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Simple Summary: Bovine respiratory disease is the leading cause of antibiotic use in beef cattle.
While several management strategies exist to help prevent bovine respiratory disease, rates of disease
remain high, and we do not understand how management decisions, such as marketing decisions,
influence the immune and metabolic systems of cattle, especially those related to the development of
bovine respiratory disease. Therefore, we evaluated the influence of two different marketing deci-
sions, namely commercial auctioning and direct transportation, and the relationship these decisions
have with bovine respiratory disease development on the animal’s immune and metabolic responses,
measured through blood RNA sequencing on arrival at a backgrounding operation. We found that
cattle that experienced a commercial auction setting prior to arrival displayed gene expression related
to increased viral defense, decreased cellular growth and metabolism, and increased innate immu-
nity compared to directly shipped cattle. Individuals who remained clinically healthy during the
backgrounding phase after experiencing an auction setting demonstrated increased gene expression
related to collagen formation and platelet activity compared with cattle that eventually developed
bovine respiratory disease. These results improve our understanding regarding why some cattle
develop bovine respiratory disease and establish a basis for future research to maximize beneficial
responses in cattle at risk for bovine respiratory disease.

Abstract: Bovine respiratory disease (BRD) remains the leading disease within the U.S. beef cattle
industry. Marketing decisions made prior to backgrounding may shift BRD incidence into a different
phase of production, and the importance of host gene expression on BRD incidence as it relates to
marketing strategy is poorly understood. Our objective was to compare the influence of marketing
on host transcriptomes measured on arrival at a backgrounding facility on the subsequent probability
of being treated for BRD during a 45-day backgrounding phase. This study, through RNA-Seq
analysis of blood samples collected on arrival, evaluated gene expression differences between cat-
tle which experienced a commercial auction setting (AUCTION) versus cattle directly shipped to
backgrounding from the cow–calf phase (DIRECT); further analyses were conducted to determine
differentially expressed genes (DEGs) between cattle which remained clinically healthy during back-
grounding (HEALTHY) versus those that required treatment for clinical BRD within 45 days of arrival
(BRD). A profound difference in DEGs (n = 2961) was identified between AUCTION cattle compared
to DIRECT cattle, regardless of BRD development; these DEGs encoded for proteins involved in
antiviral defense (increased in AUCTION), cell growth regulation (decreased in AUCTION), and
inflammatory mediation (decreased in AUCTION). Nine and four DEGs were identified between
BRD and HEALTHY cohorts in the AUCTION and DIRECT groups, respectively; DEGs between
disease cohorts in the AUCTION group encoded for proteins involved in collagen synthesis and
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platelet aggregation (increased in HEALTHY). Our work demonstrates the clear influence marketing
has on host expression and identified genes and mechanisms which may predict BRD risk.

Keywords: bovine respiratory disease; cattle; collagen; cytokine; management; marketing; platelet;
RNA; transcriptome; virus

1. Introduction

Bovine respiratory disease (BRD) continues to be one of the leading disease complexes
in cattle production in terms of cost, morbidity, and mortality. A previous USDA NAHMS
surveillance study in 2011 on U.S. feedlots estimated that BRD costs producers $23.60 per
treated animal, with over 16% of cattle placed in feedlots requiring at least one antimicro-
bial treatment for BRD [1,2]. While BRD has been a priority area of health and disease
research for the past several decades, it remains a persistent issue within the U.S. beef
industry, with recent studies suggesting a worsening rate of morbidity despite advance-
ments in management schemes, vaccination and therapeutic technologies, and field-level
diagnostics [3–5]. Consequently, the highly dynamic biology related to BRD and inconsis-
tencies in beef management systems across the U.S. creates difficulties in early detection
and risk assessment [6–9].

Bovine respiratory disease is often defined as an undifferentiated respiratory dis-
ease complex [10]. This is primarily due to the multifaceted biology of BRD, including
pathogenic interactions, immunological response, and environmental conditions that im-
pact the host [11,12]. Prominently, the beef cattle industry uses the nature and associated
risk of these independent components, such as prior animal history, which includes previ-
ous administration of vaccines, sale and purchasing records, and commingling and sourcing
status, to create a broad categorization of cattle populations into relative risk groups [9,13].
Moreover, beef cattle producers often add value to calves by maintaining health records,
adding weight prior to sale to a feedlot, improving uniformity within marketed groups, and
preconditioning calves for a feedlot setting [5,14,15]. However, rates of BRD across these
broad risk categories are highly variable, and the influence that management decisions
such as marketing strategy on host immunity on later performance and BRD incidence is
poorly understood.

To better understand the influence that marketing strategy has on host metabolism, in-
flammation, and immunity, and to determine the ability of host genomic features to predict
BRD risk and development, we evaluated at-arrival whole blood transcriptomes of newly
weaned cattle that had experienced a commercial auction and order-buyer system prior to
backgrounding or that were directly shipped from the cow–calf phase to backgrounding.
Our primary objectives were to identify expressed genes and associated biological mecha-
nisms which may distinguish cattle that ultimately develop BRD and to explore whether
we could identify the prior marketing history of individuals at backgrounding arrival. Our
hypothesis was that gene expression patterns and identifiable associated mechanisms at
arrival would identify cattle which would develop BRD during a 45-day period of back-
grounding, and that gene expression on arrival may be leveraged to distinguish individuals
derived from a commercial auction setting from those directly transported.

2. Materials and Methods
2.1. Animal Use and Study Enrollment

All animal use and procedures were approved by the Mississippi State University
and West Texas A&M University Animal Care and Use Committee (IACUC protocols
#19-169 and #2019.04.002, respectively). This study was carried out in accordance with the
Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines [16]. Eighty-four
commercial cross-bred beef steers were randomly assigned into a whole-plot, split-plot
design study to evaluate the effect of modified live viral (MLV) vaccination and commercial
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marketing strategy on health and performance. At the end of the calving season, cattle were
selected for subcutaneous MLV vaccination and booster (2 mL SQ; Pyramid 5 (Boehringer
Ingelheim Animal Health)) during their cow–calf production phase in Mississippi (Prairie
Research Unit, Prairie, MS, USA). Briefly, individuals were housed in six grass-lot pastures
(n = 14 cow–calf pairs per pasture), grouped based on vaccination status (VAX (n = 3) or
NOVAX (n = 3)) for a median time of 217 days. Pasture groups contained some cow–calf
pairs (n = 6 to 9 per group) not enrolled in the study; non-study calves in each pasture group
received the same vaccination or not as study calves. At the end of the calving season, cattle
were assigned to split-plot level treatment where they were either weaned and housed
at the Prairie Research Unit for three days prior to direct shipment to Texas (Texas A&M
AgriLife Bushland Research Feedlot, Bushland, TX, USA) (DIRECT, n = 7 calves per pasture
group) or transported to a commercial auction market in north Mississippi, housed in
pens for approximately six hours, then transported to a regional order-buyer facility for
three days, and finally transported to Texas (AUCTION, n = 7 calves per pasture group).
Between enrollment and transport to Texas, three calves were removed from the study: one
calf from a VAX/AUCTION group was found acutely dead in the pasture approximately
6 weeks before weaning; necropsy revealed a colonic tear and hemoabdomen, likely due
to trauma. A second calf from the same VAX/AUCTION group was removed from the
study at weaning because it was much smaller (93.6 kg) than all other calves in its group
(average weight 223.7 kg), and we concluded that the calf was at significant risk for injury
if shipped with larger calves. The third calf, from a different VAX/AUCTION group, was
removed from the study at weaning due to a chronic joint injury causing lameness that
we determined also increased risk of injury to the calf during transport. These removals
resulted in 81 study calves being transported to Texas. Cattle in DIRECT and AUCTION
groups were transported to Texas on the same truck but in different compartments, with no
contact between groups allowed. Upon arrival in Texas, whole blood was collected from all
81 steers (mean = 235.9 kg, s.d. = 35.6 kg) via jugular venipuncture into Tempus Blood RNA
tubes (Applied Biosystems). Cattle were then placed into one of twelve predetermined pens
(n = 7 per pen), sorted based on vaccination and sale type status. All cattle were monitored
daily for signs of clinical BRD over a 45-day backgrounding period by the same trained
observer (SFC); all researchers and trained staff in Texas were blinded to treatment (vac-
cination, marketing strategy) during data collection. Cattle were assigned a clinical BRD
score of 0–4 based on visual signs of disease (Supplemental File S1). Cattle were considered
BRD-positive and clinically treated if given a clinical score of 1 or 2 and a rectal temper-
ature >40 ◦C, or if they were scored a 3 or 4, regardless of rectal temperature. At-arrival
samples from all cattle having been treated for clinical BRD after arrival (n = 32) were prior-
itized for RNA sequencing, and randomly selected samples from clinically healthy cattle
(n = 12) with equal proportion across marketing strategies were utilized (n = 6, DIRECT;
n = 6, AUCTION). Cattle having been diagnosed with BRD were further categorized into
marketing strategy groups (DIRECT, n = 20; AUCTION, n = 12). The overall median time
to first treatment was 35 days, with BRD cattle within the AUCTION and DIRECT groups
possessing median time to first treatment of 31 and 38 days, respectively. Information for
all selected cattle is found in Supplemental File S2.

