to characterize more local and international samples. In Uganda,
Byarugaba and colleagues (28) found that the most common K type was KL3 (n = 7), but 
KL24 (n = 3) and KL25 (n = 3) were the third. These results reiterate that the K loci are 
versatile across the KpSC, strongly suggesting a need to embark on the polysaccharide K 
loci for better information leading to intervention design.

Generally, we note that the range of 6–68 AMR genes in Fig. 4E provides evidence 
that all the isolates are resistant to at least one antibiotic class. Without delving into 
mutations and SNP AMR mechanisms, it is sufficient to infer that most of the circulat­
ing clones possess acquired β-lactams, including CTX-M-15 and TEM-1, representing 
ESBLs conferring resistance to cephalosporins and penicillins. Of importance, OXA- and 
SHV-gene variants observed in this work even worsen the burden of ESBLs in the country. 
These ARGs have been internationally attributed to the most common causes of medical 
emergencies and mortality, especially in low-resource settings (47, 48). Other very 
important ARGs are the multidrug transport protein acrB and the macrolide resistance 
gene marA. These, together with the aminoglycoside resistance genes AAC(3)-IId and 
APH(3″)-Ib, could account for reported antibiotic resistance cases in Tanzania (49, 50). 
Overall, the genome of K. pneumoniae ST290-1LV (SRR24046077), which demonstrates 
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the highest resistance score as indicated in Fig. 5, harbors the gene variants ACT-63, 
OXA-1, TEM-1D, and OXA-60, which make it carbapenem resistant. The ACT genes, also 
known as AmpC β-lactamases, belong to the C β-lactamase class and have long been 
largely carried by the Escherichia coli and K. pneumoniae, as cephalosporinases conferring 
resistance to various β-lactams, that cannot be inhibited by clavulanic acid (51, 52). 
Which variants are eminent in K. pneumoniae may be a question of comprehensive 
investigation. Here, we show that the ACT-63 variant is carried by one unique strain of 
ST290, representing a distinct AMR genotype, in addition to the highest AMR score. 
Moreover, evidence about the presence of the OXA-60 gene variant in K. pneumoniae 
is lacking. However, available reports from France, Croatia, and Japan suggest that 
the OXA-60 has been exclusively carried by Ralstonia pickettii, conferring resistance to 
multiple aminoglycosides, ticarcillin-clavulanate, aztreonam, and meropenem (53–55). 
Both ST290 and R. pickettii have been reported as common environmental and clinical 
nosocomial pathogens (56, 57), which could explain their potential for interspecific 
gene transfers. With the observed open genome structure, K. pneumoniae strains may 
have undergone an evolutionary transition accompanied by gain and/or loss of some 
AMR genes and/or mutations, given the fact that our present study covers genomes 
sequenced over a decade. However, to establish this trend, a retrospective longitudinal 
study is highly recommended, which could integrate genomic and antibiotic susceptibil­
ity test results with statistics and mathematical modeling of data sets from clinical and 
environmental studies.

Conclusion

The diversity of the KpSC presents a complex repertoire of intraspecific differences 
associated with differential adaptive potentials across a wide range of environments. 
In this work, 198 isolates from Tanzania portray a huge pangenome plasticity, which 
largely comes from a spectrum of plasmids, insertion sequences, and transposons. 
Owing to these factors, the complex is versatile, presenting with high-risk international 
and pandemic clones including the most prevalent ST45, ST39, ST336, ST14, ST1552, 
and ST17 with KL24 and KL25 loci and OL2α.1 and OL2α.2 serotypes emerging the most 
prevalent. We eventually show that the overall virulome is largely determined by the 
yersiniabactin cluster, while the resistome is marked by resistance genes to virtually all 
routine antibiotics used in Tanzania, although the ESBL blaCTX-M-15 remains outstand­
ing. Taken together, these findings infer that the KpSC species in Tanzania comprise an 
open pangenome, which calls for large-scale surveillance studies to customize interven­
tions for effective control of epidemics.

ACKNOWLEDGMENTS

The authors acknowledge contributions from Ms. Maria Felix Mallya for her internet and 
other resource support during data retrieval and manuscript drafting.

