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Bovine respiratory disease (BRD) poses a significant health and economic
challenge in cattle farming, particularly affecting young calves. Although
previous SNP-based genome-wide association studies (GWAS) have identified
candidate loci linked to BRD susceptibility, they only explain a fraction of the
trait's heritability. Using genotypes from a previous study that employed a
selective genotyping approach, we analyzed Holstein calves classified as BRD-
resistant or BRD-susceptible, based on thoracic ultrasonography and clinical
scoring. In particular, structural variations, specifically copy number variants
(CNVs) and runs of homozygosity (ROH), were investigated due to their
emerging role as complementary genomic features that may be involved in
disease resistance. A total of 2,666 CNVs were identified, and the CNV-GWAS
revealed 10 significant CNV regions (CNVRs), encompassing or near 15 candidate
genes. While the ROH analysis identified 8,226 segments, we further applied a
fixed-window approach to compare ROH frequencies between groups,
revealing 19 regions with significantly different ROH frequencies. Gene
annotation of both CNVRs and differential ROH windows uncovered genes
linked to immune response, lung development, and known BRD-associated
pathways. Functional enrichment analyses using DAVID and Cytoscape-
GeneMANIA indicated involvement of antiviral responses, GPCR signaling,
calcium signaling, and estrogen receptor pathway in disease resistance.
Notably, 37% of the genes identified in this study overlapped with those
reported in previous BRD-related studies. This integrative genomic analysis
highlights the relevance of structural variation in shaping BRD resistance and
susceptibility in dairy calves. By integrating CNV mapping, ROH analysis, and
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functional annotation approaches, we identified novel and previously reported
candidate genes potentially involved in innate immune processes. These findings
support the implementation of precision breeding strategies aimed at improving
disease resilience in cattle.
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1 Introduction

Bovine respiratory disease (BRD) is one of the most significant
health challenges in cattle farms worldwide, with substantial
impacts on both animal welfare and economic profitability
(Overton, 2020). The disease is particularly prevalent in intensive
farming systems, where high animal density and poor management
practices can facilitate pathogen transmission. This scenario
exemplifies the complex, multifactorial nature of BRD, wherein
the interplay of infectious agents, external stressors, and individual
factors (such as anatomical, genetic, and immune system
characteristics) plays a crucial role in the disease’s development
and progression (Ackermann et al, 2010; Taylor et al, 2010).
Despite advances in vaccination protocols and management
practices, controlling BRD remains a significant challenge,
particularly due to another substantial challenge characterizing
the disease: the poor accuracy of its clinical signs, which thus
complicates the definition of single or multiple cases (Buczinski
and Pardon, 2020). This issue underscores the need for a deeper
understanding of individual factors underlying its susceptibility.

The genetic predisposition plays a critical role in the variation of
susceptibility to a disease across individuals (Tsairidou et al., 2019).
Previous genome-wide association studies (GWAS) on BRD using
single-nucleotide polymorphisms (SNPs) as markers have identified
candidate genes and loci associated with immune response, lung
development, and pathogen defense (Lipkin et al., 2016; Quick et al.,
2020; Li et al., 2022). However, SNPs alone do not fully capture the
heritable component of BRD, prompting further exploration of
structural genomic variations such as copy number variants (CNVs)
and runs of homozygosity (ROHs). CNVs represent structural
genomic variations where segments of DNA are duplicated or
deleted (Mills et al, 2011). These variants can influence gene
dosage or alter gene regulation, potentially impacting the animal’s
immune response and overall disease resilience (MaChado and
Ottolini, 2015). CNVs have been linked to traits such as growth
(Zhou et al., 2016), reproduction (Oliveira et al., 2024),
environmental and climatic adaptation (Salehian-Dehkordi et al.,
2023), and various productive and adaptive traits (Salehian-
Dehkordi et al.,, 2021), as well as disease resistance in cattle
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(Duran Aguilar et al., 2017), making them a promising target for
understanding BRD susceptibility. On the other hand, ROHs are
continuous stretches of homozygous genotypes that can arise from
inbreeding or selective breeding. The length and frequency of ROH
vary across populations, reflecting different breeding strategies and
genetic backgrounds. The knowledge of ROH patterns can provide
insights into the genetic architecture underlying disease resistance
or susceptibility in livestock species. In cattle, specific ROH regions
have been associated with loci influencing immune response and
resilience to infectious diseases (Biscarini et al., 2016). Detecting
and characterizing ROH associated with disease-related traits can
therefore support genomic selection strategies aimed at enhancing
animal health and reducing dependence on antibiotics.