2.2. Sample Processing, Next-Generation RNA Sequencing, and Bioinformatic Processing

Total blood RNA isolation, nucleic acid quality control, Stranded mRNA sequenc-
ing library preparation (Illumina, San Diego, CA, USA), and high-throughput shotgun
sequencing was performed at the Texas A&M University Institute for Genome Sciences
and Society (TIGSS; College Station, TX, USA), in conjunction with our previous work [17].
Total RNA extraction was performed with Tempus Spin RNA Isolation Kits (Thermo
Fisher Scientific; Waltham, MA, USA), following the manufacturer’s instructions. Fol-
lowing extraction, total RNA from each sample was then analyzed for concentration and
integrity with a Qubit 2.0 Fluorometer (ThermoFisher, Waltham, MA, USA) and an Agilent
2200 Bioanalyzer (Agilent, Santa Clara, CA, USA), respectively; RNA samples were of
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high quality (RIN: 8.3–9.2; mean = 8.8, s.d. = 0.2) and concentration (ng/µL: 6.4–284.0;
mean = 191.3, s.d. = 58.7), with the exception of one sample (S.049.J009), from which we
failed to extract RNA. Library preparation for mRNA was completed with the Stranded
mRNA Prep Kit (Illumina), following the manufacturer’s instructions. Paired-end sequenc-
ing for 150-base-pair read fragments was subsequently performed on an Illumina NovaSeq
6000 analyzer (v1.7+; S4 reagent kit v1.5) in one flow cell lane.

Quality assessment of reads was performed with FastQC v0.11.9 (https://www.bi
oinformatics.babraham.ac.uk/projects/fastqc/, accessed on 11 April 2022) and MultiQC
v1.12 [18], and read-pair trimming for adaptors, undetermined base calling, and retained
minimum read length of 28 bases were performed with Trimmomatic v0.39 [19]. Trimmed
reads were then mapped and indexed to the bovine reference genome assembly ARS-
UCD1.2 with HISAT2 v2.2.1 [20]. Sequence Alignment/Map (SAM) files were converted to
Binary Alignment Map (BAM) files prior to transcript assembly via Samtools v1.14 [21].
Transcript assembly and gene-level expression estimation for differential expression analy-
sis was performed with StringTie v2.1.7 [22], as described by Pertea and colleagues [23].
Three samples (S.054.J017, S.087.J113, and S.090.J123) were considered of low quality and
technical outliers per the initial quality control assessment and were subsequently removed
from further analysis. All raw sequencing data produced in this study are available at the
National Center for Biotechnology Information Gene Expression Omnibus (NCBI-GEO)
under the accession number GSE218061.

2.3. Differential Gene Expression and Functional Enrichment Analyses

Gene-level raw count matrices were explored within RStudio, via R v4.1.2. Raw
counts were processed and filtered by procedures previously described [17,24]. Retained
data were normalized for differential expression analysis with the Trimmed Mean of M-
values method (TMM) [25]. Mixed effect statistical modeling was performed with edgeR
v3.36.0 generalized linear model likelihood ratio testing (glmLRT), following tagwise dis-
persion estimate fitting. Specifically, analyses were performed in four steps: (1) HEALTHY
(n = 10) versus BRD (n = 30) across all cattle (blocking for sale type), (2) AUCTION (n = 16)
versus DIRECT (n = 24), (3) HEALTHY (n = 5) versus BRD (n = 11) within the AUCTION
group, and (4) HEALTHY (n = 5) versus BRD (n = 19) within the DIRECT group; all testing
was performed with additive models, accounting for vaccination (VAX) and pen order
(MS_pasture) from when cattle were raised in Mississippi prior to transport to Texas. Genes
were considered differentially expressed with a false discovery rate (FDR) of less than 0.05.
Visual relationships of the genes identified by each analysis was performed with UpSetR
v1.4.0 [26], utilizing the interactive interface Intervene [27].

Identified differentially expressed genes (DEGs) were analyzed for enrichment of gene
ontology terms, including biological processes, molecular functions, and cellular compo-
nents, and pathways via the Reactome pathway database [28] and over-representation
analysis through WebGestalt 2019 (WEB-based GEne SeT AnaLysis Toolkit) API [29]. Over-
representation analysis parameters within WebGestalt 2019 included the Bos taurus genome
as the reference set, between 2 and 2000 genes per category, Benjamini–Hochberg (BH)
procedure for multiple hypothesis correction, FDR cutoff of 0.05 for significance, and a total
of 10 expected reduced sets of the weighted set cover algorithm for redundancy reduction.
Enriched gene ontology terms, specifically biological processes, and the Reactome path-
ways were evaluated for their directionality (increased or decreased) based on log2 fold
changes of associated DEGs.

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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2.4. Data Visualization and Model-Based Unsupervised Clustering Analyses

To reduce the high dimensionality of the gene expression dataset and to identify
potential correlations with clinical metadata (Supplemental File S2), principal component
analysis (PCA) was performed with the Bioconductor package PCAtools v2.10.0 (https://
github.com/kevinblighe/PCAtools, accessed on 11 November 2022), utilizing a correlation
matrix. Correlation matrix modeling was selected due to the uneven scale of variations
generally found within gene expression data, where covariance matrix modeling tends
to be less informative due to the skewness by the most variable and/or lowest abundant
genes [30–32]. Trimmed Mean of M-values normalized gene expression counts were log2-
transformed after the addition of a (+1) pseudocount to prevent log-transformation of
any zero counts, processed with mean-centering (“center = TRUE”) and variance-scaling
(“scale = TRUE”), and the bottom 10% of genes with the lowest total variance across samples
(“removeVar = 0.1”) were removed. A scree plot was used to determine the number of
principal components (PCs) to be retained for further analysis, employing the Elbow and
Horn’s parallel analysis methods, respectively [33]. Spearman’s rank correlations of the
retained PCs were calculated with metadata components across all samples, specifically for
average daily weight gain from birth until allocation to sale type (MSADG), age (in days)
at time of Texas arrival (ArrivalAge), shrunk weight upon Texas arrival (ArrivalWt), binary
coding if an individual was administered two modified live viral respiratory vaccines
during the cow–calf phase in Mississippi (Vaccination; 0 = No, 1 = Yes), days at risk for BRD
development during the backgrounding phase in Texas (Risk; maximum = 45 d), at-arrival
fecal parasite egg counts per gram of feces calculated via the Modified McMaster technique
on the same day of collection (EPG), the 25-acre pasture identity where individuals were
housed in Mississippi during the cow–calf phase (Pasture), binary coding for the type
of sale system the individual moved through prior to Texas arrival (Sale; 0 = AUCTION,
1 = DIRECT), the number of clinical treatments an individual received for BRD throughout
the Texas backgrounding phase (Severity; min = 0, max = 2), and if an individual ever
received treatment for clinical BRD throughout Texas backgrounding (Disease; 0 = BRD,
1 = Healthy). Spearman’s correlations were considered to have significant associations
with an FDR < 0.10. A PCA biplot was then constructed from the first PCs with significant
correlations to metadata (PC2 and PC3) with the “encircle = TRUE” function selected to
automatically depict a polygon around groups specified by SALE (top correlated feature;
PC2). Lastly, to identify which genes were the primary drivers of the variation that was
seen in each significantly correlated PC (PC2, PC3, and PC7), a loadings plot was generated
with the top/bottom 1% of retained variables across each of the component loading range.