AUTHOR AFFILIATIONS

1Department of Microbiology and Parasitology, Faculty of Medicine, St. Francis University 
College of Health and Allied Sciences (SFUCHAS), Ifakara, Tanzania
2Department of Data Science and Analytics, Kibong’oto Infectious Disease Hospital 
(KIDH), Hai, Kilimanjaro, Tanzania
3Department of Genomics and Bioinformatics, AfroBiomics Co. Ltd., Dar es Salaam, 
Tanzania

AUTHOR ORCIDs

Samweli Y. Bahati  http://orcid.org/0009-0007-2117-9520
Reuben S. Maghembe  http://orcid.org/0000-0003-2453-5993

Research Article Microbiology Spectrum

December 2025  Volume 13  Issue 12 10.1128/spectrum.01947-2513

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

10
 J

un
e 

20
26

 b
y 

41
.9

3.
38

.2
.

http://orcid.org/0009-0007-2117-9520
http://orcid.org/0000-0003-2453-5993
https://doi.org/10.1128/spectrum.01947-25


AUTHOR CONTRIBUTIONS

Samweli Y. Bahati, Conceptualization, Data curation, Formal analysis, Methodology, 
Software, Validation, Visualization, Writing – original draft, Writing – review and editing 
| Reuben S. Maghembe, Conceptualization, Data curation, Formal analysis, Funding 
acquisition, Investigation, Methodology, Project administration, Resources, Software, 
Supervision, Validation, Visualization, Writing – original draft, Writing – review and 
editing

DATA AVAILABILITY

All genomic data analyzed in this study were obtained from the NCBI database and 
are publicly available. The accession numbers for these datasets are provided in the 
Supplementary Material.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental tables (Spectrum01947-25-S0001.xlsx). Tables S1 to S3.

REFERENCES

1. Rolbiecki D, Kiedrzyńska E, Czatzkowska M, Kiedrzyński M, Korzeniewska 
E, Harnisz M. 2025. Global dissemination of Klebsiella pneumoniae in 
surface waters: genomic insights into drug resistance, virulence, and 
clinical relevance. Drug Resist Updat 79:101204. https://doi.org/10.1016/
j.drup.2025.101204

2. Sabença C, Rivière R, Costa E, Sousa S, Caniça M, Silva V, Igrejas G, Torres 
C, Poeta P. 2025. Whole-genome sequencing of extended-spectrum β-
lactamase-producing Klebsiella pneumoniae isolated from human 
bloodstream infections. Pathogens 14:205. https://doi.org/10.3390/path
ogens14030205

3. Marando R, Seni J, Mirambo MM, Falgenhauer L, Moremi N, Mushi MF, 
Kayange N, Manyama F, Imirzalioglu C, Chakraborty T, Mshana SE. 2018. 
Predictors of the extended-spectrum-beta lactamases producing 
Enterobacteriaceae neonatal sepsis at a tertiary hospital, Tanzania. Int J 
Med Microbiol 308:803–811. https://doi.org/10.1016/j.ijmm.2018.06.012

4. Macha ME, Qi W, Seiffert SN, Bösch A, Kohler P, Urassa HM, Haller S, West 
E, Rohacek MW, Babouee Flury B. 2024. High prevalence of fecal carriage 
of extended-spectrum beta-lactamase producing Enterobacterales 
among patients with urinary tract infections in rural Tanzania. Front 
Microbiol 15:1517182. https://doi.org/10.3389/fmicb.2024.1517182

5. Pedersen T, Tellevik MG, Kommedal Ø, Lindemann PC, Moyo SJ, Janice J, 
Blomberg B, Samuelsen Ø, Langeland N. 2020. Horizontal plasmid 
transfer among Klebsiella pneumoniae isolates is the key factor for 
dissemination of extended-spectrum β-lactamases among children in 
Tanzania. mSphere 5:e00428-20. https://doi.org/10.1128/mSphere.0042
8-20

6. Mshana SE, Hain T, Domann E, Lyamuya EF, Chakraborty T, Imirzalioglu 
C. 2013. Predominance of Klebsiella pneumoniae ST14 carrying CTX-M-15 
causing neonatal sepsis in Tanzania. BMC Infect Dis 13:466. https://doi.or
g/10.1186/1471-2334-13-466

