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A B S T R A C T

Klebsiella pneumoniae sensu stricto (KpI) is an opportunistic pathogen capable of residing as a commensal in both 
human and bovine intestinal tracts and can cause serious systemic infections in humans and severe clinical 
mastitis in dairy cattle. It is unclear what role zoonotic and anthroponotic transmission play in the dissemination 
of KpI. In this study, we use a comparative genomic approach to identify differences between KpI associated with 
disease in humans and cattle and aimed to identify any potential genetic barriers limiting transmission of KpI 
between these two hosts. A total of 128 KpI strains (bovine n = 65; human n = 63) were whole genome 
sequenced and human and bovine strains were compared based on phylogenomics, the pangenome, mobile 
genetic elements, and differential gene abundance. No obvious phylogenomic differentiation was observed be-
tween isolates from these hosts. However, subtle genetic differences exist between bovine and human KpI which 
likely reflect environmental adaptation to different host niches, including a higher representation of gene clusters 
encoding ferric citrate uptake transporters, as well as histidine, arginine, and lactose utilization pathways in 
bovine isolates. These gene clusters may be positively selected due to the unique metabolic environment of the 
mammary gland, where lactose, citrate-bound iron, and amino acids like histidine and arginine provide growth 
advantages for KpI during mastitis. Overall, our study identified no obvious genetic barriers to zoonotic trans-
mission of KpI within the dairy environment and provides insight into the development of host-specific thera-
peutic options for KpI infections in humans and bovine.

1. Introduction

Klebsiella pneumoniae species complex (KpSC) is ubiquitous in nature, 
commonly found in both animals and humans, and can pose a serious 
threat to public health due to its propensity towards antimicrobial 
resistance (AMR) [1]. In humans, the carriage rate of K. pneumoniae 
sensu stricto (KpI) in the gastrointestinal tract ranges from 6 % to 55.9 %, 
with variance attributed to age, location, travel history, or recent anti-
biotic use [2–4]. Although commonly found as a commensal, KpSC can 
act as an opportunistic pathogen that primarily affects 

immunocompromised individuals and may result in severe infections 
[5]. In humans, KpI is a leading cause of hospital-acquired infections, 
including urinary tract infections, pneumonia, and bacteremia [6]. In 
cattle, particularly on dairy farms, Klebsiella spp. are isolated from 
various sources such as rumen samples, water, bedding, alleyways, 
holding pens, and soil [7]. Among dairy cattle, Klebsiella spp. is recog-
nized to cause severe clinical mastitis, resulting in economic losses for 
the dairy industry due to reduced milk production, culling, and/or death 
[6,8].

The expression of specific virulence factors by KpSC can influence 
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infection severity. The capsule is an integral structural component that 
protects KpSC from host immune responses [9]. Siderophore systems 
encoded by KpSC, such as aerobactin, salmochelin, yersniabactin, and 
enterobactin each contribute to iron acquisition that is essential for 
growth and replication, especially in environments where iron concen-
trations are low, such as the bovine mammary gland [9,10]. The influ-
ence of each siderophore system on virulence varies, with aerobactin 
associated with high virulence and enterobactin associated with lower 
virulence in humans, likely due to their different affinities for iron [9]. 
Hypervirulent strains of KpI, associated with capsule serotype K1 or K2, 
aerobactin and/or yersiniabactin siderophore systems, and regulators of 
a hypermucoid phenotype, are particularly concerning as they can cause 
invasive infection in otherwise healthy individuals [11].

KpSC is also known for its high abundance and repertoire of AMR 
genes, owing to its unusual ability to acquire and maintain a diverse 
array of plasmids [12]. Use of antibiotics in agriculture can select for 
AMR pathogens which may transfer to the environment through various 
means [12]. While the World Health Organization does not classify KpI 
as a zoonotic pathogen, some argue that its zoonotic potential might be 
underestimated [13]. Agricultural workers directly exposed or KpI 
spread may occur indirectly through consumption of contaminated food 
or water [14]. However, little is known about the genomic relationship 
between KpSC of bovine and human origins, and whether bovine KpSC 
represents a significant threat to human health. Recent studies have 
demonstrated that the lac and fec operons are significantly associated 
with bovine KpI, but little is known otherwise as most studies focus on 
human strains rather than those of animal origin [1,15]. Therefore, 
further research is needed to understand host-adaption of KpSC and 
identify genomic barriers that would limit transmission between hosts.

