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Abstract

Klebsiella pneumoniae has been associated with reproductive infections in equines. The
detection of β-lactam resistance determinants, especially extended-spectrum β-lactamase
(ESBL) genes, within genomic regions linked to horizontal gene transfer (HGT), is of a
particular concern. In this study, we characterize the whole-genome sequences (WGS)
of three K. pneumoniae equine isolates harboring multiple antimicrobial resistance genes.
Two isolates were recovered from uterine washes of mares: one with endometritis (YAH-
KPEM1) and one clinically normal (YAH-KPSE1), and a third from the feces of a diarrheic
foal (YAH-KPF132). WGS was performed using the Illumina MiSeq platform, and the
reads were subsequently processed through hybrid assembly in Unicycler v0.5.1. Genome
annotation was completed using PROKKA v1.14.5. Strain YAH-KPEM1 was classified as
ST127, whereas YAH-KPSE1 and YAH-KPF132 belonged to ST1630 and ST224, respectively.
Notably, K. pneumoniae ST1630 and ST224 have not been reported before in equines. All
three genomes encoded multiple antimicrobial resistance (AMR) determinants, including
two encoding ESBL genes (CTX-M-15), as well as virulence factors and regions associated
with HGT. Additionally, two (YAH-KPEM1 and YAH-KPSE1) isolates were found to be
multidrug resistant (MDR), harboring an IncFIB(K) plasmid replicon, and another isolate,
YAH-KPF132, carried an IncFII replicon. The detection of AMR and virulence genes in
equine Klebsiella isolates has important clinical implications for guiding antimicrobial
selection and improving treatment success.
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1. Introduction
Klebsiella pneumoniae is a Gram-negative bacterium belonging to the family Enterobac-

teriaceae and is known for its broad host range. Its highly flexible genome enables rapid
adaptation, contributing to its emergence as a significant threat to clinical medicine and
global public health [1]. K. pneumoniae is frequently encountered in diverse niches, includ-
ing humans, animals, and environmental reservoirs, where it may exist as a commensal
organism but can also act as an opportunistic pathogen [2]. This bacterium is recognized
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as a leading etiological agent of numerous infectious pathologies and has gained increas-
ing attention due to the global emergence of hypervirulent K. pneumoniae (hvKp) and
multidrug-resistant (MDR) lineages [3,4]. MDR K. pneumoniae, including strains produc-
ing extended-spectrum β-lactamases (ESBLs), poses a growing issue, as these enzymes
confer resistance to extended-spectrum cephalosporins and other β-lactam antibiotics,
severely limiting therapeutic options [5,6]. Because K. pneumoniae circulates across human,
animal, and environmental interfaces, the emergence of resistant strains is increasingly
viewed within a One Health framework that highlights the interconnected roles of multiple
reservoirs in the dissemination of antimicrobial resistance (AMR) [7].

Within veterinary medicine, K. pneumoniae has been reported in several animal species,
including companion animals and livestock [8]. In equine populations, this organism has
been associated with important clinical conditions, particularly reproductive tract infections
such as endometritis and abortion [9]. These infections have increasingly coincided with the
emergence of MDR Klebsiella lineages in equine populations, posing challenges for antimi-
crobial therapy and infection control in veterinary practice [10]. Genome characterization
of MDR isolates provides a comprehensive understanding of resistance mechanisms and
their potential for horizontal gene transfer. However, genomic surveillance of K. pneumoniae
circulating in equine hosts remains limited. Whole-genome sequencing (WGS) provides a
powerful approach to characterize AMR determinants, virulence factors, and the genetic
relatedness of circulating strains [11]. Genomic characterization of equine Klebsiella isolates
is expected to elucidate the population structure of circulating strains and offer a deeper
understanding of their AMR profiles, including the distribution of key resistance determi-
nants. This study aims to report the WGS of three β-lactamase-producing K. pneumoniae
strains isolated from equines, where YAH-KPEM1 and YAH-KPSE1 were isolated from the
uterine wash of Arabian-cross and Thoroughbred mares, and YAH-KPF132 was recovered
from the feces of a crossbred foal that was experiencing diarrhea.