7. Moyo SJ, Maselle SY, Matee MI, Langeland N, Mylvaganam H. 2007. 
Identification of diarrheagenic Escherichia coli isolated from infants and 
children in Dar es Salaam, Tanzania. BMC Infect Dis 7:92. https://doi.org/
10.1186/1471-2334-7-92

8. Mwakyabala JG, Mtemisika CI, Mshana S, Mwakyoma AA, Silago V. 2023. 
Characterisation of genes encoding for extended spectrum β-lactamase 
in Gram-negative bacteria causing healthcare-associated infections in 
Mwanza, Tanzania. Afr J Lab Med 12:2107. https://doi.org/10.4102/ajlm.v
12i1.2107

9. Lam MMC, Wick RR, Watts SC, Cerdeira LT, Wyres KL, Holt KE. 2021. A 
genomic surveillance framework and genotyping tool for Klebsiella 
pneumoniae and its related species complex. Nat Commun 12:4188. http
s://doi.org/10.1038/s41467-021-24448-3

10. Schwengers O, Jelonek L, Dieckmann MA, Beyvers S, Blom J, Goesmann 
A. 2021. Bakta: rapid and standardized annotation of bacterial genomes 
via alignment-free sequence identification: find out more about Bakta, 
the motivation, challenges and applications, here. Microb Genom 
7:e000685. https://doi.org/10.1101/2021.09.02.458689

11. Gautreau G, Bazin A, Gachet M, Planel R, Burlot L, Dubois M, Perrin A, 
Médigue C, Calteau A, Cruveiller S, Matias C, Ambroise C, Rocha EPC, 
Vallenet D. 2020. PPanGGOLiN: depicting microbial diversity via a 
partitioned pangenome graph. PLoS Comput Biol 16:e1007732. https://
doi.org/10.1371/journal.pcbi.1007732

12. Patro LPP, Sudhakar KU, Rathinavelan T. 2020. K-PAM: a unified platform 
to distinguish Klebsiella species K- and O-antigen types, model antigen 
structures and identify hypervirulent strains. Sci Rep 10:16732. https://d
oi.org/10.1038/s41598-020-73360-1

13. Rocha J, Henriques I, Gomila M, Manaia CM. 2022. Common and 
distinctive genomic features of Klebsiella pneumoniae thriving in the 
natural environment or in clinical settings. Sci Rep 12:10441. https://doi.
org/10.1038/s41598-022-14547-6

14. Sundaresan AK, Gangwar J, Murugavel A, Malli Mohan GB, Ramakrishnan 
J. 2024. Complete genome sequence, phenotypic correlation and 
pangenome analysis of uropathogenic Klebsiella spp. AMB Express 14:78. 
https://doi.org/10.1186/s13568-024-01737-w

15. Shen J, Zhou J, Xu Y, Xiu Z. 2020. Prophages contribute to genome 
plasticity of Klebsiella pneumoniae and may involve the chromosomal 
integration of ARGs in CG258. Genomics 112:998–1010. https://doi.org/1
0.1016/j.ygeno.2019.06.016

16. Liu J, Xu Z, Li H, Chen F, Han K, Hu X, Fang Y, Chen D. 2022. Metagenomic 
approaches reveal strain profiling and genotyping of Klebsiella 
pneumoniae from hospitalized patients in China. Microbiol Spectr 
10:e02190-21. https://doi.org/10.1128/spectrum.02190-21

17. Tsui C-M, Ben Abid F, Al Ismail K, McElheny CL, Al Maslamani M, Omrani 
AS, Doi Y. 2023. Genomic epidemiology of carbapenem-resistant 
Klebsiella in Qatar: emergence and dissemination of hypervirulent 
Klebsiella pneumoniae sequence type 383 strains. Antimicrob Agents 
Chemother 67:e0003023. https://doi.org/10.1128/aac.00030-23

18. Silago V, Mshana SE. 2022. Whole genome sequencing reveals presence 
of high-risk global clones of Klebsiella pneumoniae harboring multiple 
antibiotic resistance genes in multiple plasmids in Mwanza, Tanzania. 
Microorganisms 10:2396. https://doi.org/10.3390/microorganisms10122
396

19. Turton JF, Perry C, McGowan K, Turton JA, Hope R. 2024. Klebsiella 
pneumoniae sequence type 147: a high-risk clone increasingly 
associated with plasmids carrying both resistance and virulence 