Following PCA, initial gene expression patterns within each analysis dataset (i.e.,
HEALTHY vs. BRD, AUCTION vs. DIRECT, etc.) were explored by applying multidi-
mensional scaling (MDS) to each gene expression dataset after gene count filtering and
TMM normalization, using the plotMDS function from the edgeR package. Visualizing
differences in gene expression patterns via MDS is accomplished through unsupervised
clustering of the root-mean-square average of the log-fold-changes for selected genes iden-
tified in each sample, allowing for the generalization of dissimilarities and potential batch
effects within the dataset [34]. Analysis via MDS was performed with “top = 500” to select
the top 500 genes ranked on standard deviation for calculating distances, “gene.selection =
common” to select the same genes for all comparisons, and “dim.plot = c(1,2)” to plot the
first two principal components.

Once DEGs were identified from each analysis, TMM-normalized counts were con-
verted into log2 count-per-million (log2CPM) values for heatmap construction with the
Bioconductor package pheatmap v1.0.12 (https://cran.r-project.org/web/packages/phea
tmap/index.html, accessed on 11 November 2022). Data-centered and normalized z-scores
from log2CPM counts were utilized for depiction and clustering of relative gene-wise
variation of gene expression. Pearson correlation coefficients and Euclidean distances were
calculated for clustering dissimilarities by column (sample) and row (gene), respectively.
Color scaling for data visualization was performed with the Bioconductor package viridis

https://github.com/kevinblighe/PCAtools
https://github.com/kevinblighe/PCAtools
https://cran.r-project.org/web/packages/pheatmap/index.html
https://cran.r-project.org/web/packages/pheatmap/index.html
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v0.6.2 [35] to allow for ease of visual interpretation for individuals affected with color
blindness.

3. Results

Post-quality control and read trimming yielded a total of 1,431,561,514 filtered reads
across all 43 samples (median = 33,259,429 reads per sample, s.d. = 2,938,551); mapping and
alignment of trimmed reads to the Bos taurus reference genome assembly (ARS-UCD1.2) re-
sulted in an average overall alignment rate of 95.9% (Supplemental File S3). Post-alignment
and gene-count matrix construction resulted in 33,310 unique annotated features. Fol-
lowing pre-processing and count filtering, 16,741 genes were retained for clustering and
differential expression analyses. Prior to differential expression analysis, global gene ex-
pression patterns were evaluated through PCA. Using both the Horn’s Parallel analysis and
Elbow method, the first eight principal components were retained for downstream analysis,
which accounted for 57.1% of the total variance (Figure 1A). Spearman’s correlation of PCs
with metadata components demonstrated significant correlations with Sale and PC2 (12.0%
variance explained; r = −0.82, FDR < 0.01), ArrivalWt and PC3 (6.0% variance explained;
r = −0.48, FDR < 0.05), MSADG and PC3 (6.0% variance explained; r = −0.44, FDR < 0.10)
and ArrivalAge and PC7 (2.7% variance explained; r = 0.55, FDR < 0.01) (Figure 1B). A
biplot of PC2 and PC3 was constructed to visualize the high relative dissimilarity of the
samples, demonstrating a distinct pattern between individuals by Sale and no discernable
pattern by Disease (Figure 1C). The top eight genes influencing these patterns within each
PC (i.e., component loading) were CCDC146, EPSTI1, LOC101906463, LOC112443219,
LOC507247, RTP4, SLFN11, and TRIM14 in PC2, and ANKRD34A, BOLA-DQA, CITA,
DIRAS2, FFAR3, SKAP2, TMEM145, and TRABD2B in PC3. Those genes determined to be
the drivers of variation within each of the three significantly correlated PCs are indicated
by the Loadings Plot (Figure 1D). Genes driving variation which was correlated specifically
with AUCTION cattle (PC2) included ACOD1, ANKRD34A, ANKRD50, CCDC146, CCNF,
CDCA8, DPYD, EPSTI1, LOC101906463, LOC104971363, LOC112442703, LOC112443219,
LOC507247, rna-NR_031144.1, RTP4, SKAP2, SLFN11, SPC24, TARM1, TMEM145, and
TROAP. Genes driving variation which was negatively correlated with average weight gain
in Mississippi and shrunk weight at arrival (PC3) included the aforementioned genes, with
the exclusion of LOC507247, rna-NR_031144.1, and SLFN11. The exact genes identified by
PC2 were also found to be positively correlated with age at Texas arrival within PC7.

Differential expression analysis of all samples, evaluating HEALTHY versus BRD,
resulted in one differentially expressed gene (DEG), BOLA-DQA5, which was decreased on
arrival in cattle that remained healthy during backgrounding (Supplemental File S4). As
previously described by PCA, Sale possessed a significant influence on the gene expression
dataset, and no discernable patterns were observed when evaluating for Disease or Severity.
Subsequently, differential expression analysis was performed independently for AUCTION
versus DIRECT, HEALTHY versus BRD within the AUCTION group, and HEALTHY versus
BRD within the DIRECT group, which resulted in 2961 (1538 increased, 1423 decreased in
DIRECT), 9 (all increased in HEALTHY), and 4 DEGs identified (3 increased, 1 decreased in
HEALTHY), respectively (Supplemental File S4). Visualization of the number and overlap
of each DEG identified by each analysis are found in Figure 2.
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Figure 1. Principal component analysis (PCA) of the global gene expression data generated for all
40 samples utilized. (A) Scree plot depicting the first eight PCs retained for further PCA, which
described over 57% of the total explainable variance. (B) Heatmap of Spearman’s Rank correla-
tion coefficients that were associated with metadata components within each of the eight retained
PCs. Clinical metadata components are, in descending order, average daily weight gain from birth
until allocation to sale type (MSADG), age (in days) at time of Texas arrival (ArrivalAge), shrunk
weight upon Texas arrival (ArrivalWt), binary coding if an individual was administered two mod-
ified live viral respiratory vaccines during the cow–calf phase in Mississippi (Vaccination; 0 = No,
1 = Yes), days at risk for BRD development during the backgrounding phase in Texas (Risk; maximum
= 45 d), at-arrival fecal parasite egg counts per gram of feces calculated via Modified McMaster
technique on same day of collection (EPG), the 25-acre pen identity where individuals were housed
in Mississippi during the cow–calf phase (Pasture), binary coding for the type of sale system the
individual moved through prior to Texas arrival (Sale; 0 = AUCTION, 1 = DIRECT), the number of
clinical treatments an individual received for BRD throughout the Texas backgrounding phase (Sever-
ity; min = 0, max = 2), and if an individual ever received treatment for clinical BRD throughout Texas
backgrounding (Disease; 0 = BRD, 1 = Healthy). Color represents the R-value identified between each
PC and metadata component; yellow/white cells represent a higher positive value, purple/black
cells represent a lower negative value. Significance was calculated through FDR adjustments and
is indicated by * FDR < 0.10, ** FDR < 0.05, or *** FDR < 0.01. (C) A biplot of PC2 and PC3, where
samples were colored by sale type (purple = AUCTION, blue = DIRECT) and shaped by disease
(square = BRD, diamond = Healthy). Individual plots (vectors) represent the PC score of the indi-
vidual sample by gene expression, and vector distances along the x- and y-axes represent the total
variational influence. Genes driving the explained variance for each PC are represented by arrows
(directionality) and name. (D) Loadings plot with annotated genes driving associated variation and
directionality (y-axis) of PC2, PC3, and PC7. The top 1% of genes identified by variance are seen as
the most responsible for driving variation with each of the aforementioned PCs. Color (dark yellow
to dark blue; positive to negative) demonstrates the corresponding directionality of expression and
strength of influence for each gene within each PC.
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Figure 2. Upset plot representing the total number of DEGs identified by each analysis (Set Size) and
the number of DEGs overlapping between analyses (Interaction Size). AUCTION versus DIRECT
demonstrated the greatest number of unique DEGs (2960) across all analyses, with only one overlap-
ping gene identified between any of the four analyses (RN18S1; AUCTION versus DIRECT and BRD
versus HEALTHY in AUCTION cattle).

