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Simple Summary

Bovine Respiratory Disease (BRD) remains a major cattle health challenge, driven by
viral, bacterial, and environmental factors. Integrated approaches using RNA-Seq and
non-coding RNA profiling have revealed key host immune responses, while bacterial
and viral metagenomics enable unbiased detection of known and emerging pathogens.
Complementary respiratory microbiome studies highlight microbial dynamics influencing
disease susceptibility and progression. Emerging technologies, including Oxford Nanopore
sequencing, allow rapid species-level identification and real-time diagnostics. Combining
host transcriptomics, viral metagenomics, and microbiome analyses provides a comprehen-
sive understanding of BRD pathogenesis, supporting improved interventions, vaccines,
and evidence-based disease management strategies in cattle.

Abstract

Bovine respiratory disease (BRD) is a multifactorial syndrome and a leading cause of
morbidity and economic loss in global cattle production. Next-generation sequencing
(NGS) platforms, including Illumina and Oxford Nanopore Technologies (ONT), have
enabled high-resolution profiling of the bovine respiratory microbiome and virome, reveal-
ing novel viral contributors such as bovine rhinitis A virus (BRAV) and influenza D virus
(IDV). Transcriptomic approaches, including RNA sequencing (RNA-Seq) and microRNA
(miRNA) profiling, provide insights into host immune responses and identify potential
biomarkers for disease prediction. Traditional diagnostic methods—culture, ELISA, and
immunohistochemistry—are increasingly complemented by PCR-based and metagenomic
techniques, improving sensitivity and specificity. Despite technological progress, gaps
remain in virome characterization, miRNA function, and the integration of multi-omics
data. Standardized protocols and longitudinal studies are needed to validate microbial sig-
natures and support field-deployable diagnostics. Advances in bioinformatics, particularly
network-based integrative pipelines, are becoming essential for harmonizing multi-omics
datasets and revealing complex host-pathogen interactions. The objective of this com-
prehensive review was to synthesize current understanding of the bovine transcriptomic
response to BRD as well as the respiratory microbiome and virome, emphasizing how
advanced sequencing technologies have transformed microbial profiling and molecular
diagnostics in BRD.
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1. Introduction

Bovine respiratory disease (BRD) is a complex, multifactorial syndrome and remains
the leading cause of respiratory illness and mortality in cattle worldwide. It imposes
significant economic burdens due to reduced productivity, increased veterinary costs, and
animal losses [1-3]. The complex nature of BRD and the involvement of multiple pathogens
and disease-causing factors can often complicate disease diagnosis. Traditionally, BRD
diagnosis has been and remains centered on the observation of clinical signs of infection,
as well as imaging techniques for the detection of lung lesions and certain behavioral
parameters relating to infection [3]. Although a central part of BRD diagnostics, these
methods can lack sensitivity in the case of subclinical disease and specificity regarding the
pathogen causing the initial infection. In addition to these clinical-based approaches, lab-
based approaches, such as pathogen culture, immunohistochemistry and enzyme linked
immunosorbent assay (ELISA) have been widely adopted and have shown success in the
diagnosis of BRD. However, these approaches are limited in their capabilities to identify
novel pathogens and sensitivity. Furthermore, some BRD pathogens can be difficult to
culture which can also lead to bias in results. The advancement in molecular methods
such as PCR allowed for more advanced BRD diagnostics, with many studies employing
this approach for the detection of BRD-associated pathogens [4,5]. However, PCR-based
techniques often fall short in detecting unknown species.

Advances in molecular diagnostics have begun to address these limitations. Next-
generation sequencing approaches have been widely used to study BRD pathogenesis and
the immune response of cattle to both naturally acquired [6-8] and experimentally induced
BRD [9-11]. These studies were able to identify genes differentially expressed across a
range of different tissue types in response to BRD infection, as well as their associated
biological pathways. These differentially expressed genes (DEGs) with could offer potential
as biomarkers in future BRD screening approaches. In addition to host immunity, NGS
approaches have also been used to investigate the respiratory microbiome during BRD in-
fection. Central to BRD pathogenesis is the bovine respiratory microbiome—a diverse com-
munity of bacteria that supports mucosal homeostasis and modulates immune responses, is
central to BRD pathogenesis. When this microbial balance is disrupted, a condition known
as dysbiosis, cattle become more susceptible to colonization by pathogenic organisms and
subsequent disease progression. The interplay between microbial communities, host immu-
nity, and environmental stressors underpins the complexity of BRD [12,13]. For example, a
study utilized NGS technologies to analyze lung and mediastinal lymph node microbiomes
in both healthy and BRD-affected cattle, revealing significantly higher bacterial loads in
diseased lungs [14] (Johnston et al. (2017)). Notably, they identified Sneathia amnii strain
SN35—a previously unassociated member of the Leptotrichiaceae family—highlighting the
potential of sequencing to uncover novel etiological agents [14].

In addition to bacterial communities, the bovine respiratory virome plays a critical yet
underexplored role in BRD. This virome includes both pathogenic and commensal viruses
that influence host-pathogen interactions and immune modulation. Virome composition
is dynamic and influenced by factors such as stress, immune status, co-infections, and
geographic location [13,15-17]. Metagenomic studies have expanded the known viral
repertoire associated with BRD, showing that affected cattle often harbor viruses beyond
classical pathogens such as BoHV-1, BPI-3, and BRSV. Emerging viruses like bovine rhinitis
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A virus (BRAV) and influenza D virus (IDV) have also been implicated [18]. Recent advances
in high-throughput sequencing, particularly portable platforms like ONT MinION, have
enabled rapid detection and genomic characterization of both established and emerging
viruses, including BoCV, BRBV, BoNV, and UTPV1 [19-21].