Research Article Microbiology Spectrum

December 2025  Volume 13  Issue 12 10.1128/spectrum.01947-2514

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

10
 J

un
e 

20
26

 b
y 

41
.9

3.
38

.2
.

https://doi.org/10.1128/spectrum.01947-25
https://doi.org/10.1016/j.drup.2025.101204
https://doi.org/10.3390/pathogens14030205
https://doi.org/10.1016/j.ijmm.2018.06.012
https://doi.org/10.3389/fmicb.2024.1517182
https://doi.org/10.1128/mSphere.00428-20
https://doi.org/10.1186/1471-2334-13-466
https://doi.org/10.1186/1471-2334-7-92
https://doi.org/10.4102/ajlm.v12i1.2107
https://doi.org/10.1038/s41467-021-24448-3
https://doi.org/10.1101/2021.09.02.458689
https://doi.org/10.1371/journal.pcbi.1007732
https://doi.org/10.1038/s41598-020-73360-1
https://doi.org/10.1038/s41598-022-14547-6
https://doi.org/10.1186/s13568-024-01737-w
https://doi.org/10.1016/j.ygeno.2019.06.016
https://doi.org/10.1128/spectrum.02190-21
https://doi.org/10.1128/aac.00030-23
https://doi.org/10.3390/microorganisms10122396
https://doi.org/10.1128/spectrum.01947-25


elements. J Med Microbiol 73:001823. https://doi.org/10.1099/jmm.0.00
1823

20. Lim C, Zhang C-Y, Cheam G, Chu WHW, Chen Y, Yong M, Lim KYE, Lam 
MMC, Teo TH, Gan Y-H. 2025. Essentiality of the virulence plasmid-
encoded factors in disease pathogenesis of the major lineage of 
hypervirulent Klebsiella pneumoniae varies in different infection niches. 
EBioMedicine 115:105683. https://doi.org/10.1016/j.ebiom.2025.105683

21. Mitra S, Naha S, Chakraborty J, De S, Kaur H, Majumdar T, Basu S. 2025. 
Diversity of mobile genetic elements in carbapenem-resistant 
Enterobacterales isolated from the intensive care units of a tertiary care 
hospital in Northeast India. Front Microbiol 16:1543427. https://doi.org/
10.3389/fmicb.2025.1543427

22. Nguyen Q, Nguyen YTP, Ha TT, Tran DTN, Voong PV, Chau V, Nguyen 
PLN, Le NTQ, Nguyen LPH, Nguyen TTN, Trinh TV, Carrique-Mas JJ, Baker 
S, Thwaites G, Rabaa MA, Choisy M, Chung HT, Pham DT. 2024. Genomic 
insights unveil the plasmid transfer mechanism and epidemiology of 
hypervirulent Klebsiella pneumoniae in Vietnam. Nat Commun 15:4187. h
ttps://doi.org/10.1038/s41467-024-48206-3

23. Sundaresan AK, Vincent K, Mohan GBM, Ramakrishnan J. 2022. 
Association of sequence types, antimicrobial resistance and virulence 
genes in Indian isolates of Klebsiella pneumoniae: a comparative 
genomics study. J Glob Antimicrob Resist 30:431–441. https://doi.org/10
.1016/j.jgar.2022.05.006

24. Shi Q, Zhao J, Wei L, Zhu F, Ji J, Meng Y, Wu Z, Jiang Z, Han X, Jiang Y, Yu 
Y, Chen Y, Yuan Y, Du X. 2022. Transmission of ST45 and ST2407 
extended-spectrum β-lactamase-producing Klebsiella pneumoniae in 
neonatal intensive care units, associated with contaminated environ­
ments. J Glob Antimicrob Resist 31:309–315. https://doi.org/10.1016/j.jg
ar.2022.10.006

25. Chu X, Jia X, Jia P, Zhu Y, Yu W, Liu X, Yang Q. 2024. Geneticand 
phenotypic characterization of a novel ST45-K43 carbapenem-resistant 
Klebsiella pneumoniae strain causing bloodstream infection: a potential 
clinical threat. Microbiol Spectr 12:e00305–24. https://doi.org/10.1128/s
pectrum.00305-24

