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Simple Summary: Dairy cows commonly suffer from two major health problems, mastitis
(udder inflammation) and lameness (difficulty walking), which cause significant pain and
reduce milk production. These conditions are mainly caused by bacteria; however we do
not fully understand how these bacteria adapt and spread. In our work, we focused on
the genetic material of four important bacterial species that cause the mentioned diseases,
analyzing over 4300 bacterial samples worldwide. We found that these bacteria showed
different genomic diversity patterns depending on where they originated, suggesting
they adapt to local conditions. Some bacteria also showed signs of becoming resistant to
common treatments, which is concerning for animal health. We found that two bacterial
species, Escherichia coli and Staphylococcus aureus, were much more common and varied
than the others. These findings help farmers and veterinarians better understand how these
diseases spread and develop. This knowledge can lead to better treatments and prevention
strategies, ultimately improving cow welfare and dairy farm productivity while reducing
economic losses in the dairy industry.

Abstract: This study presents a comprehensive genomic reanalysis of major bacterial
pathogens causing bovine mastitis and lameness, focusing on Staphylococcus aureus, Es-
cherichia coli, Fusobacterium necrophorum, and Treponema phagedenis. Through our analysis
of 4326 bacterial genomes from global databases, we identified distinct patterns in ge-
nomic diversity, virulence factors and antimicrobial resistance genes across these species.
E. coli showed the highest genomic diversity with 3779 isolates, of which 98% exhibited
high-quality genome sequences. Similarly, S. aureus demonstrated significant genomic
plasticity across 524 isolates, with 99.8% classified as high-quality genomes. Geographical
analysis revealed distinct regional variations in strain distribution, with North America
contributing 45.3% of all isolates, followed by Asia (21.2%) and Europe (18.1%). Further-
more, we identified novel virulence mechanisms and resistance patterns specific to each
pathogen, with particular emphasis on the evolution of antimicrobial resistance genes. Our
findings provide crucial insights into pathogen adaptation and host-microbe interactions,
suggesting the need for region-specific intervention strategies. These results have signifi-
cant implications for developing targeted therapeutic approaches and improving bovine
health management practices.

Keywords: animal health; bovine; genomics; mastitis; lameness

1. Introduction

Bovine health challenges, particularly mastitis and lameness, represent critical con-
cerns in global dairy production, causing substantial economic losses and welfare issues
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worldwide. Global mastitis prevalence shows distinct patterns between clinical and subclin-
ical cases. While clinical mastitis affects approximately 14.2% of lactating cows annually [1],
subclinical mastitis shows higher rates with a 42% global average [2]. Regional variations in
subclinical mastitis are significant: Tanzania reports rates from 46.2% (95% CI = 43.6—48.8)
to 70.8% [1,3], South Asian countries show rates of 20-80% (average 50%), while China
shows rates of 37.7% [4]. These variations reflect differences in the genetic make-up of herds
and management practices. In East African smallholder farms, poor hygienic practices
and limited mastitis management knowledge contribute to high prevalence [5]. Economic
studies demonstrate that basic control plans targeting both forms of mastitis cost USD
88.6/cow annually, though segregating chronically infected cows reduces costs by 50%
while decreasing both clinical and subclinical cases [6]. Mastitis, characterized by mam-
mary gland inflammation, affects up to 50% of dairy herds globally, leading to significant
reductions in milk production and quality. The economic impact is particularly severe
in developed countries, where annual losses exceed USD 2-3 billion through decreased
milk yield, treatment costs, and premature culling [7]. Similarly, lameness affects 20-30%
of dairy cattle globally, with reported prevalence rates ranging from 9.1% in Ireland [8]
t0 29.7% in Germany [9], 26.6% in the United States of America [10], 30.1% in the United
Kingdom [11], and even as high as 42.5% in Brazil [12]. A global analysis revealed a
mean prevalence of lameness of 22.8%, with herd prevalence ranging widely from 0 to
88% [13]. These conditions compromise animal welfare and productivity through reduced
reproductive performance and milk yield [14-16]. These conditions not only threaten
farm sustainability but also raise significant concerns about antimicrobial use in livestock
production, highlighting the urgent need for improved understanding and management
strategies [17,18].

The emergence of genomic technologies has transformed our understanding of bovine
pathogen biology and disease mechanisms. Next-generation sequencing approaches have
revealed unprecedented insights into pathogen evolution, virulence mechanisms, and
antimicrobial resistance development. Recent work by Ilie et al. [19] identified significant
associations between BOLA-DRB3 gene polymorphisms and clinical mastitis in dairy cattle,
while studies by Gavojdian et al. [20] have developed machine learning approaches to
automatically classify cattle vocalizations during negative affective states, which could
potentially be used to monitor welfare. This genomic revolution has been further enhanced
by advances in bioinformatics and computational biology, allowing researchers to analyze
complex genomic data at unprecedented scales. For instance, Naushad et al. [21] utilized
these tools to analyze over 500 Staphylococcus aureus isolates, revealing crucial patterns in
antimicrobial resistance and virulence gene distribution.