Integrating metagenomic and viromic data through second- and third-generation
sequencing technologies offers high-resolution insights into microbial interactions and their
contributions to BRD pathophysiology. These approaches facilitate the detection of novel
pathogens, quantification of microbial load, and identification of microbial signatures pre-
dictive of disease states. Moreover, portable sequencing devices like the MinION support
point-of-care diagnostics and real-time surveillance, enhancing both research and field-
based disease management. This comprehensive review synthesizes current understanding
of the bovine transcriptomic response to BRD as well as the respiratory microbiome and
virome, emphasizing how advanced sequencing technologies have transformed microbial
profiling and molecular diagnostics in BRD. These innovations hold promise for improving
disease detection, guiding vaccine development, and refining therapeutic strategies.

2. Materials and Methods

To provide a comprehensive overview of research progression in BRD, a structured
literature search was conducted across PubMed, Scopus, Web of Science, and ScienceDirect,
with supplementary searches in Google Scholar. No restrictions were placed on publi-
cation date; all relevant studies available up to October 2025 were considered to ensure
comprehensive coverage of the topic. The search strategy employed Boolean operators
(AND, OR) and was adapted to each database’s syntax. Keywords were grouped into
six thematic domains to ensure broad coverage: BRD pathogenesis and host—pathogen
interactions; Respiratory microbiome and virome; Diagnostic methodologies (including
traditional and molecular approaches); Sequencing technologies (e.g., Illumina, Oxford
Nanopore, NGS, metagenomics); Host defense mechanisms (URT/LRT, mucociliary clear-
ance, innate immunity); Microbiome development and influencing factors (e.g., diet, stress,
antimicrobials, vaccination).

Diagnostics were included as a core theme to reflect their central role in shaping BRD
research—from early pathogen identification to the emergence of multi-omics approaches.
The inclusion of both traditional and molecular diagnostics was intentional, as it illustrates
the evolution of tools that underpin current understanding and surveillance strategies.
Extracted studies were synthesized narratively and organized thematically. This approach
enabled the identification of cross-cutting trends, methodological variability, and emerg-
ing knowledge gaps across BRD research domains. A total of 90 studies were included
following the application of relevant filters.

3. Laboratory and Molecular Diagnostics for BRD

Diagnostic innovation is a central theme in the progression of BRD research, reflect-
ing a shift from traditional pathogen detection methods to high-resolution, multi-omics
approaches. Traditional diagnostics such as culture, ELISA, and immunohistochemistry
(IHC) remain foundational in the diagnosis of BRD [22-25]. However, these approaches
can be limited by factors such as low sensitivity, an inability to detect novel or unculturable
pathogens, and a reliance on postmortem sampling [24-26].

3.1. Application of PCR Methodologies in the Diagnosis of BRD

Advances in molecular and proteomic technologies, such as multiplex real-time PCR
and mass spectrometry, have enabled rapid, sensitive, and high-throughput detection
and identification of BRD pathogens, surpassing traditional culture methods [27]. These
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innovations also allow for detailed sub-species typing, improving differentiation between
pathogenic and commensal bacterial genotypes. PCR-based testing is used widely in veteri-
nary diagnostics, and multiplex PCR assays now enable simultaneous detection of multiple
pathogens, including mixed infections, with improved speed and specificity [4,5,28]. As
multiple pathogens are often responsible for BRD onset this approach could be preferred
over the more conventional PCR methodologies. Furthermore, the multiplexing of multiple
targets saves on time and cost associated with the reaction. Multiplex qPCR approaches
have been used to detect both bacterial and viral pathogens commonly associated with
BRD [4,5,28-31]. This approach offers a useful tool for the rapid simultaneous detection of
BRD pathogens.

Another PCR-based approach involves the use of loop-mediated isothermal ampli-
fication (LAMP) assays, which allow for the rapid amplification of pathogen-specific
DNA under constant temperature conditions. LAMP assays offer rapid, field-deployable
solutions for detecting key bacterial agents without the need for thermal cycling equip-
ment [32-34]. These assays have been adapted for the detection of key BRD-associated
bacteria, including Mannheimia haemolytica, Pasteurella multocida, and Histophilus somni, di-
rectly from nasal swab samples [32]. Although PCR-based methodologies have aided BRD
diagnostics, a main disadvantage of PCR methodologies is the need for prior knowledge of
the viral and bacterial genome sequences, which can lead to PCR bias in the results [35-37].
Furthermore, this targeted approach also means that unknown pathogens cannot be identi-
fied [38]. Other approaches, such as next generation sequencing (NGS) technologies do not
require predesigned probes and so offer increased discovery power for unknown or novel
genes/transcripts [34-37].

3.2. NGS Technologies for BRD Diagnosis

NGS refers to the extensive list of DNA sequencing technologies and applications that
have revolutionized genomic-based research [39]. These platforms allow for unbiased pro-
filing of host transcriptomes, bacterial microbiomes, and viral communities, enabling the
discovery of novel pathogens and biomarkers [6,10,14,18]. A comparison of the laboratory
and molecular tools available to support BRD diagnosis along with their strengths and
limitations is detailed Table 1. Collectively, these innovations not only enhance diagnostic
sensitivity and specificity but also support systems-level understanding of BRD pathogene-
sis. They enable the integration of host—pathogen—microbiome data, facilitate biomarker
discovery, and inform targeted interventions and vaccine development.

Table 1. BRD Diagnostics: A comparative overview.

Diagnostic Tool

Principle

Strengths

Weaknesses

Growth of pathogens on selective

Gold standard for bacterial

Time-consuming; low sensitivity;

Culture . . e . cannot detect unculturable
media identification; inexpensive .
organisms
Hich specificity: useful for Requires trained personnel;
ELISA Antigen—antibody interaction g1 sp it limited multiplexing; cannot
herd-level screening
detect novel pathogens
o . e o Requires prior sequence
PCR (qPCR, multiplex) Amplification of target High sensitivity; rapid; knowledge; cannot detect

DNA/RNA

multiplexing possible

unknown pathogens

NGS (Illumina)

High-throughput sequencing

Comprehensive pathogen
profiling; detects novel species;
high resolution

Expensive; requires
bioinformatics expertise; longer
turnaround

Nanopore (MinION)

Long-read sequencing
via nanopores

Portable; real-time analysis;
species-level resolution

Higher error rate than short-read;
requires optimization for accuracy
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4. Host Transcriptomics in BRD

RNA-Seq has become a popular choice in research and has the potential to iden-

tify biomarkers associated with human diseases, with the aim to improve disease

diagnosis [40—-42]. The same can be seen in the context of animal health with this ap-

proach used to examine the difference in gene expression in BRD versus healthy animals,

in both naturally acquired disease as well as in response to experimental challenges with

BRD-associated pathogens. An overview of studies that utilised this approach in the study
of BRD are given in Table 2.