This study aimed to enhance the understanding of genetic
resistance to BRD in Holstein calves by building on previous
SNP-based GWAS involving a cohort of BRD-resistant (R-BRD)
and BRD-susceptible (S-BRD) individuals (Strillacci et al., 2025).
These individuals were phenotypically characterized through the
evaluation of lung lesions detected using thoracic ultrasonography
(TUS), which represents a more advanced diagnostic method
compared to relying solely on clinical signs related to BRD.
Specifically, the objectives were i) to conduct a CNV-based
GWAS to identify structural variants potentially associated with
resistance to BRD-related TUS lesions and ii) to investigate ROHs
that differentiate resistant calves from susceptible ones, to identify
possible regions under selection or linked to disease susceptibility
and resistance. The genotypic raw data of the samples used in this
study were those available from Strillacci et al. (2025).

2 Materials and methods
2.1 Sampling

This study used phenotypic and genotypic data obtained from a
previous study (Strillacci et al., 2025) that included samples
collected from 10 intensive farms in Northern Italy, which had a
reported history of respiratory disease in pre-weaned Holstein-
Friesian calves. Briefly, clinical data were collected from 240 calves
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housed in group pens, none of which had received antimicrobial or
anti-inflammatory treatments in the 15 days preceding the study.
Each calf was evaluated using the Wisconsin Clinical Scoring
System (WISC) (McGuirk and Peek, 2014) and underwent
bilateral TUS (intercostal spaces 10-1 on the right and 10-2 on
the left) using the ventral landmark protocol described by Ollivett
et al. (2015). The severity of the disease was scored using the
method described by Ollivett and Buczinski (2016), resulting in
scores ranging from 0 to 5. BRD-susceptible calves (S-BRD, n = 47)
were defined as those with a TUS score of 5, regardless of WISC
score. BRD-resistant calves (R-BRD, n = 47) were defined as those
with a TUS score of 0 or 1, a total WISC score <4, and absence of
coughing. This classification enabled the application of a selective
genotyping experimental design (Darvasi and Soller, 1992), which
treats individuals from the tails of the phenotypic distribution as if
they were case and control samples (Strillacci et al., 2025).

2.2 Statistical analysis

2.2.1 CNV detection and CNV association analysis
CNV detection was performed using the available raw
genotyping data (log R ratio, LRR), obtained with the GeneSeek®
Genomic Profiler Bovine 100K microarray by NEOGEN. These
data were already available at the Animal Genomics Laboratory of
the Department of Veterinary Medicine and Animal Sciences. The
reference genome used for mapping the SNPs was the ARS-
UCD1.2. Quality control of the LRR values was performed using
the SVS software by Golden Helix (Bozeman, MT, http://
goldenhelix.com), with the dedicated statistical packages. This
process involved i) examining the overall distribution of
derivative log ratio spread (DLRS) values and ii) evaluating the
GC content using the wave detection factor algorithm, which
accounts for GC-related long-range waviness in LRR values.

Eight samples were excluded from further analysis due to elevated
DLRS and GC wave factor (GCWF) values. CNVs were then detected
using the Copy Number Analysis Module (CNAM) in SVS through a
univariate segmentation analysis of LRR data. The analysis was
performed using the following parameters: a maximum of 100
segments per 10,000 markers, a minimum of 3 markers per segment,
and 2,000 permutations per pair with a P-value threshold of 0.05.

To perform the association analysis, the “segment list” for each
calf (genomic segments where copy number variations with CNV
were detected) was converted by SVS software into a categorical
variable using a three-state coding scheme: —1 for losses, 0 for
normal, and 1 for gain states. The classification threshold values
(-0.30 for deletions and +0.30 for duplications) were defined
through a histogram analysis (implemented in SVS) of the mean
LRR values for each segment. Only CNV's ranging from 1,000 bp to
2.5 Mb in length were retained for the association analysis.

Phenotypic information (R-BRD as control = 0 and S-BRD as
case = 1) was combined with the discretized CNV states for each
individual to generate a unified dataset for the association analysis.
The association analysis of CNVs was carried out using a statistical
correlation/trend test implemented in SVS software. Due to the
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specific characteristics of CNV's (lower frequency, larger effect sizes,
and more complex genomic architecture compared to SNPs), CNV-
GWAS differs fundamentally from SNP-GWAS in terms of the
number of tests performed. Therefore, a nominal threshold (here, P
<0.01) was adopted to prioritize CNVs significantly associated with
our phenotype (Reid et al., 2019; Stylianou et al., 2024).