In this study, we aimed to perform comparative genomics on 128 KpI 
isolates from both human and bovine infections. We characterized the 
pangenome of the KpI isolates, provided insight into the evolutionary 
relationship between bovine and human strains, and compared their 
genomic content – providing detailed insight into host-adaptation.

2. Materials and methods

2.1. Bacterial isolates, sequencing, and assembly

A total of 128 KpI isolates were used in this study. Bovine isolates, 
collected between 2007 and 2008, were part of the Mastitis Pathogen 
Culture Collection [16]. Human isolates were cultured from blood 
samples taken from patients at McGill University Health Centre in 2020, 
following institutional ethical guidelines set by McGill University and 
the Declaration of Helsinki, as described previously [17]. Whole genome 
sequencing and assembly of KpI isolates was described previously [17].

2.2. Gene annotation & pangenome analysis

Species, sequence type (ST), K-locus type, and O-locus type deter-
mination as well as the identification of common iron acquisition sys-
tems, were completed using Kleborate (v.2.4.0) [18]. The K- and O-locus 
types are accompanied with a confidence level of either perfect, very 
high, high, good, low, or none, as described here [19]. All genome as-
semblies served as input into Prokka (v.1.14.5), generating gff files 
which were used as input into Panaroo (v.1.3.3) [20,21]. Panaroo was 
run using ‘sensitive’ mode and MAFFT to align the core genome of KpI 
[22]. Gene accumulation curves were generated using the specaccum 
function from the R package, vegan (v.2.6–4), on a binary version of the 
gene presence/absence file generated by Panaroo [23]. The core gene 
alignment of KpI was used as input into FastTree (v.2.1.11) using default 
parameters, generating an approximately-maximum-likelihood phylo-
genetic tree [24]. The tree was visualized and annotated in R using 
ggtree package (v.3.10.0) [25].

2.3. Identification of mobile genetic elements

Plasmid replicon markers were identified using Abricate and the 
PlasmidFinder Database with default parameters (v.1.0.0) [26,27]. 
Mlplasmids (v.2.1.0), a machine-learning classifier designed to predict 
whether short-read contigs in K. pneumoniae are plasmid- or chromo-
some- derived, was used to identify if contigs containing replicons 
identified by PlasmidFinder were predicted to originate from plasmids 
rather than the chromosome [28]. Contigs predicted to be from plasmids 
were used in downstream analyses. Statistical significance was assessed 
using a Fisher’s exact test in Scoary (v.1.6.16) which utilized a plasmid 
presence/absence file as input [29]. From this analysis, the Benjamini 
Hochberg adjusted p-value and odds ratio (OR) were recorded.

2.4. Differential gene analysis

The presence of mucoid phenotype regulators (rmp locus, rmpA2) 
and iron acquisition systems (aerobactin, enterobactin, salmochelin, and 
yersiniabactin) with respective lineage, was determined using Kleborate 
[18]. Genes encoding ferric citrate iron uptake systems were identified 
in Panaroo output. Significance in the presence of genes encoding iron 
acquisition systems and hypermucoid regulators between host types was 
identified using the Fisher’s exact test implemented in Scoary as 
mentioned above.

All gene clusters produced by Panaroo were filtered to identify those 
associated with host type. Clusters encoding a single product were 
retained, while those annotated with differing functions or solely as a 
hypothetical protein were excluded. Gene clusters encoding both a hy-
pothetical protein and known product were retained, with the annota-
tion recorded as the known product, assuming the hypothetical protein 
also encoded it. Statistical significance was completed using a Wilcoxon 
rank-sum test in R to compare the distribution of count data between 
hosts [30]. The products of significant gene clusters were manually 
grouped into functional categories such as carbon sources, amino acid 
transport, DNA recombination, and plasmid association by searching 
each gene on UniProt, selecting the corresponding gene entry that 
matches the annotation provided by Prokka, and recording the biolog-
ical function [31].