Table 2. RNA-Seq-based studies examining the molecular immune response to BRD.

Animal Breed and
Sample Size

Pathogen Challenge
or Natural Infection

Tissue
Investigated

Country

Key Findings

Reference

Angus Hereford;
Challenged (n = 4),
control (n = 2)

Pathogen challenge
with one of the
following (BRSV,
BVDV, IBR, M.
haemolytica, P.
multocida or M. bovis)

Bronchial lymph

node Ll

One hundred and
forty-two
differentially
expressed genes were
located in previously
described quantitative
trait locus regions
associated with risk of
BRD.

DEGs were primarily
involved in innate
immunity pathways.

(]

Angus Hereford;
Challenged (n = 4),
control (n = 2)

Pathogen challenge
with one of the
following (BRSV,
BVDV, IBR, M.
haemolytica, P.
multocida or M. bovis)

Healthy and
lesioned lung,
bronchial lymph
node,
retropharyngeal
lymph node,
nasopharyngeal
lymph node and
pharyngeal tonsil

USA

Identified tissue
specific
transcriptional
responses to the viral
and bacterial
pathogens.

Identified gene
networks involved in
host innate immunity.

[43]

Holstein-Friesian
bull calves; BRSV
(n =12), control
(n=6)

BRSV

Bronchial

st medls Ireland

934 DEGs between
BRSV and control
calves.

Enriched biological
processes included
interferon signalling,
granzyme B signalling
and pathogen pattern
recognition receptors.

[10]

Mixed breed Beef
cattle (n = 24)

Natural BRD infection

Blood Canada

Gene expression
profiles differed
across Entry, Pulled
and close out stages in
each animal.

The IFI6, IFIT3, ISG15,
MX1 and OAS2 were
identified as
biomarkers to predict
and recognize

sick cattle.

(6]
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Table 2. Cont.

Animal Breed and
Sample Size

Pathogen Challenge
or Natural Infection

Tissue
Investigated

Country

Key Findings

Reference

Beef cattle; BRD
(n = 6), healthy
controls (n = 5)

Natural BRD infection

Blood

USA

132 DEGs identified
between BRD and
healthy cattle.
Pathways related to
microbial killing
upregulated in cattle
that contracted BRD.

[44]

Mixed breed beef
heifers; BRD

(n =25),

Control (n = 18)

Natural BRD infection

Blood

Canada

Identified a clear
distinction in gene
expression profiles
between BRD and
non-BRD cattle.
Found similarities in
DEGs with other
studies such as
CATH2, LRG1, CFB,
ALOX15 and GZMB.

(8]

Beef cattle; BRD
(n = 119), healthy
(n =115).

Natural BRD infection

Blood

USA

Cattle diagnosed with
BRD showed increase
expression of genes
associated with type I
interferon production,
alternative
complement and
granulocyte adhesion.
Healthy cattle had
increased expression
of anti-inflammatory;,
antimicrobial and
lymphatic

maturation genes.

[7]

Crossbred beef
cattle;

BRD mortality
(n=3),

BRD survived
(n=3)

Natural BRD infection

Blood

USA

Increase in expression
of genes associated
with pro-
inflammation and
immune response in
cattle at arrival.
Cattle that died from
BRD show increased
expression of type I
interferon and
antiviral genes

at arrival.

[45]
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Table 2. Cont.
Animal Breed and  Pathogen Challenge  Tissue .1
Sample Size or Natural Infection  Investigated Country  Key Findings Reference
281 DEGs between
BRSV and control
calves.
Holstein-Friesian gg:ﬁiif;slfgf
})null lcza)l v::;gljls v BRSV challenge Blood Ireland  associated with viral [46]
o : 6) ! infection including
- Influenza A, defense
response to virus and
innate immune
response.
101 DEGs identified
between BRD and
Multi-breed beef non-BRD animals.
cattle; BRD (n = 80), Natural BRD infection Blood Canada I;SR.A and HBB most [47]
non-BRD significant
(n = 63) upregulated and
downregulated genes
respectively.
Cattle that remained
healthy had increased
Cross-bred beef gene exprels sip n
steers; Natural BRD infection Blood USA pa{clt erns 1;e ating to [48]
(1 = 43) collagen tormation
and platelet activity
compared to those
that developed BRD.
Holstein-Friesian
bull calves, BoHV1 BoHV-1 experimental Blood Ireland [11]

(n = 12), control
n=e6).

challenge

In addition to the study of mRNA, RNA-Seq can be used to examine non-coding
RNAs. miRNAs are small (21-23 nucleotide) non-coding RNAs, that play a crucial role in
the regulation of gene expression in plants and animals [49]. The comparison of miRNA
profiles between different states (e.g., diseased versus healthy), allows expression patterns
or specific miRNAs implicated in various biological processes or disease pathogenesis to
be identified [50]. In humans, miRNAs have shown to have an association with a range
of diseases [51], with studies suggesting miRNA-expression profiles have potential as
diagnostic and prognostic biomarkers [52]. Similar has been shown in livestock [53], and it
has been proposed that miRNAs play vital roles in the regulation of bovine immunity [54].
The association between miRNAs and antibody response of beef cattle to Mycoplasma bovis
(M. bovis) was examined and four miRNAs showed a significant association to ELISA status,
with these mainly involved in the host defence response to bacteria [55]. The miRNA
expression profiles of bronchial lymph node tissue of dairy cattle following an experimental
challenge with BRSV were examined, with 119 DE miRNAs identified in response to
the viral challenge and genes targeted by these miRNAs were associated with pathogen
recognition and interferon signalling [56]. Similar was conducted in beef cattle following
experimental challenge with M. bovis or M. bovis and BVDV, whereby miRNA expression
profiles of serum, white blood cells, liver, lymph nodes (mesenteric and trans-bronchial),
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spleen and thymus were examined [55]. Findings showed that certain miRNAs were higher
in specific tissues compared to others and that differences in miRNA profiles were evident
based on pathogen challenge [55]. Other studies conducted in vitro have examined the
effect of BoHV-1 infection on miRNA expression with findings showing specific miRNAs
to be involved in the suppression of BoHV-1 infection in MDBK cells [57].