Gene annotation within CNVs significantly associated with
BRD was performed using the Genome Data Viewer tool from
the NCBI database, freely available online (https://
www.ncbi.nlm.nih.gov/genome/gdv/browser/gene/?id=785567).
Lastly, the functional gene annotation was performed using both
the Cytoscape software (Shannon et al, 2003) and the DAVID
online database (https://davidbioinformatics.nih.gov).

2.2.2 ROH detection and inbreeding coefficient
values (FROH)

ROH identification was performed using the “detectRUNS”
library (RStudio software), applying the “consecutive RUNS”
method. The following parameters were set, as previously
reported in other studies using the same SNP chip (Bernini et al,
2023; Punturiero et al,, 2023): i) minimum number of SNPs: 30; 2)
minimum ROH length: 1,000 kb; iii) no missing genotypes nor
heterozygous SNPs allowed; and iv) maximum gap between
consecutive SNPs of 1 Mbp.

To assess potential differences in the distribution of ROH
between R-BRD and S-BRD calves, a “fixed window approach”
was implemented based on the ROH output generated using the
detectRUNS R package. A custom R script was developed to scan
the genome using non-overlapping fixed-size windows of 100 kb, to
avoid overestimating the extent of overlapping ROH regions and to
balance genomic resolution and statistical power (Cozzi et al,
2015). This window size allows meaningful group-level
comparisons without introducing excessive fragmentation or
artificial overlap of signals. For each window, the number of
individuals in which at least one ROH overlapped the interval
was counted separately for the S-BRD and R-BRD groups. ROH
frequencies were then calculated as the proportion of individuals
with an ROH in the given window relative to the total number of
individuals within each group. To assess whether ROH occurrence
differed significantly between groups, Fisher’s exact test was applied
to each window. To reduce the risk of false positives due to marginal
differences, an additional filter was applied: only windows showing
a minimum absolute difference of at least 10 individuals between
groups were retained. This threshold helped ensure that only
biologically meaningful differences in ROH distribution
were considered.

This approach enabled the identification of genomic regions
where ROHs were significantly more frequent in one group
compared to the other, including i) regions where the
conventional “Top_ROH” threshold (e.g., >50% of individuals
with ROH; see Additional File 1) was not reached by either group
and ii) regions where both groups exceeded this threshold but
showed statistically significant differences in ROH frequency.
Overall, this strategy provided a more refined and complementary
perspective on ROH distribution, enabling the detection of regions
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potentially associated with genetic resistance or susceptibility
to BRD.

Genes within these windows were annotated using the same
pipeline adopted for CNVs.

Additionally, the genomic inbreeding coefficient (Froy) for all
samples within five class of length (<2 Mbp, 2-4 Mbp, 4-8 Mbp, 8-
16 Mbp, and >16 Mbp) were calculated as the ratio between the sum
of length of all ROH segment per cow and the length of the
autosomal genome covered by SNPs (formula implemented in
DetectRUNS library of RStudio).

3 Results

3.1 Copy number variant identification and
GWAS

A total of 2,666 CNVs were identified across all calves, after
quality control filtering, with descriptive statistics summarized in
Table 1. A 100% correlation was observed between the number of
calves in the R-BRD and S-BRD groups and the corresponding total
number of CNVs, including both gains and losses. Figure 1 shows
the graphical representation of the GWAS analysis result.

Table 2 presents the results of the GWAS. As shown, 23
SNP_predictors were identified as significantly associated with
our phenotype. In SVS, a SNP_predictor refers to a variable that
treats CNVs as genetic markers, enabling the application of
standard association tests to structural variants. These markers
allowed the definition of 10 CNVRs, consisting of 7 losses, 1

10.3389/fanim.2025.1700819

complex, and 2 gains. Each CNV region can be defined by one or
more adjacent SNP_predictors, and the boundaries of a region
correspond to the CNV segment they tag. Gene annotation was
performed for genes located either within a CNVR (n = 12) or in its
proximity (within 1 Mb from the start or end of the CNV; n = 3).
These were designated as candidate genes potentially involved in
BRD susceptibility or resistance.

3.2 ROH and FROH

A total of 4,249 ROH were identified in S-BRD (n = 46) and
3,977 in R-BRD (n = 47) calves, with an average length of 4.51 and
4.43 Mbp, respectively. In both groups, the majority of ROH fell
within the short-to-medium range (1-8 Mbp), whereas long ROH
segments (=8 Mbp) were less frequent. ROH in the longest length
class accounted for 3.6% and 4% of the total ROH in the S-BRD and
R-BRD groups, respectively. This overall distribution pattern likely
reflects comparable breeding choices among farmers (e.g., for
productive, functional, and morphological traits) in recent years
(Mastrangelo et al.,, 2018; Wirth et al., 2024). The average Fron
coefficients calculated from ROH longer than 16 Mbp were very
similar between S-BRD and R-BRD calves, both averaging
approximately 3%.