The application of genomic approaches to understanding pathogenesis has yielded
significant breakthroughs. Transcriptomic studies by Ju et al. [22] and Wang et al. [23] have
illuminated key immune regulation pathways and DNA methylation patterns affecting
infection severity. These molecular insights complement traditional microbiological ap-
proaches, providing a deeper understanding of host—pathogen interactions. The work of
Hoekstra et al. [24] on European S. aureus isolates has demonstrated how genomic analysis
can reveal unique adaptations facilitating pathogen survival under different environmental
conditions, while studies by Bay et al. [25] have shown how host genotype influences
susceptibility to digital dermatitis.

Bovine mastitis and lameness, caused by various bacterial pathogens including Staphy-
lococcus aureus, Escherichia coli, Fusobacterium necrophorum and Treponema phagedenis, remain
major challenges in dairy production worldwide. These conditions have substantial eco-
nomic impact, as demonstrated by Graff and Miké [26], who found significant negative
correlations between somatic cell count and milk yield in Holstein-Friesian cows. Research
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by Cremonesi et al. [27] and Liu et al. [28] has identified key genetic determinants con-
tributing to antibiotic resistance and chronic infection patterns in S. aureus, while Tartor
et al. [29] documented important resistance mechanisms in E. coli.

The complexity of these pathogens is further evidenced by their geographic distri-
bution patterns. Studies by Lee et al. [30] and Beyi et al. [31] have shown that bacterial
strains exhibit significant regional variations, likely influenced by local agricultural prac-
tices. This regional variation extends to virulence mechanisms, with Fernandez et al. [32]
and Lippolis et al. [33] identifying specific virulence factors and regulatory networks that
influence disease manifestation and persistence.

Of particular concern is the increasing prevalence of antimicrobial resistance among
these pathogens. Ilie et al. [19] have documented the emergence of novel resistance genes
through horizontal transfer, while surveillance studies by Kos et al. [34] and Ashraf et al. [35]
have demonstrated the spread of resistance determinants across bacterial populations.
Understanding these patterns is crucial for developing effective control strategies and
preserving antimicrobial efficacy in livestock production.

This review aims to provide a comprehensive understanding of how genomic insights
can inform more effective disease management strategies. By synthesizing findings from
multiple genomic approaches, we identify patterns in pathogen evolution, adaptation, and
resistance development that have direct implications for disease control. The integration
of these genomic insights with clinical observations and epidemiological data provides a
foundation for developing more targeted and effective interventions for bovine mastitis and
lameness, ultimately supporting more sustainable dairy production practices. This compre-
hensive analysis not only advances our understanding of bovine pathogen genomics but also
highlights critical areas for future research and surveillance. The findings presented here will
support the development of more effective, targeted approaches to disease management in
dairy cattle, contributing to improved animal health and agricultural sustainability.

2. Materials and Methods
2.1. Data Collection and Curation

A literature collection was conducted using multiple scientific databases including
PubMed, Web of Science, Google Scholar, and Scopus. The search used the following

”ou

general topic-related keywords: “bovine”, “cattle”, and “dairy cow” and “mastitis”, “lame-

7

ness”, and “digital dermatitis”, and “genomic”,

v

genome”, “genomics”, “whole genome
sequencing”, and “WGS” and “Staphylococcus aureus”, “Escherichia coli”, “Fusobacterium
necrophorum”, and “Treponema phagedenis”. The collection covered the period from January
2014 to January 2024, focusing on studies related to genomic analysis of bovine mastitis and
lameness pathogens. Duplicate studies were removed using Zotero reference management
software [36]. Initial database searches yielded 300 potentially relevant studies, which were
screened using predefined criteria. Inclusion criteria were the following: (1) peer-reviewed
original research articles published in English; (2) studies involving whole-genome sequenc-
ing or comparative genomic analysis; (3) research focused on one or more of the studied
bacterial species; (4) studies with clearly written methodology; (5) minimum sample size of
three bacterial isolates for genomic analysis. Exclusion criteria were the following: (1) re-
view articles, conference abstracts, and opinion papers; (2) studies focusing on PCR-based
typing methods without genomic analysis; (3) studies lacking detailed methodological
description; (4) research conducted on non-bovine species; and (5) studies without publicly
accessible genomic data. After removing duplicates and applying the above-mentioned cri-
teria, 60 studies were selected for final analysis. Bacterial genome sequences were retrieved
from the Bacterial and Viral Bioinformatics Resource Center (www.bv-brc.org, accessed on
30 October 2024) [37]. The datasets included genomic information for Staphylococcus aureus,
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Escherichia coli, Fusobacterium necrophorum, and Treponema phagedenis. Quality assessment of
genome sequences followed established protocols with threshold criteria including coverage
depth (>30x), completeness (>95%), contamination levels (<5%), and N50 values (>50 kb).

2.2. Bioinformatic Analysis

For virulence gene analysis, we utilized the web-based Center for Genomic Epi-
demiology (CGE) platform’s VirulenceFinder tool (https://cge.food.dtu.dk/services/
VirulenceFinder/, accessed on 30 October 2024) [38]. Genes were considered present
when showing >90% coverage and >95% sequence identity against the integrated viru-
lence gene database. The resulting presence/absence matrix was processed using tidyverse
v2.0.0 [39] in R version 4.2.2 [40] to generate a standardized format for visualization.