Transcriptomic studies have significantly advanced our understanding of the bovine
immune response to BRD, revealing consistent upregulation of genes involved in interferon
signaling, pathogen recognition, and innate immunity across both natural and experi-
mental infections. While whole blood transcriptomics offers a minimally invasive route
for biomarker discovery, tissue-specific analyses, particularly of lymph nodes and lung,
have uncovered localized gene expression patterns that may be critical for understanding
pathogen tropism and disease progression. Notably, studies using experimental challenges
with BoHV-1 and BRSV have provided clearer insights into host-pathogen interactions than
those relying on naturally acquired BRD, where the initiating pathogen is often unknown.
However, conflicting results in DEG profiles across studies suggest variability due to breed,
sampling timepoints, and pathogen combinations. A major gap remains in the integration
of transcriptomic data with other omics layers, such as miRNA and microbiome profiles,
which could provide a more holistic view of BRD pathogenesis. Future research should
prioritize longitudinal designs and multi-omics integration to identify robust biomarkers
and therapeutic targets.

5. Characterization of the Bovine Respiratory Microbiome in
BRD Infections

The term microbiome refers to the community of commensal, symbiotic and
pathogenic microorganisms living within a particular environment [58]. In addition to the
host’s structural and molecular defences, the microbiome of the bovine respiratory tract
plays a key role in bovine health and disease [59]. The microbiome influences mucosal
immunity, pathogen colonization resistance, and inflammatory responses. Disruptions in
microbial balance—known as dysbiosis—can predispose cattle to infection by opportunistic
pathogens and exacerbate disease progression. By characterizing microbial communities
and their dynamics, researchers can identify microbial signatures associated with disease
susceptibility, resilience, and progression. This knowledge supports the development of
more integrated and predictive diagnostic tools, enabling earlier detection and targeted
interventions for BRD.

5.1. Advances in BRD Diagnostics: Insights from 165 rRNA Gene Sequencing

NGS technologies have enabled the investigation of microbiomes in both humans
and animals, with many studies utilising 16S ribosomal RNA (rRNA) gene sequencing to
characterise bacterial microbiota [60]. Amplicon sequencing can be applied to almost all
sample types [61], and to date has been used to study the microbiomes across a range of
complex environments, with this approach able to identify both known and novel species.
16S rRNA amplicon sequencing uses a set of primers which, through PCR, bind to the
conserved regions of the 165 rRNA gene [62]. A key benefit of this methodology is that it
can be applied to samples of low biomass or those contaminated with host DNA [61].

In cattle, this approach has been used to identify BRD associated pathogens across
the upper (URT) and lower (LRT) bovine respiratory tracts. An overview of the studies
employing 16s TRNA sequencing in the study of BRD is provided in Table 3.
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Table 3. An overview of studies investigating the bovine respiratory microbiome during BRD infection using a 165 rRNA sequencing approach is presented. For
each study, the anatomical sampling site, study population, geographical location, and a summary of the key findings are provided. The table is organized into three
sections: URT, LRT, and combined URT-LRT studies.

Geographical

Anatomical Sampling Site(s) Study Population Location Summary of the Key Findings Reference
URT
. . The relative abundance of Mannheimia, Moraxella and
Holstein heifer calves R . Jo
Deep B . . . Mycoplasma were significantly higher in diseased versus
(n = 174) in total. 37 diagnosed with . :
Nasopharyngeal . . O . USA healthy animals. Total bacterial load of newborn calves at [63]
pneumonia, 62 with otitis and 11 with . . -
swabs neumonia-oftitis combined. 64 were health day 3, was higher for animals that developed pneumonia
P ’ y compared to those that remained healthy.
The overall composition of the BRD calves was different
Deep BRD (1 = 22) and pen matched healthy from that of the healthy controls. Pre@ommant genera
Nasopharyngeal ek (@ = 10) USA were Moraxella, Mycoplasma and Acinetobacter [64]
swabs S Nasopharyngeal microbiota differed in feedlot calves at
entry and in BRD calves, compared to healthy controls.
Crossbred beef steer calves (n = 120). Three Mycoplasma was the most abundant genus and M. dispar
Nasopharyngeal groups; Spring processing, at arrival and Canada the most abundant species across all groups. Difference in [65]
swabs 40 days after arrival the composition of the microbiota over time for all
(n =40 calves per group) calf groups.
Species richness was lower in BRD cattle compared to
Nasopharyngeal Feedlot cattle with Canada controls. Health status and days on feed were sources of [66]
swabs (n = 82) and without BRD (n = 82) variation for microbiota composition. M. bovis was more
frequently identified in cattle with BRD.
BRD cattle had lower alpha diversity compared to
controls. Trueperella pyogenes, Bibersteinia and Mycoplasma
spp. were increased in relative abundance in the BRD
Nasal cavity Holstein steers (6-7 months old) (n =75 USA group, while Mycoplasma bovirhinis and Clostridium sensu [67]

healthy; n = 58 BRD)

stricto were increased in the healthy group. The
prevalence of H. somni and P. multocida were high
regardless of clinical status. M. haemolytica and M. bovis
were more prevalent in the BRD group.
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Table 3. Cont.