Functional enrichment analysis was separately performed with DEGs identified within
(1) AUCTION versus DIRECT and (2) HEALTHY versus BRD within the AUCTION group.
Functional enrichment in HEALTHY versus BRD groups across all samples and HEALTHY
versus BRD within the DIRECT group could not be performed due to there being too few
genes (n = 1 and n = 4, respectively). Analysis of the DEGs identified from AUCTION versus
DIRECT revealed enrichment for 113 biological processes, 44 cellular components, 4 molec-
ular functions, and 54 Reactome pathways (Supplemental File S5). Biological processes
identified within AUCTION versus DIRECT were related to the innate immune response
(increased in AUCTION), protein metabolism and secretion (increased in AUCTION), viral
response and type I interferon production (increased in AUCTION), response to interferon
gamma (increased in AUCTION), response to external stimuli and cytokines (decreased
in AUCTION), autophagy (increased in AUCTION), response to bacteria (increased in
AUCTION), and fatty acid mobilization and metabolism (decreased in AUCTION). Cellular
components identified from DEGs between AUCTION and DIRECT cattle involved the
cytosol, nuclear lumen and nucleoplasm, both extracellular and intracellular vesicles, lipid
droplets, ribosomes, and mRNA-editing complexes. Molecular functions identified be-
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tween AUCTION and DIRECT cattle included structural constituent of ribosomes, pattern
recognition receptor activity, and anion binding. The Reactome pathways enriched between
AUCTION and DIRECT cattle included neutrophil degranulation (decreased in AUCTION);
antiviral mechanisms by interferon, including ISG15-mediated antiviral activity (increased
in AUCTION); antigen processing and cross-presentation, including MHC class I-mediated
processing and presentation (increased in AUCTION); B-cell receptor signaling and activa-
tion of NF-κB (increased in AUCTION); MyD88-independent and TRIF-mediated toll-like
receptor 4 signaling (increased in AUCTION); and p53-independent DNA damage response
(increased in AUCTION).
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Figure 3. Multidimensional scaling (MDS) and unsupervised hierarchical clustering of gene expres-
sion between all AUCTION and DIRECT cattle at facility arrival. (A) Points within the MDS plot
represent each sample and their transformed Euclidean distance in the first two principal components,
observed as the leading log2-fold change between the common distances of the top 500 genes that
best differentiate each sample. (B) Heatmap and hierarchical clustering of the 2961 DEGs identified
between all AUCTION and DIRECT cattle. Gene expression values were scaled and normalized with
z-scores calculated from log2 count-per-million transformed, Trimmed Mean of M-values (TMM)-
normalized counts. Samples were labeled according to BRD acquisition (Respiratory_Dz) and method
of sale (Saletype). Relative expression of each gene is depicted from high (yellow/white) to low
(purple/black) within each sample.

Analysis of the DEGs identified from HEALTHY versus BRD within the AUCTION
group revealed enrichment for 2 biological pathways, 8 cellular components, 2 molecular
functions, and 21 Reactome pathways (Supplemental File S5). Biological processes identi-
fied were protein heterodimerization (increased in HEALTHY) and skin morphogenesis
(increased in HEALTHY). Cellular components identified were collagen type I and fibril-
lar collagen trimers, banded collagen fibril, and collagen-containing extracellular matrix
components. Molecular functions identified were related to extracellular matrix structural
constituents and platelet-derived growth factor binding. Reactome pathways identified
were related to extracellular cellular matrix proteoglycans (increased in HEALTHY), platelet
activation/aggregation and adhesion to exposed collagen (increased in HEALTHY), GP1b-
IX-V activation signaling (increased in HEALTHY), collagen biosynthesis and formation
(increased in HEALTHY), and immunoregulatory interactions between lymphoid and
non-lymphoid cells (increased in HEALTHY).
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Figure 4. Multidimensional scaling (MDS) and unsupervised hierarchical clustering of gene expres-
sion between BRD and HEALTHY cattle within the AUCTION group at backgrounding arrival.
(A) Points within the MDS plot represent each sample and their transformed Euclidean distance in
the first two principal components, observed as the leading log2-fold change between the common
distances of the top 500 genes that best differentiate each sample. (B) Heatmap and hierarchical
clustering of the nine DEGs identified between disease cohorts within the AUCTION group. Gene
expression values were scaled and normalized with z-scores calculated from log2 count-per-million
transformed, Trimmed Mean of M-values (TMM)-normalized counts. The samples were labeled
according to BRD acquisition (Respiratory_Dz). Relative expression of each gene is depicted from
high (yellow/white) to low (purple/black) within each sample.

Vet. Sci. 2023, 10, x FOR PEER REVIEW 10 of 18 
 

 

expression values were scaled and normalized with z-scores calculated from log2 count-per-million 

transformed, Trimmed Mean of M-values (TMM)-normalized counts. The samples were labeled ac-

cording to BRD acquisition (Respiratory_Dz). Relative expression of each gene is depicted from high 

(yellow/white) to low (purple/black) within each sample. 

 

Figure 5. Multidimensional scaling (MDS) and unsupervised hierarchical clustering of gene expres-

sion between BRD and HEALTHY cattle within the DIRECT group at facility arrival. (A) Points 

within the MDS plot represent each sample and their transformed Euclidean distance in the first 

two principal components, observed as the leading log2-fold change between the common distances 

of the top 500 genes that best differentiate each sample. (B) Heatmap and hierarchical clustering of 

the four DEGs identified between disease cohorts within the DIRECT group. Gene expression values 

were scaled and normalized with z-scores calculated from log2 count-per-million transformed, 

Trimmed Mean of M-values (TMM)-normalized counts. The samples were labeled according to BRD 

acquisition (Respiratory_Dz). Relative expression of each gene is depicted from high (yellow/white) 

to low (purple/black) within each sample. 