3. Results

3.1. Isolates and genome characteristics

A total of 128 KpI genomes (human, n = 63; bovine, n = 65) were 
used in this study. The number of contigs within each genome ranged 
from 22 to 309, with an N50 between 32,624 bp and 798,846 bp, and 
total genome size between 5.19 and 5.78 Mbp. The average coverage of 
each genome was between 15× and 113× [17]. Given the difference in 
isolation years between bovine and human isolates exceeding 10 years, 
our study emphasizes pangenome characteristics, presence of mobile 
genetic elements (MGEs), virulence traits, and metabolic pathways.

3.2. Large accessory genome and open pangenome in KpI

The pangenome of KpI consisted of 15,852 unique gene clusters. Core 
gene clusters (core genes and soft-core genes) comprised approximately 
26 % of the pangenome, while accessory gene clusters (shell genes and 
cloud genes) accounted for approximately 74 %, highlighting the plastic 
and dynamic properties of KpI (Fig. 1A). The core genome of bovine KpI 
genomes was 37 % of the pangenome, while the core genome of human 
isolates was 33 % (Fig. 1A).

As new KpI genomes are analyzed, the number of unique gene 
clusters accumulates, indicating that the pangenome is open (Fig. 1B). 
Bovine KpI have a lower number of unique gene clusters (n = 11,377) 
and a larger core genome (n = 3994, ~35 % of bovine KpI pangenome) 
compared to human KpI which have approximately 12,896 unique gene 
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clusters and a core genome size of 3879 genes (~30 % of human KpI 
pangenome). These findings suggest that bovine isolates may have lower 
genetic diversity than those isolated from humans.

3.3. Multi-locus sequence types and predicted serotypes

In total, 61 different STs of KpI were identified. STs are determined 
based on the allelic profile of seven housekeeping genes in 
K. pneumoniae, namely gapA, infB, mdh, pgi, phoE, rpoB, and tonB [32]. 
Among isolates from bovine hosts, 24 STs were identified, with ST2640 
(n = 12), ST294 (n = 9), and ST107 (n = 9) being the most common. In 
comparison, 37 STs were reported in isolates from human hosts, with 
ST15 (n = 5), ST17 (n = 4), and ST45 (n = 4) being the most common. 
One ST, namely ST219, was shared among only one bovine isolate and 
one human isolate.

The K locus of K. pneumoniae contains several conserved genes 
including galF, cpsACP, wzi, wza, wzb and wzc located at the 5′, as well as 
gnd and ugd at the 3′ end, and encodes proteins involved in capsule 
synthesis and translocation [33]. Forty-seven different K-locus (KL) 
types with high confidence were identified among KpI genomes. As-
semblies with low or no confidence of the KL type were classified as 
‘unknown KL’ (n = 26). Most unknown KL types were from ST2640 (n =
12) and ST2650-ILV (n = 6) genomes—all of which were missing 3 KL51 
genes, apart from one ST2640 strain which was missing 4 KL51 genes. 
Other STs with low or no KL confidence were ST1380 (n = 1, missing 5 
genes from KL62), ST15 (n = 1, missing 10 genes from KL24), ST327-ILV 
(n = 1, missing 5 genes from KL143), ST3689 (n = 1, missing 2 genes 
from KL61), ST55-2LV (n = 1, missing 4 genes from KL124), ST5624 (n 
= 2, missing 4 genes from KL12), and ST569 (n = 1, missing 4 genes 
from KL143).

The O locus of K. pneumoniae contains wzm and wzt genes and en-
codes the membrane transporter complex [34]. Fourteen O-locus (OL) 
types were identified among isolates. Three isolates had low or no OL 
confidence, including ST1380 (n = 1; 6 genes missing from O3/O3a 

locus), ST2854 (n = 1, 2 genes missing from OL101 locus), and ST268 (n 
= 1; 1 gene missing from OL104 locus).

3.4. Bovine and human KpI core genomes are intermixed

An approximately-maximum-likelihood phylogenomic tree repre-
senting core genes of all isolates showed deep branching, indicating high 
diversity among all genomes. No clustering of genomes by host was 
observed, but rather isolates clustered by ST. For example, large clusters 
of bovine isolates pertaining to ST2640 & ST2640-1LV, ST107, and 
ST294 can be observed (Fig. 2).