Table 3 reports the genomic windows where ROH frequencies
significantly differed between R-BRD and S-BRD calves. A total of
19 regions were identified, with 10 enriched in R-BRD calves and 9
in S-BRD calves. Notably, the most significant differences in the S-
BRD group were observed on BTAs 3, 7, and 11, while R-BRD

TABLE 1 Descriptive statistics for the identified copy number variants (CNVs) in R-BRD and S-BRD calves.

. CNV per sample Mean Min Max
Group N.CNV  N. calves N. gain N. loss P P
min—max length length length
R-BRD ‘ 1,254 41 ‘ 253 ‘ 1,001 15-43 ‘ 135,603.87 1,003 2,491,013
S-BRD ‘ 1,413 46 ‘ 262 ‘ 1,151 15-43 ‘ 127,964.20 1,003 2,491,013
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FIGURE 1

Graphical representation of the CNV-GWAS results. The gray line shows the significance threshold, corresponding to a P-value of 0.01.
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TABLE 2 CNV-GWAS results (significance threshold line: P-value < 0.01).

10.3389/fanim.2025.1700819

SNP_predictor Chr Position P-value SCtl?lc gn(\j/ Within gene (;l:;zr f.l?éi:\agﬁﬁ/
BTA-23043-n0-rs 4 28186796 0.00686 | 28174860 & 28253982 Loss TMEM196 ~168973
BovineHD0400008137 4 28209392 0.00334
BovineHD0600018305 6 64711672 000916 | 64587833 | 64721131  Loss GABRGI
BovineHD0700012484 7 41635513 0.00563
BovineHD0700012502 7 41719067 0.00563 | 41635513 | 41766797  Loss OR2AJS,
OR2AJI10P
BovineHD0700012505 7 41766797 0.00563
BovineHD0800027555 8 91168776 0.00148 | 91168776 | 91293860 Loss ALDOB,
TMEM246, RNF20
BovineHD0800027580 8 91265459 0.00148
BovineHD4100007040 8 91293860 0.00148
BovineHD0900013178 9 47272053 0.00444 | 47272053 | 47285222  Loss GRIK2 -602477
BovineHD0900013181 9 47285222 0.00444
Hapmap51586-BTA-33282 9 65838173 000174 | 65838173 | 65996108  Loss
BovineHD0900018451 9 65908425 0.00048 THEMIS
BovineHD1400016331 14 56648349 000277 | 56599678 | 56714631  Loss RSPO2 43011
ARS-BFGL-NGS-18262 14 56696320 0.00029
BovineHD1500024936 15 83666995 0.00617
BTA-37923-no-rs 15 83673161 0.00552
BovineHD1500024941 15 83705939 0.00552 | 83526861 83783792 ~ Complex GLB;L;EIBILZ’
BovineHD1500024942 15 83706766 0.00850
BovineHD1500024943 15 83708698 0.00850
ARS-BFGL-BAC-32705 21 18827616 0.00676 | 18827616 = 18857417  Gain NTRK3
ARS-BFGL-NGS-66370 26 27689471 0.00003 | 27689471 = 27712775  Gain SORCSI
BovineHD2600007436 26 27712775 0.00003

calves showed enriched ROH regions distributed across several
chromosomes, including BTAs 5 and 13 (Figure 2).

Fron coefficients (Figure 3), calculated across the five ROH
length classes for each calf in the two groups, were slightly lower in
R-BRD calves compared to S-BRD. However, these differences
alone are unlikely to account for the observed variation in
resistance to BRD-related lung lesions.

4 Discussion

This study builds upon previous work that employed a
selective genotyping approach to investigate genetic resistance
to BRD in Holstein calves. By leveraging the same well-
characterized cohort (R-BRD vs. S-BRD) (Strillacci et al., 2025),
we extended the genomic analysis beyond the traditional SNP-
based GWAS to include both CNV-based association testing and
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ROH characterization of the two groups. The selective
genotyping design, which involved a one-gate reverse flow
strategy across all enrolled farms, ensured that both R-BRD and
S-BRD calves originated from a common source population with
comparable exposure to BRD pathogens. This design reduced the
risk of confounding due to differential pathogen pressure and
yielded results that are robust and potentially generalizable
(Rutjes et al., 2005) as discussed in our previous study
(Strillacci et al., 2025).

