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ABSTRACT Bovine mastitis is a major driver of antimicrobial use and economic loss in
dairy farming. Although long overshadowed by Escherichia coli, Klebsiella pneumoniae
is now increasingly recognized as a key cause of moderate to severe clinical mastitis
worldwide. Its persistence in farm environments, adaptation to dairy production systems,
and intrinsic antimicrobial resistance contribute to poor therapeutic outcomes, high
death rate, and substantial animal welfare impacts. Beyond veterinary relevance, K.
pneumoniae is a leading human pathogen central to the global antimicrobial resistance
crisis. Genomic analyses reveal a substantial overlap among environmental, animal, and
human Klebsiella populations. Although hypervirulent lineages remain rare in cattle, their
potential emergence warrants surveillance. This perspective highlights K. pneumoniae
mastitis as an emerging One Health challenge requiring enhanced surveillance and
targeted control strategies.

KEYWORDS One Health, hypervirulent Klebsiella, antimicrobial resistance, bovine
mastitis, Klebsiella pneumoniae

ovine mastitis is one of the most economically damaging and welfare-compromising

diseases in the global dairy industry. It reduces milk yield and quality and remains
as the leading driver of antimicrobial use on dairy farms worldwide (1, 2). While coliform
mastitis has historically been dominated by Escherichia coli, the past decade has seen
a clear increase in environmental mastitis associated with Klebsiella species, particu-
larly Klebsiella pneumoniae and K. oxytoca (3-5). These opportunistic bacteria are now
increasingly recognized as significant contributors to clinical mastitis, often associated
with more severe clinical presentations (6, 7). The emergence of K. pneumoniae in
dairy systems has implications that extend beyond milk production and udder health.
K. pneumoniae is a well-established human pathogen and one of the highest-priority
species in the global antimicrobial resistance (AMR) crisis. It may act as a shared reservoir
of resistance determinants across animal, environmental, and human sectors (8-10).
This perspective summarizes current knowledge on K. pneumoniae mastitis, assesses its
significance within a One Health framework, and outlines research and policy priorities
to address its potential emergence as a broader public health concern.

KLEBSIELLA MASTITIS: A RISING BURDEN IN DAIRY PRODUCTION?

Mastitis associated with Klebsiella spp. has become increasingly common in many
dairy-producing regions (Table 1). A recent meta-analysis estimated a pooled global
prevalence of Klebsiella spp. of 7.95% in milk samples from mastitis cases, with a
marked increase from 3.85% during 2007-2012 to 12.16% during 2013-2020, and a
higher prevalence reported in developing countries (5). Contributing factors include
intensified dairy production systems, widespread use of organic bedding materials, such
as sawdust, and climatic conditions favoring bacterial proliferation (11). However, this
apparent emergence may also reflect historical underestimation, as infections were
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TABLE 1 Worldwide prevalence of Klebsiella species associated with bovine mastitis