Functional enrichment analysis was separately performed with DEGs identified 

within (1) AUCTION versus DIRECT and (2) HEALTHY versus BRD within the AUC-

TION group. Functional enrichment in HEALTHY versus BRD groups across all samples 

and HEALTHY versus BRD within the DIRECT group could not be performed due to 

there being too few genes (n = 1 and n = 4, respectively). Analysis of the DEGs identified 

from AUCTION versus DIRECT revealed enrichment for 113 biological processes, 44 cel-

lular components, 4 molecular functions, and 54 Reactome pathways (Supplemental File 

S5). Biological processes identified within AUCTION versus DIRECT were related to the 

innate immune response (increased in AUCTION), protein metabolism and secretion (in-

creased in AUCTION), viral response and type I interferon production (increased in AUC-

TION), response to interferon gamma (increased in AUCTION), response to external stim-

uli and cytokines (decreased in AUCTION), autophagy (increased in AUCTION), re-

sponse to bacteria (increased in AUCTION), and fatty acid mobilization and metabolism 

(decreased in AUCTION). Cellular components identified from DEGs between AUCTION 

and DIRECT cattle involved the cytosol, nuclear lumen and nucleoplasm, both extracel-

lular and intracellular vesicles, lipid droplets, ribosomes, and mRNA-editing complexes. 

Molecular functions identified between AUCTION and DIRECT cattle included structural 

constituent of ribosomes, pattern recognition receptor activity, and anion binding. The 

Reactome pathways enriched between AUCTION and DIRECT cattle included neutrophil 

degranulation (decreased in AUCTION); antiviral mechanisms by interferon, including 

ISG15-mediated antiviral activity (increased in AUCTION); antigen processing and cross-

presentation, including MHC class I-mediated processing and presentation (increased in 

Figure 5. Multidimensional scaling (MDS) and unsupervised hierarchical clustering of gene expres-
sion between BRD and HEALTHY cattle within the DIRECT group at facility arrival. (A) Points
within the MDS plot represent each sample and their transformed Euclidean distance in the first
two principal components, observed as the leading log2-fold change between the common distances
of the top 500 genes that best differentiate each sample. (B) Heatmap and hierarchical clustering
of the four DEGs identified between disease cohorts within the DIRECT group. Gene expression
values were scaled and normalized with z-scores calculated from log2 count-per-million transformed,
Trimmed Mean of M-values (TMM)-normalized counts. The samples were labeled according to BRD
acquisition (Respiratory_Dz). Relative expression of each gene is depicted from high (yellow/white)
to low (purple/black) within each sample.
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4. Discussion

Broadly, research has demonstrated that cattle sold through a commercial auction
setting and placed in novel commingling settings tend to be classified at higher risk for
BRD development [6,14]. However, it is often difficult to separate out the impact of some
of the other BRD-related risk factors that may accompany cattle marketed via an auction
(lack of preconditioning, commingling, stress, social group disruption, pathogen exposure,
abrupt or high stress weaning, lack of proper prior nutrition, unknown immunological
status, etc.) [6,9,13,36,37]. Additionally, although we have identified some BRD-related risk
factors, their exact direct influence on BRD development and the combined additive or
multiplicative interactions among risk factors are relatively unknown and can be highly
variable, as not every animal who moves through an auction has the same underlying
experiences. The group of cattle evaluated in this study is unique in that their whole life
history was known and every aspect of their management was planned and meticulously
followed from the time of dam insemination to the end of backgrounding. This provided us
a unique and invaluable opportunity to study the impact of marketing decisions without
any potential confounding or effect modifying factors and to account for other factors.

Even so, the conditions that we raised these cattle under were not inclusive of all ways
cattle are raised and all risk factors that cattle may experience prior to backgrounding.
For our cattle, we controlled for prior vaccination with a modified live viral respiratory
vaccine. We castrated all calves 69 days prior to abruptly weaning all animals. The type of
auction market exposure we designed included a relatively short course to a local auction
market, a short (~6 h) stay there as a group where they could have fence line contact with
other cattle, and then a brief stay at a local order-buyer facility, where they remained for
three days prior to shipment to Texas. Within the realm of “auction market” systems,
there is certainly much variation in the time it takes to transport cattle to a market, e.g.,
the length of time animals spend at the actual market and how much or little they are
commingled or exposed to pathogens there, the time and distance to their next destination,
etc., that could result in more or less stress and risk of subsequent disease. Similarly, even
cattle who are directly transported to the next phase in the production cycle experience
variations in prior management and transport time, distance, and conditions that may
produce variation in outcomes. Therefore, our results may not be applicable to all cattle
that move through a market system or that are directly transported; thus, further research
exploring the variability in management and marketing is needed.

Our objective in this study was to identify differences in gene expression and as-
sociated host-driven biological systems that may be impacted by marketing decisions
and how these influence eventual BRD morbidity after backgrounding arrival, in order
to explore potential mechanisms of BRD development or resistance that may be lever-
aged in future studies. While both our research group and others have used the blood
RNA-Seq methodology to identify potential predictive markers and mechanisms related to
BRD [38–45], this study, to our knowledge, is one of the first to utilize said technologies
to evaluate how marketing decisions, with relationship to BRD, influence inflammatory-
and immune-mediated mechanisms in cattle. Importantly, exposure to an auction market
setting and an order-buyer facility for only three days was associated with the differential
expression of 2961 genes representing 113 biological processes. This striking difference
in gene expression between the two groups of cattle that originated from the same herd
illuminates the numerous immunologic and metabolic processes that can be affected by
exposure to a marketing environment. It is notable that the cattle were never physically
mixed with other cattle during auction market exposure, so commingling of cattle from
outside sources was not a factor in the changes in gene expression observed.

Our initial results evaluating HEALTHY and BRD cattle at arrival yielded one DEG,
BOLA-DQA5, that was decreased in HEALTHY cattle relative to BRD cattle. Members
of the major histocompatibility complex class IIa region, of which BOLA-DQA5 is part
of, have been researched in association with cattle diseases, such as viral infection and
mastitis [46–48]. More recently, BOLA-DQA5 was a genotype target for genetic architec-
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ture research in Holsteins [49,50]; however, its relationship with cattle health and disease
development is largely unknown at this time. Moreover, the lack of significant find-
ings associated with overt disease (i.e., between all samples used) can be attributed to
the high amount of variance explained by marketing decision alone, shown in our di-
mensional reduction analyses (Figures 1 and 3). Therefore, we first investigated what
genes and mechanisms were driving this variation. Component loadings from our PCA
determined that ACOD1, ANKRD34A, ANKRD50, CCDC146, CCNF, CDCA8, DPYD,
EPSTI1, LOC101906463, LOC104971363, LOC112442703, LOC112443219, LOC507247, rna-
NR_031144.1, RTP4, SKAP2, SLFN11, SPC24, TARM1, TMEM145, and TROAP were the
primary drivers of variation in association with marketing decision. Further evaluation of
genes detected in cattle distinguished by marketing decision identified a total of 2961 DEGs,
of which all identified component loading genes overlapped. Several of these DEGs, includ-
ing ACOD1, ANKRD34A, ANKRD50, LOC507247, RTP4, SLFN11, and TARM1, have been
shown to be involved in macrophage-directed inflammatory mechanisms and antiviral
response, specifically centered around type-I interferon production [51–59]. Moreover, our
functional enrichment analysis of these DEGs showed that they were largely involved
in antiviral defense/type-I interferons (increased in AUCTION); cell growth regulation
(decreased in AUCTION); immune activation, centered around toll-like receptor 4 activity
and complement activity (increased in AUCTION); and inflammatory mediation and lipid
metabolism (decreased in AUCTION). While a limitation of this study is the lack of respira-
tory metagenomic or viral identity information, our findings suggest that these cattle, only
having been placed in a commercial auction setting for a relatively short period of time,
were exposed and immunologically responded to a virulent virus or viruses [17,60–63].
Interestingly, these antiviral-related gene expression signatures were not necessarily as-
sociated with clinical BRD development and severity during backgrounding, as seen in
previous RNA-Seq studies [39,42,45,64]. Future studies should pair RNA-Seq with host
genetic and/or epigenetic evaluation and pathogen or microbiome identification methods
to more clearly associate pathogen exposure and regulation with regards to these DEGs.
While this finding does not negate the influence that viruses and prolonged inflammatory
activity may have on BRD development, these type-I interferon-related gene expression
patterns observed at backgrounding arrival may give us the ability to retrospectively iden-
tify cattle that may have experienced viral exposure and/or prior auction market exposure
and may help us better categorize their risk status. Additional research is needed to see if
we can refine this methodology to identify “stale” cattle who have spent more than several
days in the marketing system and further pinpoint cattle at higher risk of disease or poor
performance during backgrounding or feeding. Furthermore, approximately 40% (32/81)
of cattle entering this 45-day backgrounding period were subsequently diagnosed with
BRD. While this relatively high rate of BRD is not uncommon in commercial beef produc-
tion systems, the overall frequency of BRD treatment for this population is higher than
cattle populations, especially those of the relatively same age and weight, as shown in our
previous work [38,41,64]. Potentially, these cattle, having been maintained and transported
from a single-source, relatively low-risk environment, were exposed to pathological and
environmental features novel to them, and/or our detection of clinical BRD was more
rigorous compared to large commercial operations.