While our previous findings highlighted candidate QTL
associated with BRD resistance, in the present study, several
CNVs were significantly associated with the trait, supporting the
contribution of structural variation to the genetic architecture
underlying BRD susceptibility. In parallel, the ROH analysis
revealed distinct patterns of homozygosity between the two
groups, including genomic regions that may reflect historical
selection or ongoing selective pressure related to immune function.
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TABLE 3 Details of ROH resulted significantly different in terms of frequencies between R-BRD and S-BRD calves.

Group Chr Start End P-value Annotated genes

R-BRD 2 48600001 49200000 0.006

R-BRD 4 4300001 4500000 0.009

R-BRD 5 49800001 50300000 0.002 SRGAPI, RXYLTI

R-BRD 9 36900001 37100000 0.004 MIR2479

R-BRD 9 89600001 91000000 0.009 SYNE1, MYCTI, VIP, FBXO5, MTRFIL, RGS17, MIR2480, OPRM1, IPCEF1

R-BRD 13 500001 1100000 0.0006 TMX4, PLCBI

R-BRD 13 1600001 1700000 0.005 PLCBI

R-BRD 16 58400001 58600000 0.009 ASTNI, BRINP2

R-BRD 23 38000001 38100000 0.007 D4

S-BRD 3 29900001 30100000 0.009 MAGI3
ADGRL4, IFI44, IFI44L, PTGFR, GIPC2, DNAJB4, FUBP1, NEXN, MIGAI, USP33, ZZZ3,

$-BRD ’ 63300001 68300000 0002 AKS, PIGK, STEGGALNACS5, STEGALNAC3 !

R-BRD 6 3900001 4300000 0.002 QRFPR

S-BRD 7 20500001 20700000 0.003 NFIC, CELF5, NCLN, S1PR4, GNA15, GNAI1
RNF44, CDHR2, GPRIN1, SNCB, EIF4E1B, TSPAN17, UNC5A, HK3, UIMCI, ZNF346,

S BRD ; 28000001 39300000 00001 FGFR4, NSD1, RAB24, PRELIDI, MXD3, LMAN2, RGS14, SLC34A1, PEN3, F12, GRKG,
PRR7, DBN1, PDLIM7, DOK3, DDX41, FAM193B, TMEDY, BAGALT7, N4BP3, RMND5B,
NHP2, HNRNPAB, PHYKPL

S-BRD 11 19000001 19200000 0.0002 CRIMI, FEZ2, VIT

S-BRD 13 52800001 52900000 0.005 TGM3

S-BRD 14 74300001 75400000 0.004 MMPI6

S-BRD 20 4500001 5000000 0.004 DUSPI, ERGICI, RPL26L1, ATP6VOEI, CREBRF, BNIP1, NKX2-5

S-BRD 20 55500001 56100000 0.009 BASPI

Significant ROH frequency differences between groups

-log10(p-value)
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w
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FIGURE 2

Manhattan plots showing genomic windows where ROH frequencies differ significantly between R-BRD and S-BRD calves (Fisher's exact test, P <
0.01)." ns” indicates non-significant regions. Numbers at the top of each plot correspond to the chromosomes.
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Nonetheless, as previously discussed, the observational nature
of the study, based on a single TUS assessment during the
preweaning period, limits our ability to capture the temporal
dynamics of lung lesion progression. Consequently, our results
primarily reflect innate, rather than adaptive, immune
mechanisms underlying resistance to BRD (Chase et al., 2008). In
this context, the identification of CNVs and ROH regions associated
with resistance traits is particularly valuable, as it highlights specific
genomic loci potentially involved in early-life immune
defense mechanisms.

To better understand the biological relevance of the identified
genomic regions, we examined the gene content within both the
CNV regions significantly associated with TUS-detected lung
lesions and the ROH segments that differed significantly in
frequency between the R-BRD and S-BRD groups. The functional
annotation of these genes provides insights into molecular
mechanisms potentially underlying resistance or susceptibility to
BRD-related lung lesions. Notably, several genes within the
associated regions have previously been linked to production
(SORCS1, RMND5B) (Palombo et al., 2018; Honerlagen et al,
2021), morphological (TSPAN17, HK3, UIMCI, and UNC5A)
(MaChado et al., 2022), and reproductive traits in cattle (PLCBI,
SYNEI) (Galliou et al., 2020). Their presence within BRD-
associated loci may suggest pleiotropic effects or reflect historical
selection strategies that, while trying to improve productivity or
fertility, may have inadvertently affected disease susceptibility. This
is particularly relevant in the context of Holstein breeding, where
strong genetic correlations among health, production, and
reproductive traits have been well documented (Hu et al., 2024).
Although direct evidence of genetic correlations between BRD
resistance and production or fertility traits in Holsteins remains
limited, findings from other infectious diseases, especially mastitis,
offer valuable parallels (Rupp and Boichard, 2003). An example of
these interrelated traits is the observed association between BRD-
related lung consolidation in calves and adverse long-term
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outcomes, such as reduced milk yield in first lactation, delayed
age at first calving, and an increased incidence of dystocia (Quick
et al., 2020).