ASM Animal Microbiology

Country Sampling date  Prevalence (%) Klebsiella species  Resistance gene detection Reference
China 2022 6.1 K. pneumoniae 64.7% BIaTEM gene presence of EBSL strains Caoetal. (15)
China 2000-2010 3.14 K. pneumoniae Beta-lactam resistance Liu etal. (16)
2010-2020 745
China Unknown 36.3 K. pneumoniae Not determined Chengetal.(17)
China 2021 26.5 K. pneumoniae hvKP-blaTEM, blaSHV, blaNDM, blaCTX-M, blaDHA, Wusiman et al. (18)
and blaKPC
Niger 2019-2020 21.6 K. pneumoniae blatgm and blactx-m gene expression Anueyiagu et al. (19)
25 K. oxytoca
6.3 K. aerogenes
Brazil 2010 98 K. pneumoniae KPC-2 blakpc-o gene Silva-Sanchez et al. (20)
Egypt 2018-2025 8 K. pneumoniae No ESBL Eissa etal. (21)
Pakistan 2022 11.8 K. pneumoniae BlaTem gene but remain sensitive to cefotaxime, Sanam et al. (22)
ciprofloxacin
Japan 2004-2014 38.8 K. pneumoniae Not determined Sugiyama et al. (6)
Japan 2012-2014 6.5 K. pneumoniae ESBL-producer strains Tsuka et al. (23)
55 K. oxytoca
Japan 2016-2017 12.3 K. pneumoniae ESBL-producer strains TEM-116; CTX-2-M Taniguchi et al. (24)
United States Unknown 15.35 K. pneumoniae ESBL strains n=2/17 Gelalcha et al. (25)
Systemic 2007-2012 3.85 K. pneumoniae Not determined Song et al. (5)
review 2013-2020 12.16
Belgium 2012-2013 0.8 K. pneumoniae Supre et al. (26)
Scotland 2009-2010 Unknown K. pneumoniae 4.7% ESBL Pollock et al. (27)
Germany 2014 3.7 K. pneumoniae No ESBL Pirner et al. (28)
5.37 K. oxytoca
2022 11.40 K. pneumoniae
5.11 K. oxytoca
Germany 2021-2022 10.2 K. pneumoniae Not determined Krebs et al. (29)
4.6
143
10.3

frequently misclassified as coliform mastitis and attributed to E. coli in the absence of
systematic microbiological identification. K. pneumoniae is ubiquitous in soil, feces, water,
and bedding materials, facilitating repeated exposure of the teat canal (7, 12). Mastitis
caused by Klebsiella spp. is most often associated with moderate to severe clinical forms,
reflecting the strong acute inflammatory response triggered by these bacteria. In the
literature, Klebsiella is frequently isolated from clinical mastitis cases characterized by
fever, systemic illness, abnormal mammary secretions, and bacteremia. Acute systemic
signs and irreversible udder damage are common and often lead to culling. Several
studies report higher case-fatality rates and more severe clinical presentations for
Klebsiella mastitis compared with coliform mastitis due to E. coli (4, 6). Consequently,
the economic impact per case is substantial and usually greater. This is often due to
pronounced and persistent reductions in milk yield (4, 13). Chronic infections, although
less common than acute episodes, can be particularly problematic because Klebsiella
demonstrates variable responses to antimicrobial therapy and may persist despite
treatment (14).

PATHOGENESIS AND VIRULENCE FACTORS OF K. PNEUMONIAE

In humans, “classical” pathogenic K. pneumoniae (cKp) strains are responsible for a
wide range of extra-intestinal infections, including pneumonia, sepsis, and urinary tract
infections, particularly in hospitalized or immunocompromised individuals. These strains
possess a diverse arsenal of virulence determinants that facilitate colonization, immune
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evasion, and survival within host tissues, including capsular polysaccharides, lipopolysac-
charides, siderophores, and adhesins (9). More than 160 capsular (K) serotypes have
been described, with K1, K2, K5, K54, and K57 associated with enhanced invasiveness
and increased resistance to phagocytic clearance. K. pneumoniae produces multiple
siderophores, including enterobactin, salmochelin, yersiniabactin, and aerobactin, which
play a critical role in iron acquisition and are central to invasive disease and severity
(27). Lipopolysaccharide contributes to protection against complement and modulates
inflammatory responses, while type 1 and 3 fimbriae mediate adhesion to mucosal and
abiotic surfaces and contribute to biofilm formation. Some K. pneumoniae lineages carry
the pks genomic island encoding the genotoxin colibactin, which has been implica-
ted in enhanced virulence and potential links to carcinogenesis (30, 31). Collectively,
these determinants—often carried on mobile genetic elements and subject to complex
regulation—underlie the transition of K. pneumoniae from gut commensal to opportun-
istic and virulent pathogen (8, 32). Together, these determinants enable K. pneumoniae to
induce prolonged inflammation and extensive tissue damage (9).