To account for the large amount of variation driven by marketing decisions, we further
split the dataset by AUCTION or DIRECT, to identify at-arrival gene expression patterns
and mechanisms which may indicate eventual clinical BRD development within each group.
Beginning with the AUCTION group, we identified relative separation of disease groups
based on expressional variation (Figure 4) and a total of nine DEGs between HEALTHY and
BRD. These DEGs primarily are involved in collagen biosynthesis and modification and
platelet adhesion and aggregation, which were relatively increased in HEALTHY calves.
Recently, Johnston and colleagues discovered that COL1A1 and COL1A2, the genes driving
the aforementioned mechanisms, were the most down-regulated genes in whole blood
collected from BRSV-challenged calves compared to sham-control calves [63]. While the
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exact mechanism of how these type-I collagen-associated genes relate to viral exposure
and subsequent BRD development is unknown at this time, they are involved in airway
macrophage-driven cell clearance, metalloproteinase regulation, and fibrogenesis [65–67].
Furthermore, platelet activity is linked to collagen exposure and is shown to increase both
the adhesion capacity of lymphocytes and enhance T-cell differentiation [68–70]. Collec-
tively, this may serve as a predictor of, and possible protective mechanism in, BRD devel-
opment in auction-marketed, viral-infected cattle, which warrants future investigation.

Lastly, our analysis of cattle within the DIRECT group yielded no discernable patterns
related to BRD outcome (Figure 5), with only four DEGs identified: EFEMP1, HELQ,
LOC112445634, and LOC112446743. Due to the low number of DEGs identified, we were
unable to ascertain unified functional enrichment within this analysis. To our knowledge,
previous research has not identified nor linked these genes to infectious respiratory disease
in mammals.

One key feature, and subsequent limitation, of our study was the timing to the first
BRD treatment. These cattle possessed an overall median time to first treatment of 35 days,
with BRD cattle in the AUCTION and DIRECT groups having median times of approxi-
mately 31 and 38 days, respectively (Supplemental File S2). While discernable differences
in gene expression were identified within the AUCTION group in relation to BRD develop-
ment, the overall lack of DEGs identified related to BRD may be attributable to at-arrival
gene expression patterns not being capable of representing BRD morbidity when disease
occurs over four weeks post-sampling, as was the case for many of the cattle in this study.
This is in contrast to the typical pattern of BRD in recently transported cattle, in which
disease is expected (2–4 weeks post-arrival) [3,71,72]. Additionally, our study dependently
evaluated BRD from one clinical illness scoring system (Supplemental File S1), while sev-
eral concurrently exist in commercial production systems. In addition, visual assessment
alone may not accurately identify all BRD cases. Moreover, not all cattle moving through
a commercial auction setting may be exposed to a virus or viruses. As such, future re-
search evaluating the host response with regards to different approaches of identifying
and diagnosing BRD (e.g., lung ultrasonography, cytological evaluation of the airway, etc.),
as well as the relationship with microbial exposure and/or upper respiratory microbiota,
is imperative.

5. Conclusions

This study was conducted to explore whole blood gene expression profiles of newly
received cattle at a backgrounding operation in order to determine patterns and specific
genes and genomic mechanisms related to marketing decisions and BRD development
during backgrounding. Here, we describe nearly 3000 differentially expressed genes with a
distinction between cattle processed through a commercial auction setting compared with
cattle directly shipped to backgrounding; these DEGs are hallmarked by genes related to
type-I interferon production, toll-like receptor 4 activity, cell growth regulation, and lipid
metabolism. While the prolonged time to BRD incidence may have influenced our inability
to capture information related to the influence of marketing decisions on the diagnosis
and treatment of BRD, key differences related to collagen formation and metabolism were
identified within auctioned cattle that resisted or developed clinical BRD. These results, in
accompaniment with the findings of previous RNA-Seq research, provide new information
about gene expression pathways activated by the process of auction market exposure. These
results contribute to a growing body of knowledge regarding gene expression pathways
related to management practices and BRD risk.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/vetsci10030211/s1, Supplemental File S1: BRD Scoring System;
Supplemental File S2: Clinical metadata of all selected cattle; Supplemental File S3: RNA alignment
rate of all 43 processes samples; Supplemental File S4: Complete results from differential gene
expression analyses (FDR < 0.05); Supplemental File S5: Complete functional enrichment results of
identified DEGs (FDR < 0.05).

https://www.mdpi.com/article/10.3390/vetsci10030211/s1
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Vet. Sci. 2023, 10, 211 14 of 17

Author Contributions: Conceptualization, S.F.C. and M.A.S.; methodology, A.R.W., B.B.K., K.M.H.,
S.F.C. and M.A.S.; software, M.A.S.; validation, S.F.C. and M.A.S.; formal analysis, M.M.G. and
M.A.S.; investigation, M.M.G., S.F.C. and M.A.S.; resources, A.R.W., B.B.K., K.M.H., S.F.C. and M.A.S.;
data curation, M.A.S.; writing—original draft preparation, M.M.G.; writing—review and editing,
M.M.G., A.R.W., B.B.K., K.M.H., S.F.C. and M.A.S.; visualization, M.M.G. and M.A.S.; supervision,
S.F.C. and M.A.S.; project administration, S.F.C. and M.A.S.; funding acquisition, S.F.C. and M.A.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by Agriculture and Food Research Initiative Competitive
Grant no. 2019-67015-29845 from the USDA National Institute of Food and Agriculture. Additionally,
this project was supported in part by internal funds provided by Texas A&M AgriLife Research and
Texas A&M University School of Veterinary Medicine and Biomedical Sciences.

Institutional Review Board Statement: The study was approved by the Mississippi State University
and West Texas A&M University Animal Care and Use Committees (IACUC protocols #19-169
(approved 9 April 2019) and #2019.04.002 (approved 1 May 2019), respectively) and carried out in
accordance with relevant IACUC and agency guidelines and regulations.

Informed Consent Statement: Not applicable.

Data Availability Statement: All relevant data are within the paper and its supplemental files. All
raw sequencing data produced in this study are available at the National Center for Biotechnology
Information Gene Expression Omnibus (NCBI-GEO), under the accession number GSE218061.

Acknowledgments: The authors would like to acknowledge Libby Durst, Kalisha Yankey, Will
Crosby, and Jane Parish for their assistance with managing the calves and collecting metadata at
Mississippi State University. We thank Andrew Hillhouse and the staff at the Texas A&M Institute
for Genome Sciences and Society for assistance with the RNA sequencing. The authors would also
like to acknowledge Jason Smith, Jarrett Proctor, Peyton Bragg, Erin Arias, Rebecca Cansler, and
the students and staff of the Prairie Research Unit, Bushland AgriLife Research Feedlot, and VERO
Research for their assistance in this project.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. USDA. Part IV: Health and Health Management on U.S. Feedlots with a Capacity of 1000 or More Head; USDA-APHIS-VS-CEAH-

NAHMS: Fort Collins, CO, USA, 2011. Available online: https://www.aphis.usda.gov/animal_health/nahms/feedlot/downloa
ds/feedlot2011/Feed11_dr_PartIV_1.pdf (accessed on 14 November 2022).