3.5. Human and bovine KpI genomes contain the same plasmid replicons

A total of 28 unique plasmid replicons were identified among all KpI 
assemblies. There was no significant difference in the number of plasmid 
replicons found between bovine isolates (0–9) and human isolates 
(0− 11) (Wilcoxon rank sum test, W = 2425, p-value = 0.07) (Fig. 3A). 
Eighteen plasmid replicons were found exclusively in either human and 
bovine STs, while the remaining 10 replicons were shared between the 
two groups. Exclusive replicons were less common, occuring in 1.5 % to 
14 % of isolates, while shared replicons were more prevalent, occuring 
in 3 % to 95 % of isolates. Replicon type IncHI1B_1_pNDM-MAR (p-value 
<1E-10; OR = 19.4), RepA_1_pKPC-CAV1321 (p-value <0.05; OR = inf), 
IncHI2A_1 (p-value <0.05; OR = inf), and IncHI2_1 (p-value <0.05; OR 
= inf) were significantly associated with bovine KpI, while human KpI 
was significantly associated with IncFIB(K)_1_Kpn3 (p-value <0.05; OR 
= 0.17) and IncR_1 (p-value <0.05; OR = 9.8) (Fig. 3B). Due to the 
limitations with short-read sequencing data, we were unable to discern 
the contents of each plasmid. Our results indicate that host niche does 
not hinder plasmid acquisition, as common plasmid replicons are often 
found in genome assemblies of isolates from both bovine and human 
origin, this suggests that human and bovine KpI are capable of sharing a 
pool of MGEs.

Fig. 1. Pangenome of K. pneumoniae sensu stricto. 
(A) A stacked bar chart displays the relative abundance of the Kpl pangenome classified as core genes (present in 99 %–100 % of isolates), soft core genes (present in 
95 %–98 % of isolates), shell genes (present in 15 %–94 % of isolates), and cloud genes (present in 1 % to 15 % of strains). (B) Gene accumulation curves display the 
number of unique genes per genome assembly and indicates an open pangenome.
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3.6. Genomic differences between bovine and human KpI

Given that iron acquisition systems are a main virulence factor 
studied in KpSC, we compared genes encoding iron acquisition systems 
between bovine and human KpI assemblies within our study. As iden-
tified by Kleborate, 18 KpI assemblies carried yersiniabactin, with 2 
isolated from bovine hosts (p-value <0.001; OR = 11) (Fig. 4). Among 
the yersiniabactin lineages identified, ybt10; ICEKp4 (n = 10) was the 
most common type, specifically among ST34 (n = 1), ST45 (n = 4), ST14 
(n = 1), and ST15 (n = 4) (Fig. 4). Other yersiniabactin ICE elements 
included ybt12; ICEKp10 (n = 1), ybt 14; ICEKp5 (n = 2), ybt 15; ICEKp11 
(n = 1), ybt 2; ICEKp1 (n = 1), ybt 26; ICEKp18 (n = 1), and ybt 9; ICEKp3 
(n = 2). Seven human KpI assemblies contained genes encoding aero-
bactin (p-value <0.01; OR = inf), with 6 carrying iuc 1 lineage, and only 
1 carrying iuc 2 lineage. Similarly, 7 human KpI assemblies carried 
salmochelin (p-value <0.01; OR = inf), with 5 carrying iro 1 lineage, 1 
carrying the iro 2 lineage, and 1 carrying a truncated form of iro 3. One 
human isolate (ST2039) carried all four iron acquisition systems in 
addition to genes encoding colibactin, which is often co-mobilized on 
ICEKp10 (Fig. 4).

Regulators of a hypermucoid phenotype, rmpADC locus and possibly 
rmpA2, are often associated with hypervirulent infections in humans and 
therefore their presence was compared between human and bovine KpI 
assemblies [11]. Human KpI assemblies commonly carried capsule 
regulatory genes, rmpADC (n = 7; p-value <0.01; OR = inf) and rmpA2 
(n = 5; p-value <0.05; OR = inf), which included rmp 1 (n = 5), rmp 2 (n 
= 1), and rmp 3 lineages (n = 1), as well as rmpA2_6 lineage, respectively 
(Fig. 4). Bovine KpI assemblies were significantly associated with 

fecABCDEIR encoding the ferric citrate iron uptake system (p-value 
<0.001; OR = 19), with ~94 % of bovine KpI assemblies encoding it 
entirely (Fig. 4).