In bovine mastitis, the capsule impairs phagocytosis, while siderophore-mediated
iron acquisition supports bacterial growth in the iron-limited environments, such as
the mammary gland, potentially contributing to the severe systemic inflammatory
responses frequently observed. Clinically, K. pneumoniae mastitis often presents as acute
or hyperacute disease, resulting in systemic disease, agalactia, and high culling rates.
Mortality can reach significant levels in cases of septicemia (33). Compared with E.
coli, K. pneumoniae infections tend to cause more severe inflammatory responses, and
specific genetic determinants likely contribute to infection severity and may account
for the systemic “cytokine storm” observed in infected animals (6, 34, 35), as well as
bacterial invasion beyond the mammary gland (36-38). Bovine K. pneumoniae isolates
are enriched in gene clusters involved in ferric citrate, lactose, histidine, and arginine
metabolism, likely reflecting positive selection within the nutrient environment of the
mammary gland (39-42). They display marked genetic diversity, although predominant
sequence types exist, including ST107, which has been identified worldwide (27, 40).

The hypermucoviscous phenotype observed in some human isolates has led to the
classification of “hypervirulent” K. pneumoniae (hvKP). hvKP is defined genetically as
a K. pneumoniae lineage harboring the aerobactin siderophore locus (iuc) usually in
combination with additional plasmid-encoded virulence determinants, such as iroBCDN
(salmochelin) and rmpA/rmpA2 (regulator of mucoid phenotype), which collectively
distinguish it from cKp strains and confer enhanced invasive potential (43). hvKP
emerged in East Asia in the 1980s-1990s as a major cause of community-acquired
liver abscess in otherwise healthy individuals (31, 44) and has since been reported
globally (45). Of particular concern is the emergence of carbapenem-resistant hvKP
frequently belonging to high-risk clonal complexes, such as CC258, which has prompted
international alerts and calls for enhanced surveillance (46). hvKP strains remain only
sporadically reported in cattle, but their potential presence in dairy systems warrants
surveillance (Table 1).

ANTIMICROBIAL RESISTANCE AND THERAPEUTIC CHALLENGES

Among gram-negative bacteria, severe K. pneumoniae mastitis is the type most likely
to warrant antimicrobial treatment in contrast to non-severe cases, which no longer
require systematic therapy (17, 47-49). Clinical outcomes are generally improved when
antimicrobial treatment is administered (6), but therapeutic management is complicated
by the intrinsic resistance of K. pneumoniae to several antimicrobials commonly used for
mastitis therapy, including ampicillin and other narrow-spectrum B-lactams. Historically,
treatment has relied on sulfonamides (sulfamethoxazole-trimethoprim) and, in more
severe cases, on critically important antimicrobials, such as third- and fourth-generation
cephalosporins (e.g., ceftiofur and cefquinome) and fluoroquinolones (e.g., marboflox-
acin), guided by bacteriological identification and antimicrobial susceptibility testing.
Increasing restrictions on the use of critically important antimicrobials under stewardship
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frameworks have narrowed therapeutic options, emphasizing the need for judicious
antimicrobial use and preventive control measures. The detection of extended-spectrum
B-lactamase (ESBL)-producing Klebsiella in agricultural environments highlights the risk
of resistance emergence and dissemination within dairy herds (25, 33, 50). Although
carbapenem resistance remains rare in bovine isolates, the environmental detection
of carbapenemase-encoding genes and sporadic reports of carbapenemase-producing
strains raise concerns regarding interspecies transmission (51). Cure rates for Klebsiella
mastitis are lower than those reported for E. coli mastitis (4), and supportive therapy,
including fluid administration and nonsteroidal anti-inflammatory drugs, is essential in
severe cases. These challenges underscore the need for improved diagnostics, strength-
ened antimicrobial stewardship, and alternative interventions, including vaccination and
enhanced environmental management (11, 52-55).