2. Dargatz, D.A.; Lombard, J.E. Summary of BRD data from the 2011 NAHMS feedlot and dairy heifer studies. Anim. Health Res.
Rev. 2014, 15, 123–125. [CrossRef] [PubMed]

3. Snowder, G.D.; Van Vleck, L.D.; Cundiff, L.V.; Bennett, G. Bovine respiratory disease in feedlot cattle: Environmental, genetic,
and economic factors. J. Anim. Sci. 2006, 84, 1999–2008. [CrossRef] [PubMed]

4. Blakebrough-Hall, C.; McMeniman, J.P.; González, L.A. An evaluation of the economic effects of bovine respiratory disease on
animal performance, carcass traits, and economic outcomes in feedlot cattle defined using four BRD diagnosis methods. J. Anim.
Sci. 2020, 98, skaa005. [CrossRef] [PubMed]

5. Wilson, B.K.; Richards, C.J.; Step, D.L.; Krehbiel, C.R. Beef Species symposium: Best management practices for newly weaned
calves for improved health and well-being1. J. Anim. Sci. 2017, 95, 2170–2182. [CrossRef] [PubMed]

6. Sanderson, M.W.; Dargatz, D.A.; Wagner, B.A. Risk factors for initial respiratory disease in United States’ feedlots based on
producer-collected daily morbidity counts. Am. Jew. Hist. 2008, 49, 373–378.

7. Woods, G.T.; E Mansfield, M.; Webb, R.J. A three year comparison of acute respiratory disease, shrink and weight gain in
preconditioned and non-preconditioned Illinois beef calves sold at the same auction and mixed in a feedlot. Can. J. Comp. Med.
1973, 37, 249–255.

8. Ribble, C.S.; Meek, A.H.; Shewen, P.E.; Guichon, P.T.; Jim, G.K. Effect of Pretransit Mixing on Fatal Fibrinous Pneumonia in
Calves. J. Am. Vet. Med. Assoc. 1995, 207, 616–619.

9. Step, D.L.; Krehbiel, C.R.; DePra, H.A.; Cranston, J.J.; Fulton, R.W.; Kirkpatrick, J.G.; Gill, D.R.; Payton, M.E.; Montelongo, M.A.;
Confer, A.W. Effects of commingling beef calves from different sources and weaning protocols during a forty-two-day receiving
period on performance and bovine respiratory disease1,2. J. Anim. Sci. 2008, 86, 3146–3158. [CrossRef]

10. McGill, J.L.; Sacco, R.E. The Immunology of Bovine Respiratory Disease. Veter.-Clin. N. Am. Food Anim. Pract. 2020, 36, 333–348.
[CrossRef]

https://www.aphis.usda.gov/animal_health/nahms/feedlot/downloads/feedlot2011/Feed11_dr_PartIV_1.pdf
https://www.aphis.usda.gov/animal_health/nahms/feedlot/downloads/feedlot2011/Feed11_dr_PartIV_1.pdf
http://doi.org/10.1017/S1466252314000127
http://www.ncbi.nlm.nih.gov/pubmed/25390892
http://doi.org/10.2527/jas.2006-046
http://www.ncbi.nlm.nih.gov/pubmed/16864858
http://doi.org/10.1093/jas/skaa005
http://www.ncbi.nlm.nih.gov/pubmed/31930299
http://doi.org/10.2527/jas.2016.1006
http://www.ncbi.nlm.nih.gov/pubmed/28727007
http://doi.org/10.2527/jas.2008-0883
http://doi.org/10.1016/j.cvfa.2020.03.002


Vet. Sci. 2023, 10, 211 15 of 17

11. Smith, D.R. Risk factors for bovine respiratory disease in beef cattle. Anim. Health Res. Rev. 2020, 21, 149–152. [CrossRef]
12. Mosier, D. Review of BRD pathogenesis: The old and the new. Anim. Health Res. Rev. 2014, 15, 166–168. [CrossRef] [PubMed]
13. Gummow, B.; Mapham, P.H. A stochastic partial-budget analysis of an experimental Pasteurella haemolytica feedlot vaccine trial.

Prev. Veter.-Med. 2000, 43, 29–42. [CrossRef] [PubMed]
14. Taylor, J.D.; Fulton, R.W.; Lehenbauer, T.W.; Step, D.L.; Confer, A.W. The Epidemiology of Bovine Respiratory Disease: What Is

the Evidence for Predisposing Factors? Can. Vet. J. 2010, 51, 1095–1102. [PubMed]
15. Schneider, M.J.; Tait, R.G.; Busby, W.D.; Reecy, J.M. An evaluation of bovine respiratory disease complex in feedlot cattle: Impact

on performance and carcass traits using treatment records and lung lesion scores. J. Anim. Sci. 2009, 87, 1821–1827. [CrossRef]
16. Du Sert, N.P.; Hurst, V.; Ahluwalia, A.; Alam, S.; Avey, M.T.; Baker, M.; Browne, W.J.; Clark, A.; Cuthill, I.C.; Dirnagl, U.; et al. The

ARRIVE guidelines 2.0: Updated guidelines for reporting animal research. Br. J. Pharmacol. 2020, 177, 3617–3624. [CrossRef]
17. Scott, M.A.; Woolums, A.R.; Karisch, B.B.; Harvey, K.M.; Capik, S.F. Impact of preweaning vaccination on host gene expression

and antibody titers in healthy beef calves. Front. Veter.-Sci. 2022, 9, 1010039. [CrossRef]
18. Ewels, P.; Magnusson, M.; Lundin, S.; Käller, M. MultiQC: Summarize analysis results for multiple tools and samples in a single

report. Bioinformatics 2016, 32, 3047–3048. [CrossRef]
19. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120.

[CrossRef]
20. Kim, D.; Paggi, J.M.; Park, C.; Bennett, C.; Salzberg, S.L. Graph-based genome alignment and genotyping with HISAT2 and

HISAT-genotype. Nat. Biotechnol. 2019, 37, 907–915. [CrossRef]
21. Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R.; 1000 Genome Project Data

Processing Subgroup. The Sequence Alignment/Map format and SAMtools. Bioinformatics 2009, 25, 2078–2079. [CrossRef]
22. Kovaka, S.; Zimin, A.V.; Pertea, G.M.; Razaghi, R.; Salzberg, S.L.; Pertea, M. Transcriptome assembly from long-read RNA-seq

alignments with StringTie2. Genome Biol. 2019, 20, 278. [CrossRef] [PubMed]
23. Pertea, M.; Kim, D.; Pertea, G.M.; Leek, J.T.; Salzberg, S.L. Transcript-level expression analysis of RNA-seq experiments with

HISAT, StringTie and Ballgown. Nat. Protoc. 2016, 11, 1650–1667. [CrossRef] [PubMed]
24. Chen, Y.; Lun, A.T.L.; Smyth, G.K. From reads to genes to pathways: Differential expression analysis of RNA-Seq experiments

using Rsubread and the edgeR quasi-likelihood pipeline. F1000Research 2016, 5, 1438. [CrossRef] [PubMed]
25. Robinson, M.D.; Oshlack, A. A scaling normalization method for differential expression analysis of RNA-seq data. Genome Biol.

2010, 11, R25. [CrossRef]
26. Conway, J.R.; Lex, A.; Gehlenborg, N. UpSetR: An R package for the visualization of intersecting sets and their properties.