2. Materials and Methods
2.1. Bacterial Isolates and Culture Conditions

Uterine and fecal samples were enriched overnight in nutrient broth at 37 ◦C and
cultured in Orientation agar media (CHROMagarTM, Saint-Denis, France) and incubated at
37 ◦C for 24 h. Initially metallic blue colonies were selected and sub-cultured in MacConkey
Agar media with 24 h of incubation at 37 ◦C. From the subculture, strong lactose-fermented
colonies with a bright, deep pink or red appearance and pronounced mucus production,
were selected for PCR confirmation targeting 16s rRNA and rpoB gene [12,13]. K. pneumoniae
isolates were stored in 80% glycerol stocks at −80 ◦C and revived on Luria–Bertani (LB)
agar plates incubated at 37 ◦C overnight before downstream analyses.

2.2. DNA Extraction and Whole-Genome Sequencing

Genomic DNA was extracted using Qiagen DNeasy Kit (Qiagen, Germantown, MD,
USA) on QIAcube Connect instrument (Qiagen, Germantown, MD, USA). The total DNA
concentration was quantified using a Qubit fluorometer and the dsDNA High Sensitivity
kit (Thermo-Fisher Scientific, Waltham, MA, USA) [14]. DNA purity was assessed using
a NanoDrop OneC Microvolume UV-Vis Spectrophotometer (ThermoFisher Scientific,
Waltham, MA, USA). The genomic library was prepared using the Illumina DNA Prep Kit
(Illumina, San Diego, CA, USA). Genome sequencing was conducted on MiSeq Illumina
platform, generating 2 × 300 bp-long paired-end reads at a depth of approximately 50× [15].
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2.3. Genome Assembly and Bioinformatic Analysis

Adapter trimming from paired-end reads was performed using Trimmomatic v.0.40
(https://github.com/usadellab/Trimmomatic/releases, accessed on 31 March 2026), and
hybrid assembly was conducted using Unicycler v.0.5.1 [16]. The assembled contigs were
annotated using PROKKA v.1.14.5 [17]. Species identification was carried out by comparing
53 genes encoding ribosomal protein subunits against the Ribosomal Multilocus Sequence
Typing (rMLST) database. Both multilocus sequence typing (MLST) and core genome
sequence typing (cgMLST) were performed using the Klebsiella Pasteur MLST server
(https://bigsdb.pasteur.fr/klebsiella/ (accessed on 2 December 2025) [18].

AMR and virulence genes were detected using ABRicate v. 1.0.1 (https://github.
com/tseemann/abricate, accessed on 31 March 2026), screened against the compre-
hensive antibiotic resistance database (CARD) [19] and the virulence factor database
(VFDB) [20]. Plasmid replicons and insertion sequences were detected using Plasmid Finder
https://cge.food.dtu.dk/services/PlasmidFinder/ (accessed on 5 December 2025) and
ISfinder server https://www-is.biotoul.fr/ (accessed on 5 December 2025).

2.4. Antimicrobial Susceptibility Testing

Antibiotic susceptibility testing was performed in vitro using the broth microdilu-
tion method against a panel of antimicrobial agents, including penicillins (ampicillin),
cephalosporins (ceftriaxone), carbapenems (imipenem), aminoglycosides (amikacin and
gentamicin), tetracyclines (tetracycline and doxycycline), fluoroquinolones (ciprofloxacin),
folate-pathway inhibitors (trimethoprim–sulfamethoxazole), and phenicols (chlorampheni-
col) as described previously [21]. Minimum inhibitory concentration breakpoints were
interpreted based on CLSI 2024.