Geographical

Anatomical Sampling Site(s) Study Population Location

Summary of the Key Findings

Reference

Nasal swabs Feedlot calves (n = 51) USA

Neither bovine coronavirus nor Mycoplasma sp. were
present at high abundance at the earlier timepoint of
initial vaccination. Alpha diversity was significantly
greater at initial vaccination compared to the BRD
outbreak (p-value < 0.001). At the time of the BRD
outbreak, all calves were nasally shedding bovine
coronavirus and a large percentage had a coinfection with
Mycoplasma sp., with Mycoplasma bovirhinis being the
predominant species.

[68]

Crossbred beef-bull and steer calves.
Two treatment groups (vaccines) INT
(n =175) and IN]J (n = 175).

Control group (n = 175)

Nasopharynx (nasal swabs) USA

The microbiome in healthy animals on d 28 had increased
Proteobacteria (largely Moraxella spp.) and decreased
Firmicutes (comprising almost exclusively of Mycoplasma
spp.) compared to animals that were treated for or died
from BRD (p < 0.05). A greater RA of Mycoplasma spp.
was observed in cattle that died of BRD on d0. All
animals displayed an increased diversity on d 28.

[69]

LRT

Cranial lung lobe from beef (n= 32) and
dairy (n = 6) calves. Mediastinal lymph Ireland
node from beef calves (n = 32)

Lung and mediastinal
lymph node

Leptotrichiaceae, Mycoplasma, Pasteurellaceae, and
Fusobacterium were the most abundant OTUs identified in
the lungs and lymph nodes of the calves which died from
BRD. Certain bacterial genera had greater relative
abundance in the post-mortem lung samples collected
from dairy calves that died from BRD compared to
healthy controls with no lesions present. Leptotrichiaceae
OTUs were sequenced and found not to be identical to
any known bacterial genus, suggesting the identification
of a novel bacterial species associated with BRD.

[14]
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Table 3. Cont.
. . . . Geographical ..
Anatomical Sampling Site(s) Study Population Location Summary of the Key Findings Reference
Statistically significant variations in abundance at the
family and genus levels. Statistically significant
differences in chaol and Shannon diversity observed
- Feedlot calves with BRD (n = 6) and between the two groups. Beta diversity analysis
Cranial lung lobe clinically healthy controls (n = 6) Egypt displayed a clear difference (p = 0.044) between the 701
microbiota of healthy versus BRD calves. A core
microbiota of 188 OTUs was found to be shared between
the two groups.
URT- LRT
Twenty-nine phyla and 305 genera were identified.
Mycoplasma was the most abundant genus in the nasal
and TTA samples. Pasteurella multocida and Psychrobacter
Nasal swabs and trans-tracheal ~Piedmontese calves with (n = 8) and without Ital sanguinis were the most abundant species in the nasal and [71]
aspirations (TTA) (n = 11) clinical signs of respiratory disease Y TTA samples, respectively. No significant difference was
observed between the nasal and TTA samples based on
clinical signs. NS differed by farm origin when compared
using unweighted UniFrac metric (p = 0.05).
Nasal cavity and . B
Bronchoalveolar lavage Charolais calves (1 = 8) USA [64]
No common pattern of change observed in
3 nasopharyngeal or tracheal microbiotas. Variation among
g:sl(:g:;axgizzl LD }l?:icfi?tclzl\vlveza(r;aeil gzc))ssbred besitbitesd Canada animals and time affected microbiota more than health [72]
- status. Moraxella and Mycoplasma suggested to play a
role in respiratory health.
Nostrils, nasopharynx . - . .
¢ ¢ Bacterial communities varied dependent on anatomical
oropharynx, hard palate, floor =~ Crossbred beef-breed feedlot steer calves Canada location. Nasopharyngeal flora vlsas most similar to that (73]

of mouth, palatine tonsils,
trachea, bronchus, bronchi

(n=18)

of the lung bacterial microbiome.
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Table 3. Cont.

Anatomical Sampling Site(s)

Geographical

Study Population Location

Summary of the Key Findings

Reference

Nasopharynx, trachea, lung
and joint

Feedlot cattle that died from BRD (n = 32)
and those that died of other causes (control) Canada
(n=8)

Lower bacterial diversity in the nasopharynx, trachea and
lungs of cattle that died from BRD compared to other
causes. In cattle that died of BRD, alpha-diversity was
lower in the lungs and joints compared to the

nasopharynx. The relative abundance of Mycoplasma spp.

in the lung, Pasteurella spp. in the trachea and lung, and
Histophilus spp. in the lung, trachea and nasopharynx of
cases were higher (p < 0.001) than controls. Cattle that
died of BRD had less diverse respiratory microbiomes
with a higher abundance of respiratory pathogens.

[74]

Nasal swabs

Holstein and Jersey calves and cows.

BRD (1 = 50) and healthy (1 = 50) USA

The genera Acinetobacter, Moraxella, Psychrobacter,
Histophilus, Mannheimia, Mycoplasma, and Pasteurella were
prevalent in the bovine nasal microbiome regardless of
farm or disease status. H. somni was most prevalent
whilst M. bovis was least prevalent. At one farm location
(CA), the abundance of a pathobiont differed according to
disease status, where M. haemolytica was significantly
more abundant in the BRD-affected animals than
apparently healthy animals.

[67]
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5.2. Third-Generation Sequencing Techniques in BRD Microbiome Characterisation

Genomes are complex and can have many long repeating elements and structural
variations that are so long, short-read paired-end applications are sometimes unable to
resolve [75,76]. To overcome this, long-read sequencing offering reads more than several
kilobases, can span these complex regions with a single continuous read, eliminating
ambiguity in the position or size of genomic elements [75]. Furthermore, third generation
approaches offer simplified library preparation as well as the generation of real-time
results [75]. Long-read sequencing (often dubbed third-generation sequencing) is available
across a range of sequencing platforms. Today, one of the most widely adopted tools of
the third-generation technologies is the MinION from ONT. As Nanopore sequencing
does not require imaging equipment to detect nucleotides, it has allowed the system to
be scaled down in size to a smaller, portable device, with the cost of these devices often
far less compared to other sequencers [77]. Furthermore, the MinION device has potential
for use in rapid field-based diagnostic laboratories [78]. The main drawback of long-read
sequencing is the higher error rate compared to short read approaches [77].