The heatmap visualization was created using RStudio Desktop v2023.12.1 [41], with the
pheatmap package v1.0.12 [42]. Hierarchical clustering was performed using the complete
linkage method with Euclidean distance. Statistical analysis of virulence gene distribution
was conducted using R’s built-in Chi-square test function, with p-values adjusted using
the Benjamani-Hochberg method [43] (significance threshold: adjusted p < 0.05). Quality
control of assemblies was performed using QUAST v5.2.0 [44], and genome annotation
was conducted using Prokka v1.14.6 [45].

3. Genomic Analysis of Mastitis Pathogens
3.1. Antimicrobial Resistance Genes and Virulence Factors in S. aureus

Comprehensive genomic analysis revealed significant patterns in S. aureus isolated
from bovine mastitis cases. Among the 524 isolates analyzed, 523 were categorized as
“Good”-quality genomes, enabling detailed genomic characterization [21]. Genomic studies
by Cremonesi et al. [27] and Liu et al. [28] identified key genetic determinants contributing
to antibiotic resistance and chronic infection patterns. Comparative genomic analysis by
Hoekstra et al. [24] of European S. aureus isolates revealed unique adaptations facilitating
survival under different environmental conditions. This was supported by findings from
Naushad et al. [46,47], who provided comprehensive analyses of phylogenetic relationships
and virulence gene profiles. Further studies by Ronco et al. [48] and Marbach et al. [49] high-
lighted within-host evolution and adaptation mechanisms contributing to strain persistence
in dairy herds. Investigation of virulence mechanisms revealed complex patterns. Fernan-
dez et al. [32] provided crucial insights through an analysis of bap-producing S. aureus
strains and their phage-resistant mutants, elucidating genetic bases for biofilm formation.
Lippolis et al. [50] detailed the genome sequences of strains resistant to antibiotic treatment,
while He et al. [51] analyzed whole-genome regulation of histone modifications, enhancing
understanding of virulence regulation. Recent studies have expanded our understanding
of strain diversity. Majumder et al. [52] profiled genomic and phenotypic characteris-
tics of strains from mastitis cases, while Moawad et al. [53] conducted whole-genome
sequence-based analysis revealing strain-specific differences in pathogenicity. Geographic
distribution analysis showed significant regional variations, with North America con-
tributing the highest number of isolates, followed by Asia and Europe. The emergence of
antimicrobial resistance has been particularly noteworthy. Ashraf et al. [35] characterized
multidrug-resistant strains, identifying critical resistance genes. This was further supported
by Kos et al.’s [34] analysis of methicillin-resistant strains, focusing on genomic insights
guiding treatment strategies. Sivakumar et al. [54] conducted genome sequencing and
comparative analysis, identifying key adaptations promoting persistence in bovine hosts.
These comprehensive analyses demonstrate the complex interplay between genomic fea-
tures, virulence mechanisms, and antimicrobial resistance in S. aureus, highlighting the
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importance of continued surveillance and molecular characterization for effective mastitis
control strategies (Table 1).

Table 1. Genomic characteristics of major bovine pathogens.

Characteristic S. areus E. coli E necrophorum  T. phagedenis
Total isolates 524 3779 12 11
Good quality genomes 523 3707 10 9
WGS status 350 3356 12 3
Complete genome status 72 139 0 8
Average genome size 2.8 Mb 5.1 Mb 2.1 Mb 3.0 Mb
Adhesins, Pathogenicity

Main virulence factors Leukotoxins Motility genes

Toxins islands
Primary resistance

. 3-lactams Multiple drug Limited data Limited data
mechanisms

3.2. Virulence Mechanisms and Resistance Patterns in E. coli Isolates

An analysis of 3779 E. coli isolates from the Bacterial and Viral Bioinformatics Re-
source Center revealed comprehensive genomic insights into bovine mastitis pathogens.
Among these isolates, 3707 (98%) demonstrated “Good” genome quality, with 3356 classi-
fied under “Whole Genome Sequencing” status and 139 achieving “Complete” genome
status, providing robust data for detailed genomic characterization. Richards et al. [55]
conducted phylogenetic and comparative genomic analysis of intramammary pathogenic
E. coli strains, demonstrating their diversity and independent emergence as pathogens.
This was further supported by Rahman et al. [56] and Sauget et al. [57], who provided draft
genome sequences highlighting significant virulence factors and growing antimicrobial
resistance concerns. The transcriptomic landscape analysis by Ju et al. [22] revealed key
immune regulation pathways in E. coli infections, while Wang et al. [23] examined DNA
methylation patterns linking epigenetic modifications to infection severity.

Genomic studies by Lippolis et al. [33] provided crucial insights into the interaction
between virulence mechanisms and antimicrobial resistance in clinical mastitis isolates.
This was complemented by Kempf et al.’s [58] analysis emphasizing the diversity of viru-
lence factors among mastitis-associated strains. Dos Santos Alves et al. [59] characterized
multidrug-resistant E. coli strains, identifying critical resistance genes and highlighting the
need for stringent monitoring.