26. Gorrie CL, Mirčeta M, Wick RR, Judd LM, Lam MMC, Gomi R, Abbott IJ, 
Thomson NR, Strugnell RA, Pratt NF, Garlick JS, Watson KM, Hunter PC, 
Pilcher DV, McGloughlin SA, Spelman DW, Wyres KL, Jenney AWJ, Holt 
KE. 2022. Genomic dissection of Klebsiella pneumoniae infections in 
hospital patients reveals insights into an opportunistic pathogen. Nat 
Commun 13:3017. https://doi.org/10.1038/s41467-022-30717-6

27. Benlabidi S, Raddaoui A, Lengliz S, Cheriet S, Hynds P, Achour W, Ghrairi 
T, Abbassi MS. 2023. Occurrence of high-risk clonal lineages ST58, ST69, 
ST224, and ST410 among extended-spectrum β-lactamase-producing 
Escherichia coli isolated from healthy free-range chickens (Gallus gallus 
domesticus) in a rural region in Tunisia. Genes (Basel) 14:875. https://doi.
org/10.3390/genes14040875

28. Byarugaba DK, Erima B, Wokorach G, Alafi S, Kibuuka H, Mworozi E, 
Najjuka F, Kiyengo J, Musinguzi AK, Wabwire-Mangen F. 2023. Genome 
analysis of Klebsiella pneumoniae reveals international high-risk 
pandemic MDR clones emerging in tertiary healthcare settings in 
Uganda. Pathogens 12:1334. https://doi.org/10.3390/pathogens121113
34

29. Hussain A, Mazumder R, Ahmed A, Saima U, Phelan JE, Campino S, 
Ahmed D, Asadulghani M, Clark TG, Mondal D. 2023. Genome dynamics 
of high-risk resistant and hypervirulent Klebsiella pneumoniae clones in 
Dhaka, Bangladesh. Front Microbiol 14:1184196. https://doi.org/10.3389
/fmicb.2023.1184196

30. Karampatakis T, Zarras C, Pappa S, Vagdatli E, Iosifidis E, Roilides E, Papa 
A. 2022. Emergence of ST39 carbapenem-resistant Klebsiella pneumoniae 
producing VIM-1 and KPC-2. Microb Pathog 162:105373. https://doi.org/
10.1016/j.micpath.2021.105373

31. Valsdottir F, Elfarsdottir Jelle A, Gudlaugsson O, Hilmarsdottir I. 2017. 
Long-lasting outbreak due to CTX-M-15-producing Klebsiella pneumo­
niae ST336 in a rehabilitation ward: report and literature review. J Hosp 
Infect 97:42–51. https://doi.org/10.1016/j.jhin.2017.04.002

32. Verburg I, Hernández Leal L, Waar K, Rossen JWA, Schmitt H, García-
Cobos S. 2024. Klebsiella pneumoniae species complex: from wastewater 
to the environment. One Health 19:100880. https://doi.org/10.1016/j.on
ehlt.2024.100880

33. Katyali D, Kawau G, Blomberg B, Manyahi J. 2023. Antibiotic use at a 
tertiary hospital in Tanzania: findings from a point prevalence survey. 
Antimicrob Resist Infect Control 12:112. https://doi.org/10.1186/s13756-
023-01317-w

34. Kidenya BR, Mboowa G, Sserwadda I, Kanyerezi S, Nakafu E, Akaro IL, 
Mkinze B, Joloba ML, Seni J. 2024. Whole genome-based characteriza­
tion of extended-spectrum β-lactamase-producing Enterobacter cloacae 
from orthopedic patients and environment of a tertiary referral hospital 
in Tanzania. New Microbes New Infect 62:101486. https://doi.org/10.101
6/j.nmni.2024.101486

35. Perry RD, Fetherston JD. 2011. Yersiniabactin iron uptake: mechanisms 
and role in Yersinia pestis pathogenesis. Microbes Infect 13:808–817. htt
ps://doi.org/10.1016/j.micinf.2011.04.008