Third-generation sequencing (MinlON) was recently employed to identify BRD
pathogens during natural BRD infection with findings showing an 89% concordance be-
tween this methodology and the traditional culture method [79]. More recently, a study
characterized the bacterial microbiota of the upper and lower respiratory tracts in dairy
calves following experimental infection with BoHV-1 [80]. In their study, calves were either
inoculated with BoHV-1 or mock-challenged, and nasal swabs, pharyngeal tonsils, and
lung tissues were collected for microbial analysis using ONT MinlON sequencing. BoHV-1
successfully induced clinical BRD in challenged calves, validating the experimental model.
At six days post-challenge, Pasteurella, Streptococcus, and Ruminococcus were the dominant
genera identified across nasal, pharyngeal tonsil, and lung samples in infected calves. No
significant differences in genus-level bacterial abundance were observed between chal-
lenged and control calves, although there was a trend toward altered Shannon diversity
in pharyngeal tonsils, suggesting subtle shifts in microbial community structure. These
findings indicate that BoHV-1 infection induces BRD without major alterations to the respi-
ratory microbiota at the genus level within six days, while minor diversity changes may
reflect early microbial responses to viral infection. The study also highlights the potential
of MinION sequencing for rapid characterization of the bovine respiratory microbiome and
its application in diagnostic settings.

Studies investigating the bovine respiratory microbiome have consistently shown that
microbial diversity and composition are influenced by age, diet, stress, and disease status.
BRD-affected cattle often exhibit reduced microbial richness and increased abundance of
opportunistic pathogens such as Mycoplasma, Pasteurella, and Histophilus spp., particularly
in the upper respiratory tract. However, findings vary across anatomical sites and study
designs, with some studies reporting minimal changes in microbial composition following
vaccination or antibiotic treatment. Notably, longitudinal studies have highlighted the dy-
namic nature of microbiomes in response to transportation and weaning stress, suggesting
a window of vulnerability for BRD onset. Despite the widespread use of 16S rRNA gene
sequencing, limitations in species-level resolution and the inability to detect functional
interactions between microbial taxa persist. Emerging third-generation sequencing plat-
forms, such as ONT MinlION, offer improved resolution and field applicability, but require
further validation. Overall, while the microbiome is clearly implicated in BRD suscep-
tibility and progression, conflicting results and methodological variability highlight the
need for standardized protocols and integrative multi-omics approaches to fully elucidate
host-microbe—pathogen interactions.
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6. Metagenomic Approaches to BRD Virome Characterization

In addition to the bacterial microbiota, the virome of the respiratory tract is also
an area of interest. The application of viral metagenomics allows for the detection and
characterization of known and novel viruses, offering a more complete understanding of
the viral contributors to BRD.

The advent of metagenomic approaches has facilitated the characterization of the
respiratory tract virome in bovines affected by BRD, revealing previously unrecognized
viral agents [13,15-19,58,81]. In one of the earliest viral metagenomic studies, it was ob-
served that cattle exhibiting clinical signs of BRD did not harbour the viruses traditionally
associated with the disease, such as BoHV-1, BPI-3, and BRSV; instead, nucleic acid sequenc-
ing from nasopharyngeal swabs identified bovine rhinitis A virus (BRAV) and influenza
D virus (IDV), suggesting the involvement of previously unrecognized viral agents [18].

Longitudinal sampling of nasopharyngeal swabs before transportation, on arrival at
feedlots, and 40 days post-arrival demonstrated dynamic changes in the respiratory micro-
biome at all time points, which were attributed to stress and viral infection affecting both
host immunity and microbiome composition [15]. Examination of the upper respiratory
virome in nasal swabs from cattle in the USA and Mexico revealed geographical differences
in viral composition, detecting BoHV-1, BVDV, BRSV, BCoV, IDV, BRV, REO, and BEV,
highlighting a broader viral diversity than is currently addressed by vaccination [16].

Analysis of the respiratory virome in 130 post-slaughter beef cattle detected only a
limited number of viruses, likely due to prior viral clearance by the host immune system
and the preferential colonization of the upper respiratory tract, which reduces viral presence
in the lungs. High amounts of non-viral nucleic acids, including host DNA contamination,
were also found to reduce sequencing sensitivity [81]. Further studies analyzing deep
nasal swabs and tracheal washes from both BRD-affected and clinically healthy cattle, all
vaccinated against IBR, BVDV types I and II, BPIV-3, and BRSV, reported that these viruses
were not detected; however, BoCV, BRBV, BRAV, and IDV were identified in diseased
animals but not in healthy ones [82]. Nasal viromes of cattle on arrival at feedlots showed
consistent patterns and further highlighted the role of BCoV, BRBV, BRAYV, and IDV in
BRD pathogenesis [17].

The use of high-throughput sequencing to characterize the bovine respiratory virome
and its potential as a diagnostic tool was demonstrated using the ONT MinION device.
When tested on in vitro viral cell cultures and nasal swabs from calves experimentally
infected with a single BRD-associated DNA virus, BoHV-1, extensive optimization of
Nanopore library preparation protocols, particularly to minimize PCR amplification bias,
was required before BoHV-1 could be reliably detected as the dominant virus within
approximately 7 h from sample to result [19].

Characterization of the upper respiratory tract virome of feedlot cattle in Australia
confirmed associations between certain viral populations and BRD, highlighting the con-
tinued complexity and regional variation in viral contributors to the disease [13] Bovine
coronavirus (BCoV) variants from nasal swabs of Irish calves with BRD, revealed genomic
variation compared with previously reported strains [20]. In a subsequent study, they
reported the genome of Ungulate tetraparvovirus 1 (UTPV1) from a nasal swab of a beef-
suckler calf, representing one of the first characterizations of this virus in Ireland and
contributing to knowledge of cattle virome diversity. Viruses including BRSV, BoHV-1,
BVDV and PIV-3 are well documented as BRD opportunistic pathogens [3]. Previously,
IDV had been isolated from nasal swabs of symptomatic BRD calves, which exhibited
significantly higher levels of IDV RNA than those from healthy animals [16], and it was
also shown to be significantly associated with BRD outcomes in Canada [81]. A diverse
range of viruses were detected in the upper respiratory tract of Australian feedlot cattle.
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While some of these viruses are established causes of respiratory disease, the study high-
lights that numerous other viruses may also influence the development of BRD. Notably,
there was a high abundance of bovine nidovirus (BoNV), IDV, BRAV, and BCoV across
the samples, with BoONV being the most abundant RNA virus. Additionally, complete or
near-complete genomes of BRBV, enterovirus E1, BVDV (sub-genotypes 1a and 1c), and
BRSV were obtained, along with partial sequences of other viruses [21].