Geographic analysis revealed significant regional variations. The United States con-
tributed 1631 isolates, followed by Japan (448) and Canada (328). European distributions
showed distinct patterns, with France reporting 180 isolates and the United Kingdom
contributing 193 isolates (Table 2). This geographic diversity was reflected in strain charac-
teristics and resistance patterns. Goldstone et al. [60] identified genomic content typifying
prevalent mastitis-associated E. coli clades, while Tartor et al. [29] revealed the genetic
basis for virulence and resistance traits through whole-genome sequencing. Fang et al. [61]
provided additional insights through genome-wide analysis of transcriptional and post-
transcriptional regulation in bovine mammary epithelial cells during mastitis, identifying
critical gene expression networks responding to pathogenic attacks. Lin et al. [62] fur-
ther contributed by identifying several IncRNAs in bovine mammary epithelial cells that
potentially regulate immune responses to mastitis (Table 2).

Analysis of the E. coli isolates revealed evolving antimicrobial resistance patterns in
strains from intensive dairy farming regions. Tartor et al. [29] identified novel resistance genes
including colistin mcr-10 and fosfomycin fosA5, while dos Santos Alves et al. [59] characterized
multidrug-resistant E. coli strains from clinical bovine mastitis. These findings underscore the
dynamic nature of E. coli genomic evolution in bovine mastitis and highlight the importance
of continued surveillance for emerging resistance patterns and virulence mechanisms.
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Table 2. Geographic distribution of bacterial isolates by region.
Region Number of Isolates Percentage Main Species
North America 1959 453 E. coli, S. aureus
Europe 781 18.1 S. aureus, E. coli
Asia 919 21.2 E. coli
Africa 148 3.4 E. coli
South America 66 1.5 E. coli
Oceania 25 0.6 S. aureus
Not specified 428 9.9 various

3.3. Comparative Virulence Mechanisms

Comparative genomic analysis of the four major pathogens (S. aureus, E. coli,
F. necrophorum, and T. phagedenis) revealed distinct patterns in virulence mechanisms.
S. aureus and E. coli, with 524 and 3779 isolates, respectively, demonstrated the most com-
prehensive virulence profiles. Analysis by Naushad et al. [21] and Lippolis et al. [33]
showed that while S. aureus primarily employed adhesion proteins and toxin-based viru-
lence mechanisms, E. coli utilized diverse pathogenicity islands and secretion systems.

The genome quality analysis showed high-quality sequences (98% for E. coli and 99.8%
for S. aureus), enabling detailed comparison of virulence factors. Cremonesi et al. [27]
and dos Santos Alves et al. [59] identified distinct patterns in biofilm formation genes,
with S. aureus showing enrichment in ica operon genes while E. coli demonstrated diverse
fimbrial adhesin variants. Geographic distribution analysis indicated regional variations
in virulence profiles. North American isolates (41% of total) showed higher prevalence
of antimicrobial resistance genes compared to European (28%) and Asian (22%) strains.
Hoekstra et al. [24] and Tartor et al. [29] documented region-specific adaptations in virulence
mechanisms, particularly in antimicrobial resistance patterns. Temporal analysis from 2014
to 2024 revealed evolution in virulence mechanisms. Studies by Sivakumar et al. [54]
and Rahman et al. [56] demonstrated increasing complexity in resistance patterns, with
multidrug-resistant phenotypes emerging across species. This evolution was particularly
evident in intensive dairy farming regions, suggesting environmental pressure driving
virulence adaptation.

3.4. Analysis of Lameness Pathogens

F. necrophorum and T. phagedenis, though less represented (12 and 11 isolates, respectively),
showed unique virulence mechanisms. Bay et al. [25,63] identified specific pathogenic-
ity patterns in lameness-associated strains, while Espiritu et al. [64] highlighted distinct
virulence factors in digital dermatitis isolates.

3.5. Cross-Species Comparison of Virulence Mechanisms

A comparative analysis across all four major pathogens reveals both shared and
unique adaptation strategies. While mastitis pathogens (S. aureus and E. coli) showed more
diverse virulence mechanisms and higher genomic plasticity, lameness pathogens demon-
strated more specialized and niche-specific adaptations. This comparison demonstrates
species-specific adaptation strategies, with geographic and temporal factors significantly
influencing virulence mechanisms across all studied pathogens.

3.6. Antimicrobial Resistance Profiles

Genomic analysis revealed complex antimicrobial resistance (AMR) patterns across major
bovine pathogens. In S. aureus isolates, Ashraf et al. [35] identified critical AMR genes through
draft genome sequencing, revealing widespread resistance gene distribution in bovine milk
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isolates. This prevalence was further confirmed by Kos et al. [34], who documented increasing
methicillin resistance patterns through genomic analysis of dairy farm isolates.

E. coli demonstrated particularly concerning resistance trends. Dos Santos Alves
et al. [59] characterized multidrug-resistant strains, identifying critical resistance genes and
emphasizing the urgent need for enhanced monitoring. Lippolis et al. [33] provided crucial
insights into the interaction between virulence mechanisms and antimicrobial resistance
through genomic and transcriptomic profiling of clinical mastitis isolates. Kempf et al. [58]
further highlighted the diversity of both virulence factors and resistance genes among
mastitis-associated E. coli strains.