36. Maghembe RS, Magulye MAK, Makaranga A, Nsubuga G, Sekyanzi S, 
Moto EA, Mwesigwa S, Katagirya E. 2024. Metagenome mining divulges 
virulent and multidrug resistant Pseudomonas aeruginosa ST242 and 
Klebsiella michiganensis ST∗1b23 coinfecting an 8-month-old meningitis 
infant under ICU in Kampala, Uganda, East Africa. Heliyon 10:e39455. htt
ps://doi.org/10.1016/j.heliyon.2024.e39455

37. Lu M-C, Chen Y-T, Chiang M-K, Wang Y-C, Hsiao P-Y, Huang Y-J, Lin C-T, 
Cheng C-C, Liang C-L, Lai Y-C. 2017. Colibactin contributes to the 
hypervirulence of pks+ K1 CC23 Klebsiella pneumoniae in mouse 
meningitis infections. Front Cell Infect Microbiol 7. https://doi.org/10.33
89/fcimb.2017.00103

38. Russo TA, Olson R, MacDonald U, Beanan J, Davidson BA. 2015. 
Aerobactin, but not yersiniabactin, salmochelin, or enterobactin, 
enables the growth/survival of hypervirulent (hypermucoviscous) 
Klebsiella pneumoniae ex vivo and in vivo. Infect Immun 83:3325–3333. ht
tps://doi.org/10.1128/IAI.00430-15

39. Shankar C, Veeraraghavan B, Nabarro LEB, Ravi R, Ragupathi NKD, Rupali 
P. 2018. Whole genome analysis of hypervirulent Klebsiella pneumoniae 
isolates from community and hospital acquired bloodstream infection. 
BMC Microbiol 18:6. https://doi.org/10.1186/s12866-017-1148-6

40. Heiden SE, Hübner N-O, Bohnert JA, Heidecke C-D, Kramer A, Balau V, 
Gierer W, Schaefer S, Eckmanns T, Gatermann S, Eger E, Guenther S, 
Becker K, Schaufler K. 2020. A Klebsiella pneumoniae ST307 outbreak 
clone from Germany demonstrates features of extensive drug resistance, 
hypermucoviscosity, and enhanced iron acquisition. Genome Med 
12:113. https://doi.org/10.1186/s13073-020-00814-6

41. Spadar A, Phelan J, Elias R, Modesto A, Caneiras C, Marques C, Lito L, 
Pinto M, Cavaco-Silva P, Ferreira H, Pomba C, Da Silva GJ, Saavedra MJ, 
Melo-Cristino J, Duarte A, Campino S, Perdigão J, Clark TG. 2022. 
Genomic epidemiological analysis of Klebsiella pneumoniae from 
Portuguese hospitals reveals insights into circulating antimicrobial 
resistance. Sci Rep 12:13791. https://doi.org/10.1038/s41598-022-17996-
1

42. Mills RO, Dadzie I, Le-Viet T, Baker DJ, Addy HPK, Akwetey SA, Donkoh IE, 
Quansah E, Semanshia PS, Morgan J, Mensah A, Adade NE, Ampah EO, 
Owusu E, Mwintige P, Amoako EO, Spadar A, Holt KE, Foster-Nyarko E. 
2024. Genomic diversity and antimicrobial resistance in clinical Klebsiella 
pneumoniae isolates from tertiary hospitals in Southern Ghana. J 
Antimicrob Chemother 79:1529–1539. https://doi.org/10.1093/jac/dkae
123

43. Wang J, Ma R, Pan F, Wu Y, Pan Y, Liu Y, Yu F, Yu J, Lun H, Shi Y, Zhang H, 
He P. 2022. The molecular epidemiology of prevalent Klebsiella 
pneumoniae strains and humoral antibody responses against carbape­
nem-resistant K. pneumoniae infections among pediatric patients in 
Shanghai. mSphere 7:e0027122. https://doi.org/10.1128/msphere.00271
-22

44. Kelly SD, Clarke BR, Ovchinnikova OG, Sweeney RP, Williamson ML, 
Lowary TL, Whitfield C. 2019. Klebsiella pneumoniae O1 and O2ac 
antigens provide prototypes for an unusual strategy for polysaccharide 
antigen diversification. J Biol Chem 294:10863–10876. https://doi.org/10
.1074/jbc.RA119.008969