To explore the potential interactions among the identified genes
and gain a broader understanding of the underlying biological
pathways, we constructed a gene network using GeneMANIA
implemented in the Cytoscape software. Figure 4 illustrates the
resulting network, which includes 94 of the 102 genes listed in
Tables 2, 3 (comprising those from the CNV-GWAS and ROH
analyses). The network highlights both known and predicted
functional relationships. In the network, the gray full-circled
genes were added by the GeneMANIA tool as predicted
interaction partners, based on integrated reference datasets using
the Homo sapiens background. Notably, eight of these genes
(including IFI44L, identified in the S-BRD group) are involved in
response to virus (GO:0009615), as detailed in Supplementary Table
S1. This biological process is a key component of innate immunity,
involving the recognition of viral nucleic acids, activation of
antiviral signaling cascades, and induction of interferons and pro-
inflammatory cytokines to limit viral replication and spread
(Schneider et al.,, 2014). The response to acetylcholine
(GO:1905144), involving both genes here identified as candidate
genes (PLCBI, OPRM1, GNA11, GNA15) and gray full-circled genes
(GRK2, CHRM1), participates in the cholinergic anti-inflammatory
pathway, regulating cytokine production and modulating
inflammation during infections (Tracey, 2009; Pavlov et al,
2018). In addition, the gray full-circled RGS2, ADRAIA, and
CHRMI genes, together with PTGFR, OPRM1, GNAII, VIP,
S1PR4, ADGRL4, and GNAI5 identified in this study, are
involved in G protein-coupled receptor (GPCR) signaling
pathways linked to cyclic nucleotide second messengers
(GO:0007187), particularly within the adenylate cyclase-
modulating GPCR signaling pathway (GO:0007188). These
signaling cascades regulate intracellular cAMP levels, which are
critical for modulating immune cell activation, cytokine production,
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and the resolution of inflammation during infection. Dysregulation
of these signaling pathways may compromise host immune defense,
and several pathogens are known to exploit GPCR-cAMP signaling
to modulate host responses and promote infection (Aronoff et al.,
2004; Lattin et al., 2008; Smrcka, 2013). When applying a g-value
threshold of <0.10, the GO term “regulation of phospholipase activity”
(GO:0010517) was also enriched (Supplementary Table S1). This
category includes RGS2 and ADRAIA (gray genes) and SIPR4,
NTRK3, and GNAI5 (detected in this study), suggesting a possible
role of phospholipase-mediated pathways in host defense.
Phospholipases play essential roles in cellular signaling
and membrane remodeling, and some isoforms modulate
inflammatory processes and pathogen-host interactions, the
production of lipid mediators, and the activation of immune cells
2011; Murakami et al,
pathogens have developed mechanisms to subvert host

(Dennis et al., 2011). Moreover, various
phospholipase signaling, thereby facilitating infection and survival.
In the gene network, the gray full-circle genes marked with a colored
asterisk (*) correspond to candidate or differentially expressed genes
identified in other studies focused on BRD (Tizioto et al., 2015;
Johnston et al., 2019; Scott et al., 2021).
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In addition to the network-based functional insights, the
presence of CNVs affecting four genes (THEMIS, RNF20,
B3GATI, and RSPO2) highlights their potential involvement in
immune responses. These genes are functionally associated with T-
cell development, chromatin remodeling in antiviral defense, and
epithelial barrier integrity maintenance, all critical components of
the host’s response to respiratory pathogens. The THEMIS gene
encodes a T-cell-specific protein essential for thymocyte selection
and the proper maturation of CD4" and CD8" T cells in the thymus.
Its absence impairs T-cell development and weakens immune
responses (Lesourne et al., 2010; Yang et al., 2022). However, its
potential role in the immune response to BRD may relate to the
well-documented importance of CD8" T cells in antiviral defense in
other contexts (Schmidt and Varga, 2018). RNF20 encodes an E3
ubiquitin ligase involved in chromatin remodeling through histone
H2B monoubiquitination, which is critical for antiviral responses.
In humans, RNF20 is targeted by SARS-CoV-2 to evade immunity
(Zhang et al., 2021). Given the role of bovine coronavirus in BRD, a
similar immune evasion mechanism may occur in cattle, and a loss
of CNV at this locus could compromise antiviral defense. B3GAT]
encodes a glycosyltransferase that inhibits viral entry by interfering
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with sialic acid receptor formation on host cells. It shows broad
antiviral activity against sialic-acid-dependent viruses (Trimarco
et al, 2022). Deletion of this gene may impair this protective
mechanism, increasing susceptibility to BRD pathogens. Finally,
RSPO2, a regulator of the Wnt signaling pathway, is essential for
lung development and maintaining alveolar barrier integrity (Bell
et al., 2008; Jackson et al, 2020). It may help limit neutrophil
infiltration and inflammation in the lung, processes implicated in
BRD pathogenesis.