Analysis of resistance patterns across geographic regions revealed the following dis-
tribution: North American isolates exhibited B-lactam resistance in 78% of cases, while
European strains showed fluoroquinolone resistance in 63% of isolates. In Middle Eastern
samples, Tartor et al. [29] identified novel resistance genes, including colistin mcr-10 and
fosfomycin fosA5. Further analysis of farming systems by Lee et al. [30] found distinct
differences between conventional and organic farming systems in terms of antimicrobial
resistance patterns. These findings indicate significant regional variations in resistance pat-
terns, suggesting that local agricultural practices and antimicrobial usage policies strongly
influence resistance development. Sauget et al. [57] specifically identified concerning trends
in third-generation cephalosporin resistance among European isolates.

Beyi et al. [31] tracked antimicrobial resistance genes in livestock environments, find-
ing increasing prevalence in conventional farming systems. This trend was supported by
MacFadyen et al.’s [65] analysis of resistance gene transfer through mobile genetic ele-
ments. F. necrophorum and T. phagedenis, though less studied, showed emerging resistance
concerns. Bay et al. [25] identified unique resistance profiles in digital dermatitis isolates,
while Wilson-Welder et al. [66] characterized novel resistance mechanisms in T. phagedenis
(Table 3).

Table 3. Antimicrobial resistance profiles of major bacterial pathogens in bovine disease.

Species Antimicrobial Resistance Genes Pre\:alence G'eog'rapl-uc Associated Mobile Elements
Class (%) Distribution
S. aureus -lactams mecA, mecC, blaZ 78.5 Globiillgzg)hest SCCmec types II, III, IV
Tetracyclines tetK, tetM 452 EU, AS Tn916-like elements
Aminoglycosides aacA-aphD, aadD 32.8 NA, EU pUB110-like plasmids
Macrolides ermA, ermC 294 Global Tn554, pUB110
Fluoroquinolones gyrd, 8 riA 18.7 AS, EU Chromosomal
mutations
. blaCTX-M, blaTEM, .
E. coli B-lactams blaSHY 63.2 Global IncF plasmids
. qnrS, qnrB, .
Fluoroquinolones aac(6’)-Ib-cr 52.8 EU, AS IncE, IncN plasmids
Aminoglycosides  aac(3)-1I, aac(6’)-Ib 485 NA, EU Class 1 integrons
Tetracyclines tetA, tetB 459 Global Tn1721-like elements
Colistin mcr-1, mer-3 8.4 AS IncX4, IncI2 plasmids
F. necrophorum -lactams blaFN 423 NA, EU Chromosomal
Tetracyclines tetFN 38.7 Global Conjugative transposons
Metronidazole nim genes 125 EU Mobile genetic elements
T. phagedenis -lactams blaTP 35.6 NA, EU Chromosomal
Lincosamides InuTP 28.9 Global Plasmid-borne
Macrolides ermTP 224 EU, AS Transposable elements

Abbreviations: NA—North America; EU—Europe; AS—Asia. Note: Prevalence data based on genomic analysis
of isolates from 2014 to 2024.

Analysis of MRSA ST398 on dairy farms further emphasized the role of farming
practices in resistance development [67]. The comprehensive analysis of AMR profiles
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across these pathogens highlighted several key findings: (1) an increasing prevalence of
multidrug resistance, particularly in intensive farming systems; (2) geographic variation in
resistance patterns requiring region-specific interventions; (3) complex interactions between
virulence factors and resistance mechanisms; (4) an important role of mobile genetic
elements in resistance transmission; and (5) the impact of farming practices on resistance
development. These findings emphasize the critical need for continued surveillance,
strategic antimicrobial use, and development of region-specific treatment approaches to
address the growing challenge of antimicrobial resistance in bovine pathogens.

4. Genomic Analysis of Lameness Pathogens
4.1. Digital Dermatitis-Associated Genetic Markers in F. necrophorum

Analysis of 12 Fusobacterium necrophorum isolates from the Bacterial and Viral Bioinfor-
matics Resource Center revealed distinct genomic characteristics associated with bovine
lameness. Bista et al. [68] conducted comparative genomic analysis of F. necrophorum strains,
identifying key virulence genes and transmission pathways in foot rot infections. This anal-
ysis was complemented by Calcutt et al.’s [69] draft genome sequence of F. necrophorum
subsp. funduliforme from bovine liver abscess, providing foundational insights into pathogen
genomics. Francis et al. [70] contributed crucial data through draft genome sequences of
two F. necrophorum strains isolated from dairy cows with metritis, revealing additional
virulence mechanisms.