45. Choi M, Hegerle N, Nkeze J, Sen S, Jamindar S, Nasrin S, Sen S, Permala-
Booth J, Sinclair J, Tapia MD, et al. 2020. The diversity of lipopolysacchar­
ide (O) and capsular polysaccharide (K) antigens of invasive Klebsiella 
pneumoniae in a multi-country collection. Front Microbiol 11:e01249. htt
ps://doi.org/10.3389/fmicb.2020.01249

46. Kawser Z, Sridhar S, Kar S, Habib T, Mukta SA, Azad K, Hasan N, Kulsum U, 
Siddik AB, Rahman S, Tanni NN, Nesa M, Earl AM, Worby CJ, Turbett SE, 
Shamsuzzaman S, Harris JB, Qadri F, LaRocque RC. 2025. Clinical and 
genomic characterization of Klebsiella pneumoniae infections in Dhaka, 
Bangladesh. J Glob Antimicrob Resist 41:52–58. https://doi.org/10.1016/j
.jgar.2024.12.016

47. Calbo E, Garau J. 2015. The changing epidemiology of hospital 
outbreaks due to ESBL-producing Klebsiella pneumoniae: the CTX-M-15 

Research Article Microbiology Spectrum

December 2025  Volume 13  Issue 12 10.1128/spectrum.01947-2515

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

10
 J

un
e 

20
26

 b
y 

41
.9

3.
38

.2
.

https://doi.org/10.1099/jmm.0.001823
https://doi.org/10.1016/j.ebiom.2025.105683
https://doi.org/10.3389/fmicb.2025.1543427
https://doi.org/10.1038/s41467-024-48206-3
https://doi.org/10.1016/j.jgar.2022.05.006
https://doi.org/10.1016/j.jgar.2022.10.006
https://doi.org/10.1128/spectrum.00305-24
https://doi.org/10.1038/s41467-022-30717-6
https://doi.org/10.3390/genes14040875
https://doi.org/10.3390/pathogens12111334
https://doi.org/10.3389/fmicb.2023.1184196
https://doi.org/10.1016/j.micpath.2021.105373
https://doi.org/10.1016/j.jhin.2017.04.002
https://doi.org/10.1016/j.onehlt.2024.100880
https://doi.org/10.1186/s13756-023-01317-w
https://doi.org/10.1016/j.nmni.2024.101486
https://doi.org/10.1016/j.micinf.2011.04.008
https://doi.org/10.1016/j.heliyon.2024.e39455
https://doi.org/10.3389/fcimb.2017.00103
https://doi.org/10.1128/IAI.00430-15
https://doi.org/10.1186/s12866-017-1148-6
https://doi.org/10.1186/s13073-020-00814-6
https://doi.org/10.1038/s41598-022-17996-1
https://doi.org/10.1093/jac/dkae123
https://doi.org/10.1128/msphere.00271-22
https://doi.org/10.1074/jbc.RA119.008969
https://doi.org/10.3389/fmicb.2020.01249
https://doi.org/10.1016/j.jgar.2024.12.016
https://doi.org/10.1128/spectrum.01947-25


type consolidation. Future Microbiol 10:1063–1075. https://doi.org/10.2
217/fmb.15.22

48. Sartorius B, Gray AP, Davis Weaver N, Robles Aguilar G, Swetschinski LR, 
Ikuta KS, Mestrovic T, Chung E, Wool EE, Han C, et al. 2024. The burden of 
bacterial antimicrobial resistance in the WHO African region in 2019: a 
cross-country systematic analysis. Lancet Glob Health 12:e201–e216. htt
ps://doi.org/10.1016/S2214-109X(23)00539-9

49. Mapunjo S, Mbwasi R, Nkiligi EA, Wilbroad A, Francis EN, Msovela K, 
Yahya T, Mpembeni R, Masunga E, Nkungu K, Saitoti S, Lusaya E, Konduri 
N. 2025. National consumption of antimicrobials in Tanzania: 2020–2022. 
JAC-Antimicrob Resist 7:dlaf026. https://doi.org/10.1093/jacamr/dlaf026

50. Camara N, Moremi N, Mghamba J, Eliakimu E, Shumba E, Ondoa P, Egyir 
B. 2023. Surveillance of antimicrobial resistance in human health in 
Tanzania: 2016-2021. Afr J Lab Med 12:2053. https://doi.org/10.4102/ajl
m.v12i1.2053