It was of interest if any other genes from bovine and human hosts 
were related to their respective environments. Among all gene clusters, 
9687 encoded a hypothetical protein and 249 encoded multiple genes 
with multiple functions, and therefore were removed from the analysis. 
Gene clusters annotated as encoding both hypothetical protein as well as 
a known product were retained (n = 457) and the annotation was 
counted as the known product, assuming the hypothetical protein also 
encoded this product. The remaining gene clusters (n = 5469) encoded 
only one product. Since different gene clusters can encode the same 
product, we generated a non-redundant list of 3658 gene products from 
all filtered gene clusters. We then examined significance in the number 
of gene clusters encoding products from this list between host types.

Of the 3658 gene annotations screened for host association, 392 were 
deemed significant (p-value <0.01) and manually categorized into 
relevant groupings (Supplementary file S1). Bovine KpI genomes con-
tained a significantly higher number of gene clusters associated with 
histidine (hisQMP) (p-value <0.001, W = 3150.0) and arginine transport 
proteins (astABCDE and argT) (p-value <0.001, 3024 ≤ W ≤ 3085), and 
a signficantly lower number of gene clusters encoding glutathione 
transport (gsiABCD) (p-value <0.001, 1309.0 ≤ W ≤ 1490.5) in com-
parison to human KpI genomes (Fig. 5A). Moreover, bovine assemblies 
contained more gene clusters involved in the use of galactonate (lgoRDT) 
(p-value <0.001, 2691 ≤ W ≤ 2921.5), galactose (dgoAKD, galP, gci) (p- 
value <0.001, 2457 ≤ W ≤ 2583), and lactose (lacZ) (p-value <0.001, 
W = 3339.5), while human assemblies contained more gene clusters 

Fig. 2. Approximately-maximum-likelihood core phylogenomic tree of K. pneumoniae sensu stricto from bovine and human origin sequenced in this study. 
All genomes classified as K. pneumoniae sensu stricto, show deep branching and clustering by ST. External coloured boxes are used to indicate host-species, ST, K-locus, 
O-locus, and the location the sample that yielded an isolate was collected.

B. O’Brien et al.                                                                                                                                                                                                                                 One Health 20 (2025) 100970 

4 



involved in utilization of fructose (fruA) (p-value <0.05, W = 1667), 
gluconate (p-value <0.01, W = 1418.5), sucrose (scrY) (p-value <0.01, 
W = 1082.5), inositol (mshA, iolEGSU) (p-value <0.05, 1410.0 ≤ W ≤
1542.5), and glycerol (dhaBT, glpF) (p-value <0.01, 1410 ≤ W ≤ 1480.5) 
(Fig. 5B). Notably, some bovine assemblies contained up to 5 gene 
clusters encoding a beta-galactosidase (lacZ), while human assemblies 
contained at most 3.

4. Discussion

Klebsiella is thought of as an unrecognized zoonotic pathogen, 
capable of spreading directly from animals to humans or indirectly 
through bovine products such as raw milk [13]. In this study, we iden-
tified high genomic similarity between KpI assemblies from cases of 
bovine mastitis and human blood infections. Overall, no obvious genetic 
barriers to transmission between cows and humans were identified, 
which contrasts previous reports of other mastitis pathogens such as 
Staphylococcus aureus [35]. Rather, subtle genomic differences were 
identified in bovine KpI which likely reflect environmental adaptation.

The frequency of overlapping STs between bovine and human iso-
lates in our study was low, with only ST219 being shared between one 
bovine and one human isolate, implying that transmission between 
bovine and humans may be limited as others have suggested [36,37]. 
However, limited ST overlap between hosts within our study may be a 
result of small sample size, as numerous bovine STs from our study have 
been identified in humans elsewhere, including predominant bovine 
STs, ST107, ST294, and ST2640 [38–40]. These dominant STs in bovine 
isolates likely resulted in the lower diversity observed compared to 
human isolates, since samples from the same lineage often have high 
genomic similarity within core and common genes [5]. ST2640/ 

ST2640-1LV and ST294 were collected from farms in Alberta which 
may explain the low variance recorded, while ST107 was isolated from 
all four provinces sampled. Other studies have reported ST107 as the 
predominant ST from clinical mastitis, bulk milk, and environmental 
sources [41,42]. Although ST107 is common among bovine hosts and 
the dairy farm environment, it is not restricted to it, as it has been 
identified in other hosts such as captive alligators, wild tapirs, and 
humans [38,39,43,44].