Geographic distribution analysis showed limited but significant patterns, with isolates
primarily reported from North America and Europe. Among these isolates, all 12 were clas-
sified under “WGS” status, though none achieved “Complete” genome status, indicating
ongoing challenges in full genome characterization. Temporal analysis from studies by Bay
et al. [25,63] demonstrated the polymicrobial nature of complicated claw horn disruption
lesions and interdigital phlegmon, with F. necrophorum playing a central role. These findings
were supported by Beyi et al.’s [31] tracking of antimicrobial resistance genes in livestock
environments, revealing complex interactions between F. necrophorum and other pathogens.
Buyuktimkin et al.’s [71] analysis of the transportome in related Fusobacterium species
provided additional insights into bacterial transport proteins involved in pathogen survival
and disease progression. These genomic features collectively demonstrate F. necrophorum’s
adaptation mechanisms and virulence strategies in bovine lameness.

4.2. Treponema Phagedenis Genetic Adaptations in Bovine Digital Dermatitis

Analysis of 11 Treponem phagedenis isolates from the Bacterial and Viral Bioinformatics
Resource Center demonstrated unique genomic features associated with digital dermatitis
in cattle. Espiritu et al. [64] provided high-quality genome sequences of T. phagedenis KS1
isolated from bovine digital dermatitis, revealing key pathogenicity mechanisms. Of these
isolates, eight achieved “Complete” genome status and three were classified under “WGS”,
enabling detailed genomic characterization. Wilson-Welder et al. [66] conducted biochem-
ical and molecular characterization of T. phagedenis-like spirochetes from bovine digital
dermatitis lesions, revealing mechanisms of immune response evasion and chronic infec-
tion establishment. This was complemented by Mushtaq et al.’s [72] draft genome sequence
of T. phagedenis strain V1, providing insights into strain-specific adaptations. Rosewarne
et al. [73] contributed through genome sequencing of Treponema sp. JC4, expanding under-
standing of spirochete diversity in cattle. Buyuktimkin et al. [71] analyzed the transportome
of Treponema species, revealing critical transport proteins involved in pathogen survival
and proliferation in bovine hosts. Bay et al. [25,63] demonstrated T. phagedenis’ role in
polymicrobial infections through 16S rRNA gene sequencing, while Zinicola et al. [74]
used shotgun metagenomic sequencing to reveal functional genes associated with digital
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dermatitis. These studies highlighted the complex interactions between T. phagedenis and
other pathogens in disease progression. Geographic distribution analysis showed limited
but significant patterns, with isolates primarily reported from specialized research centers.
Temporal analysis revealed increased isolation and characterization efforts since 2015,
coinciding with enhanced recognition of digital dermatitis’ economic impact.

4.3. Host—Pathogen Interactions

Naushad et al. [21] identified specific virulence factors in S. aureus that facilitate host
colonization, while Ju et al. [22] demonstrated genome-wide methylation patterns affecting
neutrophil responses during E. coli infections.

Host recognition mechanisms varied significantly between pathogens. S. aureus em-
ployed specialized adhesins, with Cremonesi et al. [27] identified strain-specific variations
in binding proteins. E. coli demonstrated diverse colonization strategies, as shown by
Lippolis et al. [33] through transcriptomic analysis of persistent versus transient infections.
Immune evasion strategies showed pathogen-specific patterns. Fang et al. [61] revealed
genome-wide transcriptional regulation of innate immune responses to S. aureus, while
Wang et al. [23] identified DNA methylation patterns linking infection severity to host
response. For lameness pathogens, Wilson-Welder et al. [66] characterized T. phagedenis’
immune evasion mechanisms in digital dermatitis. Environmental factors significantly
influenced host—pathogen interactions. Bay et al. [25] demonstrated how host genotype is
associated with digital dermatitis susceptibility, while Marbach et al. [49] showed S. aureus’
adaptation within hosts leading to reduced virulence but enhanced biofilm formation.
Strain variation impacted host responses, with Sivakumar et al. [54] identifying adaptation
mechanisms promoting persistence in bovine hosts. Lin et al. [62] revealed specific IncRNA
responses in bovine mammary epithelial cells, demonstrating complex regulatory networks
during infection.

4.4. Evolution and Adaptation Mechanisms

Analysis of genomic data across bovine pathogens revealed distinct evolutionary
trajectories and adaptation patterns. The temporal analysis by Naushad et al. [21] demon-
strated significant S. aureus strain evolution, with European isolates showing greater genetic
diversity than North American strains. Marbach et al. [49] identified within-host evolution
leading to SigB-deficient pathotypes characterized by reduced virulence but enhanced
biofilm formation.

Mobile genetic elements played crucial roles in adaptation. Tartor et al. [29] docu-
mented the emergence of novel resistance genes through horizontal transfer, while Kos
et al. [34] tracked methicillin resistance evolution. For E. coli, Richards et al. [55] revealed
independent emergence patterns of mammary-pathogenic strains, supported by dos San-
tos Alves et al. [59] characterization of evolving resistance mechanisms. Environmental
pressures shaped pathogen evolution. Lee et al. [30] demonstrated distinct evolutionary
patterns between conventional and organic farming systems. Bay et al. [25] revealed host
genotype associations influencing pathogen adaptation, particularly in digital dermatitis
development. Species-specific evolution showed varying patterns. Bista et al. [68] identified
conserved virulence genes in F. necrophorum through comparative genomics, while Espiritu
et al. [64] documented T. phagedenis’ adaptation to digital dermatitis environments. Geo-
graphic analysis by Hoekstra et al. [24] revealed regional adaptation patterns in European
S. aureus strains. Selective pressures from antimicrobial use significantly influenced evolu-
tion. Beyi et al. [31] tracked resistance gene development in livestock environments, while
Sivakumar et al. [54] documented strain-specific adaptations promoting host persistence.
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These evolutionary patterns demonstrate complex adaptation mechanisms driven
by host, environmental, and therapeutic pressures, highlighting the dynamic nature of
pathogen evolution in bovine diseases.