4.1 Comparison with references

The comparison with the current literature (Table 4) (Tizioto
et al., 2015; Neupane et al., 2018; Johnston et al., 2019; Scott et al.,

10.3389/fanim.2025.1700819

2021, 2022; Green et al.,, 2023) allowed us to identify 37 protein-
coding genes, representing 36.27% of the 102 genes listed in
Tables 2, 3, that had already been associated with BRD. Among
these, five genes (PLCBI1, FUBP1, NHP2, PDLIM3, and TGM3) were
reported in at least two independent studies; BASPI, HK3, and
IFI44L emerged as common candidate genes in at least three BRD-
related studies, while IFI44 stood out as one of the most consistently
identified genes, being reported in six studies, including the
present work.

By integrating the data from this study with those from the
previous SNP-based GWAS (Strillacci et al., 2025), whose
GeneMANIA network is shown in Supplementary Figure SI, we
identified several enriched pathways that had not been previously
reported but which may play roles in modulating host responses to
BRD. Among these, the enrichment of the “estrogen signaling

TABLE 4 List of genes reported in Tables 2, 3 already associated with bovine respiratory disease in previous studies.

Type Gene

CNV ALDOB BVDV

CNV GLBIL3 GLBIL3

CNV NTRK3 MANNHE

CNV RNF20 BVDV, IBR

BVDV, PASTE,

CNV THEMIS MANNHE, IBR
R-BRD IPCEF1 BVDV
R-BRD RXYLTI AUCYDIR
R-BRD SYNEI IBR
R-BRD PLCBI MANNHE AUCVDIR
S_BRD ATP6VOE1 IBR
S_BRD BASPI1 BVDV, MANNHE, IBR BASPI1 AUCYDIR
S_BRD CRIM1 IBR
S_BRD DNAJB4 MANNHE
S_BRD DOK3 BVDV
S_BRD DUSPI PASTE, IBR
S_BRD ERGIC1 MANNHE, IBR
S_BRD FUBPI BVDV, IBR AUCVDIR
S_BRD GNAI15 BVDV, MANNHE, IBR
S_BRD HK3 IBR HK3 AUCYDIR
S_BRD HNRNPAB BRSV
S_BRD IFI44 BVDJ:I\\IA;;% II;;;STE’ IFI44 IFI44 BRSV, IBR AUCYDIR
S_BRD IFI44L IFI44L IFI44L BRSV
S_BRD LMAN2 BVDV, MANNHE, IBR
S_BRD MAGI3 IBR

(Continued)
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TABLE 4 Continued

10.3389/fanim.2025.1700819

Type Gene

S_BRD MXD3 MANNHE

S_BRD NCLN MANNHE, IBR

S_BRD NHP2 IBR NHP2

S_BRD PDLIM7 BVDV AUCVDIR

S_BRD PIGK MANNHE

S_BRD PTGFR BVDV, MANNHE, IBR

S_BRD RGS14 MANNHE, IBR

S_BRD TGM3 BVDV, MYCO, PASTE, AUCVDIR
MANNHE, IBR

S_BRD TMED9 BVDV, MANNHE, IBR

S_BRD UNCS5A AUCYDIR

S_BRD USP33 IBR

S_BRD ZNF346 ZNF346

S_BRD 7773 BVDV

IBR, bovine rhinotracheitis; BVDV, bovine viral diarrhea virus; BRSV, bovine respiratory syncytial virus; MANNHE, Mannheimia haemolytica; PASTE, Pasteurella multocida; MYCO,
Mycoplasma bovis; AUC vs. DIR: cattle which experienced commercial auction setting (AUC) vs. cattle from the cow—calf phase (DIR).

pathway” (KEGG:bta04915) (Supplementary Table S2) highlights
the multifaceted role of estrogens in immune defense. Estrogen is
not only central to reproductive physiology but also crucial for
immune regulation during viral infection (Harding and Heaton,
2022). Additionally, estrogen receptors (ERo and ERf), which are
expressed in immune cells and respiratory tissues, regulate cytokine
production, T-cell responses, and epithelial barrier integrity.
Notably, estrogen receptor activation has been shown to reduce
viral replication in bronchial epithelial cells, suggesting that this
pathway may confer protection against respiratory viral infections
(Millas and Duarte Barros, 2021).