3. Results and Discussion
3.1. Genome Assembly, Annotation, and Molecular Typing

Isolates YAH-KPEM1, YAH-KPSE1, and YAH-KPF132 produced approximately 36, 44,
and 62 contigs, respectively, with a GC content of approximately 57%. The total genome
lengths were 5,420,648 bp (YAH-KPEM1), 5,368,370 bp (YAH-KPSE1), and 5,405,663 bp
(YAH-KPF132) with N50 values of 444,172 bp, 374,413 bp, and 268,923 bp, respectively. Such
genome sizes, GC contents and N50 values aligned with previously published Klebsiella
genomes [22]. Annotation with Prokka revealed a total of 5273 CDS in YAH-KPEM1,
5209 CDS in YAH-KPSE1, and 5374 CDS in YAH-KPF132. According to MLST, YAH-
KPEM1 belonged to ST127 (scgMLST629_S: scgST-35798; capsule locus KL30), YAH-KPSE1
belonged to ST1630 (scgMLST629_S: scgST-21425; capsule locus KL21), and strain YAH-
KPF132 belonged to ST224 (scgMLST629_S: scgST-61830; capsule locus KL167). Sequence
type ST127 has been previously reported in equines [23], whereas ST1630 and ST224 were
identified in equines for the first time in this study. ST1630 has previously been identified
in human isolates [24], whereas ST224 has been reported in bovine and poultry sources
according to the Klebsiella Pasteur MLST database [18]. The presence of these sequence
types in equine clinical isolates may indicate cross-species transmission originating from
non-equine sources, emphasizing the One Health significance. The identification of distinct
sequence types and capsule loci highlights the genetic heterogeneity of K. pneumoniae
circulating in animal-associated reservoirs, specifically the equine environment, supporting
the presence of multiple evolutionary lineages outside clinical settings [25].

3.2. Antimicrobial Resistance and Virulence Gene Profiles

Antimicrobial resistance genes (ARGs) and virulence factors (VFs) associated genes
were identified in all three isolates. In YAH-KPEM1, six perfect (100% similarity) ARGs
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(SHV-11, KpnF, CrcB, LptD, dfrA14, and OXA-1), nine perfect ARGs for YAH-KPSE1 (KpnE,
KpnF, SHV-1, LptD, CTX-M-15, TEM-1, sul2, dfrA14, and OXA-1), and four perfect ARGs for
YAH-KPF132 (SHV-119, KpnF, oqxA, and LptD) hits were detected (Figure 1A–C). Additional
ARGs showing nucleotide coverage greater than 90% and identity above 80% are listed in
Figure 1A–C. Among the detected genes, intrinsic resistance or MDR efflux pump genes,
including MdtQ, KpnE, KpnF, LptD, oqxA, and oqxB19, may show baseline multidrug efflux
capacity that may contribute to reduced antimicrobial susceptibility [26]. β-lactamase genes
identified across the isolates, including blaSHV variants (SHV-1, SHV-11, SHV-119), blaTEM-1,
blaOXA-1, and the extended-spectrum β-lactamase blaCTX-M-15, collectively suggest a broad
capacity for resistance to penicillins and cephalosporins, with ESBL-mediated activity
evident in selected lineages [23]. Presence of diversified ARGs represents the heterogenicity
of resistance gene acquisition based on exposure to different antimicrobial agents [27]. The
pronounced genomic plasticity observed in Klebsiella in the present context is consistent
with earlier reports [28]. Comparison with the VFDB revealed that all three isolates contain
virulence genes related to siderophore/iron acquisition, adherence, colonization, biofilm
formation, Type VI secretion system, global and two-component regulation, capsule/LPS,
and surface remodeling. However, none of these isolates were classified as hvKp strain, as
this requires the co-occurrence of capsule hyperproduction (rmpA/rmpA2), high-affinity
iron acquisition systems (particularly aerobactin), and virulence plasmids, often within
specific capsular lineages such as K1 or K2 [29]. The consistent presence of virulence-
associated genes across isolates, regardless of resistance burden, suggests that pathogenic
potential may be maintained independently of AMR, particularly in non-clinical animal
reservoirs [30,31].

3.3. Plasmid Replicons and Associated Genetic Features

Plasmid-associated replicons were identified in all three isolates. Specifically, the
IncFIB(K) replicon was detected on contig 13 in YAH-KPEM1 and on contig 17 in YAH-
KPSE1. These plasmid-bearing contigs harbored a suite of metal-resistance determinants,
including the Cus and Pco copper-efflux systems and the Sil silver-binding locus, together
with toxin–antitoxin modules (VapBC and RelBE) and SOS-linked mutagenesis genes
(umuC/umuD). On the other hand, isolate YAH-KPF132 contained the IncFII plasmid
replicon. The presence of IncF-type plasmids carrying metal-resistance operons and stress-
response systems suggests that selective pressures beyond antimicrobial exposure, such
as environmental or husbandry-related factors, may contribute to plasmid maintenance.
The presence of these genes on plasmids may facilitate their transfer to other bacterial
populations through horizontal gene transfer mechanisms. The identified plasmids were
previously reported to carry several AMR genes [32,33]. These plasmid features may
enhance bacterial persistence and facilitate the long-term retention and dissemination of
such resistance determinants [34].