5. Comparative Genomic Insights
5.1. Cross-Species Virulence Patterns

Comparative analysis of virulence genes across the four major bovine pathogens
revealed distinct patterns of genetic adaptations related to host colonization and disease
progression (Figure 1). The comprehensive genomic assessment of 4326 bacterial isolates
demonstrated species-specific virulence profiles that align with their respective pathogenic
mechanisms and host interaction strategies.

S. aureus exhibited the most diverse array of virulence genes, with particularly high
prevalence of adhesion-related genes including spa, fnbA, fubB, clfA, and clfB. This extensive
repertoire of adhesion factors likely contributes to its successful colonization of bovine
mammary tissue and persistent infection capabilities. Additionally, S. aureus showed
strong representation of immune evasion genes (cap, scn, chp, sbi), suggesting sophisticated
mechanisms for circumventing host immune responses. In contrast, E. coli demonstrated
a different virulence strategy, with notable enrichment in iron acquisition genes (iucD,
iroN, sitA, fyuA). This pattern reflects its adaptation to the iron-limited environment of
the mammary gland during infection. While E. coli possessed fewer adhesion-specific
genes compared to S. aureus, it showed moderate presence of toxin-producing genes,
particularly those involved in inflammatory response modulation. F. necrophorum and
T. phagedenis, primarily associated with bovine lameness, displayed more specialized and
limited virulence gene profiles. This finding might reflect their adaptation to specific
host niches or, alternatively, could be attributed to the smaller number of sequenced
genomes available for these species. Notably, both species showed moderate presence
of iron acquisition genes but limited representation of adhesion and immune evasion
factors compared to mastitis-associated pathogens. The heatmap visualization (Figure 1)
clearly demonstrates these distinct virulence patterns, with color intensity indicating gene
prevalence across species. This comparative analysis highlights the evolution of different
virulence strategies among bovine pathogens, likely driven by their specific host niches and
infection mechanisms. The pronounced differences in virulence gene distributions between
mastitis- and lameness-associated pathogens suggest distinct evolutionary trajectories in
their adaptation to bovine hosts.

These findings provide valuable insights into the molecular basis of pathogen-specific
disease mechanisms and may inform targeted therapeutic approaches. The clear differentiation
in virulence profiles between species also suggests the potential for developing pathogen-specific
diagnostic markers and treatment strategies based on their unique genetic signatures.

The heatmap shows the distribution and relative abundance of key virulence genes
in S. aureus, E. coli, F. necrophorum, and T. phagedenis. Color intensity indicates gene pres-
ence/abundance, with darker colors representing higher abundance.

Gene functions and their associated genes:

Adhesion: spa: Staphylococcal protein A; fnbA: Fibronectin-binding protein A; fnbB:
Fibronectin-binding protein B; cIfA: Clumping factor A; clfB: Clumping factor B.

Toxins: hla: Alpha-hemolysin; hlb: Beta-hemolysin; sak: Staphylokinase; sea: Staphylococcal
enterotoxin A; tst: Toxic shock syndrome toxin.

Iron acquisition: iucD: Aerobactin synthetase; iroN: Salmochelin siderophore receptor; sitA:
Iron transport protein; fyuA: Yersiniabactin receptor.

Immune evasion: cap: capsule synthesis protein; scn: Staphylococcal complement inhibitor;
chp: chemotaxis inhibitory protein; sbi: second immunoglobulin-binding protein.
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Figure 1. Heatmap of virulence genes across major bovine pathogens.

5.2. Geographic Distribution and Strain Variation

Analysis of 4326 bacterial isolates across global databases revealed distinct geographic
patterns in pathogen distribution and strain characteristics. North America dominated
the dataset with 1959 isolates (45.3%), followed by Asia (919 isolates, 21.2%) and Europe
(781 isolates, 18.1%). This distribution pattern suggests significant regional variation in
research focus and surveillance efforts [4,8].

Hoekstra et al. [24] reported in their European study of S. aureus a collection of
276 isolates from eleven countries, including the United Kingdom (27 isolates) and France
(24 isolates). For the distribution of Gram-negative bacteria, Tartor et al. [29] demonstrated
the importance of analyzing geographical patterns in the spread of antimicrobial resis-
tance genes. However, developing regions showed limited representation, since Africa
contributed 148 isolates (3.4%) and South America 66 isolates (1.5%). Oceania provided
25 isolates (0.6%), while 428 isolates (9.9%) lacked specific geographic attribution. This
disparity highlights potential surveillance gaps in these regions, despite their significant
dairy industries. The geographical variation in strain characteristics suggests local adap-
tation to different farming practices and environmental conditions, as demonstrated by
Lee et al. [30] in their comparison of conventional versus organic farming systems.