Like the bacterial microbiota, the bovine respiratory virome also appears to be a
complex topic in BRD infection. Although some viruses appear to have an association with
BRD, for others their role is not as clear. Furthermore, these identification of relatively newly
associated BRD viruses, further highlights the importance of continued BRD diagnostic
development that will aid in pathogen surveillance and identification in the future.

Metagenomic studies have expanded the understanding of the bovine respiratory vi-
rome, revealing a diverse array of viruses beyond classical BRD pathogens such as BoHV-1,
BRSV, and BVDV. Emerging viruses—including bovine rhinitis A and B viruses (BRAYV,
BRBYV), influenza D virus (IDV), and bovine nidovirus (BoNV)—have been increasingly
detected in BRD-affected cattle, though their precise roles in disease pathogenesis remain
unclear. Geographic variation and temporal dynamics further complicate interpretation,
with some viruses appearing more prevalent in specific regions or at different stages of
disease development. While high-throughput sequencing technologies, including ONT
MinlON, have enabled rapid and field-deployable viral detection, challenges persist in
distinguishing pathogenic from commensal or opportunistic viruses. Conflicting findings,
such as the presence of IDV in both healthy and diseased animals, underscore the need
for longitudinal studies and functional validation. Overall, the virome represents a critical
but underexplored component of BRD, and its integration with host transcriptomic and
microbiome data will be essential to unravel complex host—virus-microbe interactions and
improve diagnostic and preventive strategies.

7. Insights into BRD Pathogenesis

BRD pathogenesis typically begins with stress-induced immunosuppression, which
compromises mucosal defences and facilitates colonization of the respiratory tract by viral
and bacterial pathogens [1,3,12]. Primary viral infections—such as bovine herpesvirus 1
(BoHV-1), bovine respiratory syncytial virus (BRSV), and bovine viral diarrhoea virus
(BVDV)—disrupt epithelial integrity and impair innate immune responses, creating a
permissive environment for secondary bacterial invasion [3,10,11]. Bacterial pathogens in-
cluding Mannheimia haemolytica, Pasteurella multocida, Histophilus somni, and Mycoplasma bo-
vis contribute to disease progression through the production of virulence factors such as
leukotoxins, adhesins, and endotoxins, which elicit inflammatory responses and tissue
damage [28,30]. The resulting pulmonary lesions, characterized by fibrinous pneumo-
nia and necrosis, are hallmarks of advanced BRD [3,14]. Recent advances in molecular
diagnostics—such as metagenomics, RNA sequencing (RNA-Seq), and microRNA (miRNA)
profiling—have enhanced our understanding of BRD pathogenesis [6,9-11,19,30]. These
technologies enable the identification of novel pathogens, characterization of host transcrip-
tomic responses, and elucidation of regulatory networks involved in immune modulation.
Differential gene expression analyses have revealed activation of interferon signalling,
complement pathways, and antimicrobial responses in infected tissues [6-8,10]. Addition-
ally, miRNAs have been implicated in post-transcriptional regulation of immune genes,
further refining the host response to infection [55,56]. Together, these insights support a
systems-level understanding of BRD pathogenesis and inform the development of predic-
tive biomarkers and targeted therapeutic strategies.
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Integrating Multi-Omics Approaches to Elucidate BRD Pathogenesis

Understanding BRD requires a systems-level perspective that captures the interplay
between host immunity, pathogens, and the respiratory microbiome. Recent advances in
transcriptomics, miRNA profiling, metagenomics, and microbiome characterization offer
complementary insights, yet these datasets are often analyzed in isolation. Integrating
these approaches can reveal mechanistic links between viral and bacterial colonization,
host immune modulation, and microbial dysbiosis. Transcriptomic analyses have identified
differentially expressed genes (DEGs) associated with innate immunity and interferon
signalling in both whole blood and lymphoid tissues during BRD infection [10,11].

Similarly, miRNA studies highlight post-transcriptional regulation of antiviral path-
ways, with tissue-specific miRNA signatures linked to interferon signalling and pathogen
recognition [56]. These host-level datasets provide a foundation for identifying biomarkers
and immune pathways responsive to infection.

On the microbial side, 16S rRNA sequencing has demonstrated reduced species rich-
ness and increased abundance of opportunistic pathogens such as Mycoplasma and Pas-
teurella spp. in BRD-affected cattle [14,66]. Meanwhile, viral metagenomics has expanded
the known virome, uncovering emerging viruses such as bovine rhinitis A virus (BRAV)
and influenza D virus (IDV), which may act as primary or co-infecting agents [16-18].

An integrative framework combining these layers—host transcriptome and miRNA
profiles, pathogen detection via metagenomics, and microbiome composition—can eluci-
date host—pathogen—microbiome interactions driving BRD onset and progression. Figure 1
illustrates a conceptual model for multi-omics integration, highlighting key discovery
targets and insights to be gained through the integration of these datasets.
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Figure 1. Conceptual model showing how multi-omics datasets could be combined to elu-
cidate host—pathogen-microbiome interactions. Available online: https://app.biorender.com/
illustrations/690892e8d877fbf4a3fc7066?slideld=6568a177-bdb9-4864-9990-40c4765f9c74 accessed
on: 14 November 2025.
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8. Limitations in Current Omics Approaches for BRD Research

Despite significant advances in multi-omics technologies, several limitations constrain
the interpretation and reproducibility of findings in BRD research.