Subtle genomic differences between host types were observed in our 
study that may provide insight into the development of novel host- 
specific therapeutic options, improving improve health outcomes in 
humans and animals. The most evident genomic differences between 
bovine and human KpI were the number of clusters associated with LacZ 
β-galactosidase and ferric citrate uptake. The fec and lac operons are 
known to be co-located together on various plasmids, including plasmid 
pKPN3, the replicon of which was identified in most bovine isolates in 
this study [1]. Indeed, within this study additional copies of fec genes 
and lacZ were found to be present within both bovine and human KpI 
assemblies often adjacent to transposases, suggesting these may be 
mobile [1]. While the entire fec operon was abundant within bovine 
isolates in our study, only gene clusters associated with lacZ, encoding 
an orphan β-galactosidase, which cleaves lactose into glucose and 
galactose, was in higher abundance, as opposed to the entire lac operon 
(lacZYA) reported in other studies [1]. Given the high abundance of 
lactose within milk, bovine K. pneumoniae may have evolved higher 
copy numbers of lacZ to allow it to efficiently utilize lactose as a carbon 
source in the mammary gland. Additionally, bovine KpI isolates show a 
higher abundance of genes associated with galactose and galactonate, 
compounds derived from lactose metabolism [45], which may also be 
associated growth advantages for KpI during bovine mastitis.

Fig. 3. Plasmid replicons identified in K. pneumoniae sensu stricto STs from bovine and human hosts. 
Assemblies in this study were examined for known plasmid replicons using the PlasmidFinder database. (A) The number of plasmid replicons found in genome 
assemblies is not statistically significant between human and bovine hosts. (B) Some plasmid replicons show significant association with host type, including 
IncHI1B_1_pNDM-MAR, RepA_1_pKPC-CAV1321, IncHI2A_1, and IncHI2_1 with bovine KpI genomes and IncFIB(K)_1_Kpn3 and IncR_1 with human KpI assemblies. 
Statistical significance was completed using a Benjamini-Hochberg adjusted Fisher’s exact t-test (*p < 0.05, **p < 0.01, and ***p < 0.001).
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In addition to lactose, citrate is present in milk and can bind iron 
with high affinity [46]. The concentration of citrate in bovine milk 
ranges between 11.2 and 15.1 mmol/L, varies depending on the stage of 
lactation, and is typically higher in concentration than other iron 
chelating agents [47,48]. Proteins encoded by the fec locus bind and 
translocate iron from citrate, providing a source of iron for bacteria in 
milk. Ferric citrate uptake has been linked to the pathogenicity of 
mammary pathogenic E. coli (MPEC), and deletion of the fec locus in 
MPEC resulted in the inability for mastitis to progress [49]. The higher 
prevelence of fecIRABCDE in bovine KpI genomes compared to human 
suggests that its expression may be an important virulence factor for 
bovine KpI. However, further in vitro and in vivo studies are needed to 
confirm the role of the fec locus in the virulence of bovine KpI.

A higher abundance of genes associated with histidine and arginine 
use was found in bovine KpI isolates which provides further evidence of 
KpI host adaptation, that has yet to be reported. Histidine and arginine 
can be supplemented to dairy cows to increase milk protein yield and 
milk fat production, respectively, and thus both can be found within raw 
milk, providing a source of nitrogen that may be used by KpI within the 
mammary gland [50,51].

Our study focused on bovine KpI from mastitis, however future 
research should aim to compare commensal KpI from dairy environ-
ments with KpI from mastitis to better understand host specificity and 
mechanisms driving pathogenicity. Moreover, draft genomes used in 
this study, while assesed for quality using contig count, coverage,and 
N50, may still be incomplete due to gaps, sequencing errors, and/or 
missassblies [52]. Additionally, the time gap between isolating human 
and bovine KpI strains may have driven differences observed in viru-
lence, and metabolic processes and thus results should be interpreted 
with caution. Despite these limitations, our findings provide valuable 
insights into the genomic differences and similarities between human 
and animal KpI isolates, advancing our understanding of the pathogenic 
dynamic across all hosts, and strengthening One Health strategies to 
mitigate the spread of KpSC across sectors.
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