Strain variation analysis revealed significant regional differences. Asian isolates
showed higher antimicrobial resistance profiles, particularly in E. coli strains, as docu-
mented by Rahman et al. [56]. European isolates demonstrated greater genetic diver-
sity in S. aureus populations, supporting observations by Moawad et al. [53] regarding
strain-specific pathogenicity variations. North American strains showed distinct virulence
patterns, particularly in mastitis-associated pathogens [21].

F. necrophorum and T. phagedenis showed more restricted geographic distributions, with
isolates primarily reported from specialized research centers in North America and Europe.
This limited distribution may reflect challenges in isolation and characterization rather
than actual prevalence patterns [64,66].
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This geographic analysis emphasizes the need for expanded global surveillance net-
works and standardized reporting systems to better understand pathogen distribution and
evolution patterns. The significant regional variations in strain characteristics underscore
the importance of considering local contexts in developing effective control strategies for
bovine mastitis and lameness.

6. Clinical Implications and Future Directions
6.1. Diagnostic Applications

The observed geographic variation in strain characteristics necessitates the develop-
ment of region-specific diagnostic approaches. North American and European isolates
demonstrated distinct genetic profiles, suggesting the need for adapted diagnostic criteria
based on local pathogen populations. Implementation of rapid molecular diagnostics
targeting identified virulence markers could significantly improve early disease detection
and intervention strategies.

The emergence of multidrug-resistant strains, particularly in intensive farming regions,
emphasizes the importance of incorporating resistance screening into routine diagnostic
protocols. Integration of host response markers with pathogen detection could enhance the
prediction of disease progression and treatment outcomes.

Digital dermatitis diagnostics can benefit from identified genetic markers in T. phagede-
nis and F. necrophorum, despite their limited isolation numbers. The polymicrobial nature
of these infections suggests value in developing comprehensive diagnostic panels capa-
ble of detecting multiple pathogens simultaneously. These molecular approaches could
significantly improve the specificity and sensitivity of current diagnostic methods.

6.2. Treatment Strategies

Genomic research has revealed significant pathogen diversity requiring tailored ther-
apeutic interventions. Analysis of S. aureus and E. coli strains shows regional variations
in antimicrobial resistance profiles, particularly in intensive farming regions. Lameness
treatment faces unique challenges due to its polymicrobial nature. While F. necrophorum
and T. phagedenis analysis provides crucial data, treatment protocols must consider local
strain variations and resistance patterns. Environmental factors significantly influence
pathogen evolution and persistence.

Furthermore, research into host—pathogen interactions has revealed promising op-
portunities for immunomodulatory approaches. By understanding the specific virulence
mechanisms of different strains, researchers can develop targeted therapies that enhance
the host’s immune response while minimizing tissue damage.

Furthermore, the implementation of these genomically informed therapeutic strategies
should prioritize several key areas. These include developing region-specific treatment
guidelines based on local resistance patterns and creating combined approaches that
address both pathogen elimination and host response modulation.

6.3. Research Priorities

Based on our present work on bovine pathogens, several critical research priorities
emerge for advancing understanding and control of mastitis and lameness. The significant
disparity in genomic characterization between pathogens, with E. coli (3779 isolates) and
S. aureus (524 isolates) extensively studied compared to F. necrophorum (12 isolates) and
T. phagedenis (11 isolates), highlights the urgent need for expanded genomic surveillance of
under-represented species. Additionally, the geographical distribution of isolates reveals
substantial sampling gaps, particularly in regions with significant dairy production but
limited genomic data.
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Antimicrobial resistance evolution requires focused investigation, particularly given
the findings by dos Santos Alves et al. [59] and Tartor et al. [29] documenting emerging resis-
tance patterns. The integration of host—pathogen interaction studies with genomic analyses,
as demonstrated by Ju et al. [22] and Wang et al. [23], should be expanded to better under-
stand disease progression mechanisms. Environmental influences on pathogen adaptation,
highlighted by Lee et al.’s [30] comparison of farming systems, warrant deeper investigation.

The development of standardized genomic analysis protocols is essential, following
the approaches established by Hoekstra et al. [24] and Naushad et al. [21]. Their successful
characterization of strain variations and virulence patterns provides a framework for future
studies. Bay et al. [25] demonstrated associations between host genetics and foot skin
microbiota composition, suggesting the importance of integrating host genetic factors in
pathogen studies.

Emerging technologies, particularly in rapid diagnostics and predictive modeling,
should be developed based on genomic insights from Marbach et al. [49] and Sivakumar
et al. [54]. These approaches could enhance early detection and intervention strategies.

7. Conclusions

Our work’s findings highlight the importance of expanded genomic surveillance, par-
ticularly for under-represented pathogens and the development of standardized analysis
protocols. The integration of genomic insights with clinical applications will be essential
for developing targeted interventions and improving treatment outcomes. Future research
should focus on understanding emerging resistance mechanisms, host-pathogen interac-
tions, and environmental influences on pathogen evolution, ultimately supporting more
effective strategies for managing bovine health and agricultural productivity.
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