Study Design and Sample Size: Many transcriptomic and microbiome studies employ
small cohorts or convenience sampling, which restricts statistical power and limits gen-
eralizability of results. For example, RNA-Seq investigations of bronchial lymph nodes
following experimental BRSV challenge included only 12 infected and 6 control calves [10],
while microbiome studies comparing healthy and BRD-affected cattle often rely on single-
site sampling [66]. These constraints underscore the need for longitudinal, multi-site
designs to capture temporal dynamics and environmental variability.

Bioinformatics Variability: Differences in computational pipelines, normalization
strategies, and reference databases can lead to inconsistent outcomes across studies. RNA-
Seq workflows vary widely in alignment and differential expression analysis, influencing
gene-level interpretations [83,84]. Similarly, microbiome profiling using 165 rRNA sequenc-
ing is sensitive to primer choice and taxonomic classifiers, which may bias community
composition estimates.

Sequencing Depth and Contamination: Low sequencing depth can obscure rare taxa
or low-abundance transcripts, reducing the resolution of microbial and virome analy-
ses. Metagenomic studies of the bovine respiratory virome have reported challenges in
detecting low-prevalence viruses and highlighted contamination risks from host DNA
and environmental sources [81,85]. These technical limitations emphasize the importance
of rigorous quality control, standardized protocols, and transparent reporting to ensure
reproducibility and comparability of multi-omics datasets.

9. Conclusions

NGS technologies have allowed for the investigation into the impact of BRD on
host animals at the molecular level. Approaches such as RNA-Seq have allowed for the
examination of host gene expression in response to BRD infection [6,8,80,81], with genes and
biological pathways involved in the host immune response to BRD identified. However,
these studies analysed cattle with naturally acquired BRD, where the initial pathogen
causing the infection is often unknown. The use of experimental challenge models utilising
one or more specific BRD pathogens, coupled with these NGS approaches, offer deeper
insight into the host immune response, allowing for the identification of DEGs in response
to specific pathogens. Beyond mRNA, non-coding RNAs such as microRNAs (miRNAs),
shown to play a role in immune function regulation [86], have also been analysed in cattle
with experimentally induced BRD and have shown involvement in processes such as
interferon signalling, pathogen recognition, and T-cell responses [56]. The examination of
host responses using this approach enables the discovery of biomarkers of BRD infection,
which may have potential for use in diagnostic development.

In addition to biomarker discovery, NGS technologies have been used to examine the
significance of the URT [87,88] and LRT [89] respiratory tract microbiomes in respiratory
tract health and disease susceptibility. Studies have analysed the respiratory microbiota
of cattle with naturally occurring BRD [14,66,72], with findings showing certain species
to play a role in respiratory health. However, the relative significance of different BRD
pathogens remains unclear.

The application of NGS technologies in BRD research has allowed for the generation of
many diverse datasets, facilitating the examination of the response to BRD at a deeper level.
The integration of both gene expression, as well as microbial datasets provides the potential
to further understand the cross-system response of BRD, not only at the host level, but
also at a microbial level, through the characterisation of the microbiota residing within the
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hosts respiratory tract. The integration of these data will provide a deeper understanding
of the impact of BRD on hosts themselves, as well as their respiratory microbiomes, which
consequently may offer new insights into potential therapeutic targets.

The topics reviewed in this manuscript, including transcriptomics, metagenomics, mi-
crobiome dynamics, and molecular diagnostics, collectively support the stated objective by
providing a comprehensive overview of the host-pathogen interactions and technological ad-
vances that have enhanced the understanding of BRD pathogenesis and diagnostic capabilities.

10. Future Directions and Research Priorities

BRD remains a multifactorial challenge requiring integrated diagnostic and manage-
ment strategies. While significant progress has been made in applying transcriptomics,
miRNA profiling, metagenomics, and microbiome characterization, these approaches are
often siloed, limiting their translational impact. To enhance the impact of these approaches,
future research should focus on the following priorities:

1. Standardization of Protocols:

There is a critical need to harmonize sampling methodologies, sequencing depth
parameters, and bioinformatics pipelines. Standardization will reduce inter-study vari-
ability and improve reproducibility, thereby facilitating cross-comparative analyses and
meta-analytical evaluations [83,84].

2. Multi-Omics Data Integration:

Developing robust frameworks for the integration of host transcriptomic and miRNA
datasets with microbial and virome profiles is essential. Such integrative models should em-
ploy network-based analytics and machine learning techniques to elucidate host-pathogen-—
microbiome interactions, identify diagnostic biomarkers, and enable predictive modeling
of disease outcomes [13,90].

3. Translational Applications:

To bridge the gap between research and field implementation, omics-derived insights
must be translated into practical tools for BRD control. This includes the development of
point-of-care diagnostic platforms utilizing portable sequencing technologies [10,11,19], as
well as microbiome-informed interventions such as probiotics or targeted therapeutics [66].

By advancing these strategic priorities, the field will advance toward a systems-level
understanding of BRD pathogenesis and enable evidence-based solutions for disease
prevention and control.
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Abbreviations

The following abbreviations are used in this paper:

BCoV Bovine coronavirus
BoHV-1 Bovine herpesvirus 1
BPI3V Bovine parainfluenza 3
BRAV1 Bovine rhinitis A virus 1
BRAV2 Bovine rhinitis A virus 2

BRD Bovine respiratory disease

BRSV Bovine respiratory syncytial virus

BVDV Bovine viral diarrhoea virus

cDNA Complementary DNA)

LAMP Loop-mediated isothermal amplification

LASL Linker Amplified Shotgun Library

LRT Lower respiratory tract

MDA Multiple Displacement Amplification

MLN Mediastinal lymph node

MiRNA MicroRNA

MLV Modified live vaccine

mRNA Messenger RNA

NCBI National Center for Biotechnology Information
OTUs Operational Taxonomic Units

RNA Ribonucleic acid

RNA-Seq RNA-Sequencing

SISPA Sequence-Independent Single-Primer Amplification
URT Upper respiratory tract

Us United States
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