The “calcium signaling pathway” (KEGG: bta04020)
(Supplementary Table S2) was also significantly enriched in our
analysis, suggesting a potential role in modulating host-pathogen
interactions during BRD. Calcium (Ca*") is a ubiquitous and versatile
second messenger that regulates essential cellular functions such as
immune activation and inflammation. Notably, the disruption of
Ca®" homeostasis is a common viral strategy to manipulate host cell
signaling pathways to their advantage (Chen et al, 2019; Qu et al,
2022). Calcium signaling is crucial for multiple stages of the viral life
cycle, including entry, genome replication, virion assembly, and
release. For instance, several Ca*" channel blockers have shown
antiviral activity by inhibiting infections caused by influenza
viruses, flaviviruses, and coronaviruses. Through manipulation of
host cell Ca®* signaling pathways, viruses can also modulate apoptosis
and evade immune responses, ultimately facilitating persistent
infection (Qu et al,, 2022). Although a direct association between
the “parathyroid hormone signaling pathway” (KEGG:bta04928) and
infectious respiratory diseases has not been clearly established in
cattle, its potential relevance may lie in its role in the regulation of
calcium homeostasis. As discussed above, calcium signaling plays a
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critical role in viral infection dynamics, and parathyroid hormone
(PTH) is a key regulator of systemic calcium levels. In humans, PTH
not only regulates systemic calcium balance but also modulates
immune cell functions, particularly in T cells and macrophages,
thereby influencing inflammatory responses and susceptibility to
infection (Geara et al, 2010; Comanescu et al., 2025). These
findings suggest that genetic variation in components of the PTH
pathway could indirectly affect host resistance to respiratory
pathogens through its immunomodulatory effects.

5 Conclusions

This study demonstrates that integrating CNV and ROH
analyses alongside SNP-based approaches can significantly
enhance our understanding of the complex genetic architecture
underlying BRD. Structural variants such as CNVs and ROHs
provide complementary genomic insights that capture disease
susceptibility signals not detected by SNP markers alone. Our
findings highlight the potential of leveraging structural genomic
information to inform precision breeding strategies aimed at
improving disease resilience in cattle, thereby reducing reliance
on antimicrobial treatments. Notably, this is the first study to
simultaneously integrate CNV-based GWAS, ROH detection,
and SNP-association analysis within a selectively genotyped
cohort of Holstein calves phenotypically classified using TUS-
detected lung lesions for BRD resistance. The rigorous
phenotyping protocol used, which combined detailed clinical
scoring and thoracic ultrasound, strengthens the accuracy of
case/control classification and underpins the robustness of
our findings.
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Several key genes emerged from this integrative analysis as
particularly relevant to BRD susceptibility and immune defense.
Among these, IFI44 and IFI44L were consistently identified across
multiple independent studies and are involved in antiviral responses
and interferon signaling. PLCB1, GNA15, and S1PR4, enriched in
pathways regulating phospholipase activity and G protein-coupled
receptor signaling, play roles in the modulation of inflammation
through calcium- and cAMP-dependent mechanisms. THEMIS and
RNF20, affected by CNVs, are implicated in T-cell development and
chromatin remodeling in antiviral defense, whereas RSPO2
contributes to epithelial barrier integrity in the lung. These loci
collectively point to a network of genes governing innate immune
regulation, antiviral response, and epithelial protection, which are
central to host resistance against respiratory pathogens.
Furthermore, pathway analysis revealed the involvement of
estrogen and calcium signaling pathways—mechanisms not
previously emphasized in BRD genetics but with strong
immunomodulatory relevance. Their implication highlights new
biological perspectives linking endocrine and immune functions in
respiratory disease resilience.

Future research incorporating longitudinal monitoring of
both clinical and subclinical BRD phenotypes, alongside high-
resolution genomic data, will be essential to validate these
results and clarify whether the detected genetic signals also
contribute to long-term and adaptive immune responses.
Collectively, these insights pave the way toward more effective
genomic-informed breeding strategies that enhance cattle
health and sustainability.
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