ONE HEALTH IMPLICATIONS

Within a One Health framework, Klebsiella spp. and their mobile genetic elements
circulate among interconnected animal, human, and environmental reservoirs (25,
56). The dairy farm represents a complex ecosystem in which humans, animals, and
environmental microbes co-evolve (57). K. pneumoniae persists in manure, bedding
materials, water troughs, and biofilms on milking equipment, creating conditions
favorable for environmental persistence, horizontal gene transfer, and cross-species
exposure (10). Klebsiella spp. are major reservoirs and exchange hubs for AMR in human
medicine. Although direct zoonotic transmission of mastitis-associated strains has not
been conclusively demonstrated, overlapping genomic signatures among isolates from
humans, animals, and environmental sources warrant caution (58-60). Their presence in
dairy environments may facilitate dissemination of ESBLs, carbapenemase genes, and
other mobile resistance determinants or plasmids among environmental, commensal,
and pathogenic bacteria (51, 60). These plasmids may encode antimicrobial resist-
ance determinants, virulence factors, or both. While non-conjugative plasmids tend to
remain lineage-restricted, self-transmissible plasmids facilitate horizontal dissemination
of adaptive traits within and across Klebsiella populations (61). This dynamic is illustrated
by the recent identification of hybrid IncFIB-IncFllk plasmids carrying both multidrug
resistance and virulence genes in hvKP isolates from cattle and humans, highlighting
the role of livestock in the emergence and amplification of high-risk plasmid lineages
(62). Genomic similarity between certain human and bovine isolates suggests potential
interspecies transmission, highlighting livestock as a possible reservoir of antimicrobial-
resistant Klebsiella and emphasizing the importance of genomic epidemiology to clarify
transmission pathways (27, 63-65). While pasteurization effectively eliminates Klebsiella
from milk, risks may persist through raw milk consumption, occupational exposure,
and environmental dissemination via manure and wastewater (57, 66). The potential
emergence of hvKP in dairy environments is of particular concern, as these strains
harbor an expanded repertoire of virulence factors compared with classical isolates.
hvKP resistant to critically important antimicrobials has not been reported in cattle
from high-income countries. However, contrasting recent epidemiological patterns may
emerge between high- and low- or middle-income countries and regions, as described
for ESBL-producing E. coli and K. pneumoniae (58, 67). These differences underscore
the need for region-specific AMR control strategies (68). Contrasting epidemiologi-
cal patterns highlight the need for region-specific control strategies, prioritizing the
limitation of human-to-human transmission in high-income countries while strengthen-
ing sanitation, biosecurity, and environmental measures in low- and middle-income
countries.
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KNOWLEDGE GAPS AND RESEARCH PRIORITIES
Link virulence to host adaptation

Determine whether bovine-adapted K. pneumoniae lineages (if any) can acquire
hypervirulence determinants and assess their impact on mastitis severity and outcomes.

Identify and quantify environmental reservoirs

Clarify the role of bedding, manure, water, soil, and farm infrastructure in the persistence
and transmission of Klebsiella spp. within dairy systems.

Resolve One Health transmission pathways

Define the directionality and frequency of animal-human and human-animal transmis-
sion using high-resolution genomic epidemiology.

Understand plasmid-driven risk emergence

Elucidate the role of resistance-virulence plasmids, particularly IncF-type hybrids, in the
emergence and spread of high-risk Klebsiella clones.

CONCLUSIONS

The contribution of K. pneumoniae to bovine mastitis has likely been historically
underestimated, in part due to diagnostic limitations. Whether its apparent emergence
reflects improved detection or a genuine epidemiological shift, K. pneumoniae mastitis
now represents a significant and growing challenge in modern dairy systems. Coordi-
nated efforts across veterinary, environmental, and public health sectors are therefore
essential to mitigate its impact on dairy production, antimicrobial stewardship, and
the broader antimicrobial resistance crisis (20, 69, 70). Proactive genomic surveillance,
improved environmental control measures, and targeted intervention strategies will be
critical to safeguarding both animal and human health against the escalating threat
posed by K. pneumoniae.
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