3.4. Antimicrobial Resistance Profiles

Antimicrobial susceptibility testing (AST) revealed notable variation in resistance
profiles among all the K. pneumoniae isolates in vitro. Isolate YAH-KPF132 exhibited
resistance to ampicillin, ceftriaxone, and chloramphenicol, while showing intermedi-
ate susceptibility to tetracycline. In contrast, YAH-KPEM1 demonstrated a marked
MDR phenotype, with resistance to ampicillin, ceftriaxone, tetracycline, doxycycline,
ciprofloxacin, trimethoprim–sulfamethoxazole, and chloramphenicol, and only limited
susceptibility to amikacin and gentamicin. Isolate YAH-KPSE1 showed an intermedi-
ate pattern, with resistance to ampicillin, ceftriaxone, gentamicin, ciprofloxacin, and
trimethoprim–sulfamethoxazole. Comparable resistance phenotypes have been reported
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in Klebsiella isolates originating from both the United States and France [23,35]. Ceftriaxone
resistance in YAH-KPSE1 is primarily mediated by blaCTX-M-15, whereas in YAH-KPEM1
it likely arises from a combination of blaSHV-11, enhanced efflux activity (acrB, oqxA, oqxB,
marA), and altered membrane permeability (OmpK37), indicating a non-ESBL-driven re-
sistance mechanism [29,36,37]. Based on the AST findings, two out of the three isolates
met the criteria for MDR, as each showed resistance to antibiotics from more than three
distinct antimicrobial classes (Table 1) [38]. The observed phenotypic variability among
isolates further underscores the heterogeneous resistance potential of K. pneumoniae in
animal-associated environments, and also confirms the function of genotypic determinants,
highlighting the importance of integrating phenotypic and genomic data for comprehen-
sive surveillance. These MDR strains require alternative-to-antibiotics approach such
as bacteriophage therapy or targeted antimicrobial delivery systems, for control in such
environments [39–41].

Figure 1. Circular genome representing the antimicrobial resistant genes and horizontal gene transfer
regions (A) K. pneumoniae strain YAH-KPEM1, (B) K. pneumoniae strain YAH-KPSE1, and (C) K. pneu-
moniae strain YAH-KPF132.
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Table 1. Antimicrobial Susceptibility Profiles of K. pneumoniae Isolates YAH-KPF132, YAH-KPEM1,
and YAH-KPSE1.

Antibiotic Antibiotic Class YAH-KPF132 YAH-KPEM1 YAH-KPSE1

Ampicillin β-lactam (Penicillin) R (>64) R (>64) R (>64)

Ceftriaxone β-lactam (3rd gen
cephalosporin) R (>8) R (8) R (8)

Amikacin Aminoglycoside S (2) S (8) S (4)
Gentamicin Aminoglycoside S (1) S (1) R (8)
Tetracycline Tetracycline class I (8) R (>32) S (≤1)
Doxycycline Tetracycline class S (4) R (16) S (2)

Ciprofloxacin Fluoroquinolone S (≤0.1) R (1) R (1)
Trimethoprim-

Sulfamethoxazole
Folate pathway

inhibitors S (>8/152) R (>8/152) R (>8/152)

Chloramphenicol Phenicol R (64) R (>64) S (8)
Minimum inhibitory concentrations (MICs) were determined by broth microdilution. Results are reported as MIC
values (µg/mL) with corresponding susceptibility interpretations: S, susceptible; I, intermediate; and R, resistant.
Interpretations were based on Clinical and Laboratory Standards Institute (CLSI) guidelines (2024).

4. Conclusions
The detection of MDR K. pneumoniae in equine populations, particularly isolates such as

YAH-KPSE1 exhibiting extended-spectrum β-lactamase activity, underscores a significant
clinical concern for veterinarians, as these strains may restrict therapeutic options and
complicate case management. The genomic analyses presented here provide a detailed
characterization of equine-associated Klebsiella genomes, thereby expanding the existing
reference resources. Collectively, these findings highlight the ongoing need for systematic
surveillance of AMR within equine populations.
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