51. Bradford PA, Urban C, Mariano N, Projan SJ, Rahal JJ, Bush K. 1997. 
Imipenem resistance in Klebsiella pneumoniae is associated with the 
combination of ACT-1, a plasmid-mediated AmpC beta-lactamase, and 
the foss of an outer membrane protein. Antimicrob Agents Chemother 
41:563–569. https://doi.org/10.1128/AAC.41.3.563

52. Jacoby GA. 2009. AmpC β-Lactamases. Clin Microbiol Rev 22:161–182. ht
tps://doi.org/10.1128/CMR.00036-08

53. Girlich D, Naas T, Nordmann P. 2004. OXA-60, a chromosomal, inducible, 
and imipenem-hydrolyzing class D beta-lactamase from Ralstonia 

pickettii. Antimicrob Agents Chemother 48:4217–4225. https://doi.org/1
0.1128/AAC.48.11.4217-4225.2004

54. Batarilo I, Maravic-Vlahovicek G, Bedenic B, Kazazic S, Bingulac-Popovic 
J, Slade-Vitkovic M, Katić S, Jukic I. 2022. Oxacillinases and antimicrobial 
susceptibility of Ralstonia pickettii from pharmaceutical water systems in 
Croatia. Lett Appl Microbiol 75:103–113. https://doi.org/10.1111/lam.13
711

55. Hayashi W, Kaiju H, Kayama S, Yu L, Zuo H, Sugawara Y, Azuma K, 
Takahashi A, Hata Y, Sugai M. 2024. Complete sequence of carbapenem-
resistant Ralstonia mannitolilytica clinical isolate co-producing novel 
class D β-lactamase OXA-1176 and OXA-1177 in Japan. Microbiol Spectr 
12:e0391923. https://doi.org/10.1128/spectrum.03919-23

56. Bi W, Liu H, Dunstan RA, Li B, Torres VVL, Cao J, Chen L, Wilksch JJ, 
Strugnell RA, Lithgow T, Zhou T. 2017. Extensively drug-resistant 
Klebsiella pneumoniae causing nosocomial bloodstream infections in 
China: molecular investigation of antibiotic resistance determinants, 
informing therapy, and clinical outcomes. Front Microbiol 8:1230. https:/
/doi.org/10.3389/fmicb.2017.01230

57. Ryan MP, Pembroke JT, Adley CC. 2006. Ralstonia pickettii: a persistent 
gram-negative nosocomial infectious organism. J Hosp Infect 62:278–
284. https://doi.org/10.1016/j.jhin.2005.08.015

Research Article Microbiology Spectrum

December 2025  Volume 13  Issue 12 10.1128/spectrum.01947-2516

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

10
 J

un
e 

20
26

 b
y 

41
.9

3.
38

.2
.

https://doi.org/10.2217/fmb.15.22
https://doi.org/10.1016/S2214-109X(23)00539-9
https://doi.org/10.1093/jacamr/dlaf026
https://doi.org/10.4102/ajlm.v12i1.2053
https://doi.org/10.1128/AAC.41.3.563
https://doi.org/10.1128/CMR.00036-08
https://doi.org/10.1128/AAC.48.11.4217-4225.2004
https://doi.org/10.1111/lam.13711
https://doi.org/10.1128/spectrum.03919-23
https://doi.org/10.3389/fmicb.2017.01230
https://doi.org/10.1016/j.jhin.2005.08.015
https://doi.org/10.1128/spectrum.01947-25

	Pangenome analysis of Tanzanian clinical Klebsiella pneumoniae reveals pandemic clones with high genome plasticity and versatile mobilome, virulome, and resistome profiles
	MATERIALS AND METHODS
	Data collection and metadata curation
	Quality control and genome assembly
	Species confirmation and typing
	Genome annotation
	Pangenome analysis
	SNP calling and phylogenetic analysis
	Virulome and resistome analysis
	Plasmid replicon and mobile genetic element profiling

	RESULTS
	Data set overview and genome quality metrics
	Species confirmation and sequence type diversity
	Pangenome architecture
	SNP-based phylogeny and genomic clustering
	Virulence gene distribution
	Resistome profile
	Capsular (K) and O-antigen serotyping
	Mobilome profile

	DISCUSSION
	Conclusion