Bioinformatics 2017, 33, 2938–2940. [CrossRef]
27. Khan, A.; Mathelier, A. Intervene: A tool for intersection and visualization of multiple gene or genomic region sets. BMC

Bioinform. 2017, 18, 287. [CrossRef]
28. Jassal, B.; Matthews, L.; Viteri, G.; Gong, C.; Lorente, P.; Fabregat, A.; Sidiropoulos, K.; Cook, J.; Gillespie, M.; Haw, R.; et al. The

reactome pathway knowledgebase. Nucleic Acids Res. 2020, 48, D498–D503. [CrossRef]
29. Liao, Y.; Wang, J.; Jaehnig, E.J.; Shi, Z.; Zhang, B. WebGestalt 2019: Gene Set Analysis Toolkit with Revamped UIs and APIs.

Nucleic Acids Res. 2019, 47, W199–W205. [CrossRef]
30. Lee, H.; Han, B. FastRNA: An efficient solution for PCA of single-cell RNA-sequencing data based on a batch-accounting count

model. Am. J. Hum. Genet. 2022, 109, 1974–1985. [CrossRef]
31. Tipping, M.E.; Bishop, C.M. Probabilistic Principal Component Analysis. J. R. Stat. Soc. Ser. B Stat. Methodol. 1999, 61, 611–622.

[CrossRef]
32. Narasimhan, S.; Shah, S.L. Model identification and error covariance matrix estimation from noisy data using PCA. Control Eng.

Pract. 2008, 16, 146–155. [CrossRef]
33. Horn, J.L. A rationale and test for the number of factors in factor analysis. Psychometrika 1965, 30, 179–185. [CrossRef] [PubMed]
34. Ritchie, M.E.; Phipson, B.; Wu, D.; Hu, Y.; Law, C.W.; Shi, W.; Smyth, G.K. Limma powers differential expression analyses for

RNA-sequencing and microarray studies. Nucleic Acids Res. 2015, 43, e47. [CrossRef] [PubMed]
35. Garnier, S.; Ross, N.; Rudis, B.; Filipovic-Pierucci, A.; Galili, T.; Greenwell, B.; Sievert, C.; Harris, D.J.; Chen, J.J. Sjmgarnier/Viridis:

Viridis 0.6.0 (Pre-CRAN Release). 2021. Available online: https://zenodo.org/record/4679424#.ZAqmOh9Bx7M (accessed on 11
November 2022). [CrossRef]

36. Galyean, M.L.; Perino, L.J.; Duff, G.C. Interaction of cattle health/immunity and nutrition. J. Anim. Sci. 1999, 77, 1120–1134.
[CrossRef] [PubMed]

37. Martin, S.W.; Meek, A.H.; Davis, D.G.; Johnson, J.A.; Curtis, R.A. Factors associated with mortality and treatment costs in feedlot
calves: The Bruce County Beef Project, years 1978, 1979, 1980. Can. J. Comp. Med. 1982, 46, 341–349.

38. Scott, M.A.; Woolums, A.R.; Swiderski, C.E.; Perkins, A.D.; Nanduri, B.; Smith, D.R.; Karisch, B.B.; Epperson, W.B.; Blanton, J.R.,
Jr. Whole blood transcriptomic analysis of beef cattle at arrival identifies potential predictive molecules and mechanisms that
indicate animals that naturally resist bovine respiratory disease. PLoS ONE 2020, 15, e0227507. [CrossRef]

39. Scott, M.A.; Woolums, A.R.; Swiderski, C.E.; Perkins, A.D.; Nanduri, B.; Smith, D.R.; Karisch, B.B.; Epperson, W.B.; Blanton, J.R.
Comprehensive at-arrival transcriptomic analysis of post-weaned beef cattle uncovers type I interferon and antiviral mechanisms
associated with bovine respiratory disease mortality. PLoS ONE 2021, 16, e0250758. [CrossRef]

http://doi.org/10.1017/S1466252320000110
http://doi.org/10.1017/S1466252314000176
http://www.ncbi.nlm.nih.gov/pubmed/25351390
http://doi.org/10.1016/S0167-5877(99)00071-9
http://www.ncbi.nlm.nih.gov/pubmed/10665949
http://www.ncbi.nlm.nih.gov/pubmed/21197200
http://doi.org/10.2527/jas.2008-1283
http://doi.org/10.1111/bph.15193
http://doi.org/10.3389/fvets.2022.1010039
http://doi.org/10.1093/bioinformatics/btw354
http://doi.org/10.1093/bioinformatics/btu170
http://doi.org/10.1038/s41587-019-0201-4
http://doi.org/10.1093/bioinformatics/btp352
http://doi.org/10.1186/s13059-019-1910-1
http://www.ncbi.nlm.nih.gov/pubmed/31842956
http://doi.org/10.1038/nprot.2016.095
http://www.ncbi.nlm.nih.gov/pubmed/27560171
http://doi.org/10.12688/f1000research.8987.2
http://www.ncbi.nlm.nih.gov/pubmed/27508061
http://doi.org/10.1186/gb-2010-11-3-r25
http://doi.org/10.1093/bioinformatics/btx364
http://doi.org/10.1186/s12859-017-1708-7
http://doi.org/10.1093/nar/gkz1031
http://doi.org/10.1093/nar/gkz401
http://doi.org/10.1016/j.ajhg.2022.09.008
http://doi.org/10.1111/1467-9868.00196
http://doi.org/10.1016/j.conengprac.2007.04.006
http://doi.org/10.1007/BF02289447
http://www.ncbi.nlm.nih.gov/pubmed/14306381
http://doi.org/10.1093/nar/gkv007
http://www.ncbi.nlm.nih.gov/pubmed/25605792
https://zenodo.org/record/4679424#.ZAqmOh9Bx7M
http://doi.org/10.5281/ZENODO.4679424
http://doi.org/10.2527/1999.7751120x
http://www.ncbi.nlm.nih.gov/pubmed/10340578
http://doi.org/10.1371/journal.pone.0227507
http://doi.org/10.1371/journal.pone.0250758


Vet. Sci. 2023, 10, 211 16 of 17

40. Scott, M.A.; Woolums, A.R.; Swiderski, C.E.; Finley, A.; Perkins, A.D.; Nanduri, B.; Karisch, B.B. Hematological and gene
co-expression network analyses of high-risk beef cattle defines immunological mechanisms and biological complexes involved in
bovine respiratory disease and weight gain. PLoS ONE 2022, 17, e0277033. [CrossRef]

41. Scott, M.A.; Woolums, A.R.; Swiderski, C.E.; Perkins, A.D.; Nanduri, B.; Smith, D.R.; Karisch, B.B.; Epperson, W.B.; Blanton,
J.R. Multipopulational transcriptome analysis of post-weaned beef cattle at arrival further validates candidate biomarkers for
predicting clinical bovine respiratory disease. Sci. Rep. 2021, 11, 23877. [CrossRef]

42. Sun, H.-Z.; Srithayakumar, V.; Jiminez, J.; Jin, W.; Hosseini, A.; Raszek, M.; Orsel, K.; Guan, L.L.; Plastow, G. Longitudinal
blood transcriptomic analysis to identify molecular regulatory patterns of bovine respiratory disease in beef cattle. Genomics
2020, 112, 3968–3977. [CrossRef]

43. Jiminez, J.; Timsit, E.; Orsel, K.; van der Meer, F.; Guan, L.L.; Plastow, G. Whole-Blood Transcriptome Analysis of Feedlot Cattle
With and Without Bovine Respiratory Disease. Front. Genet. 2021, 12, 627623. [CrossRef] [PubMed]

44. Li, J.; Mukiibi, R.; Jiminez, J.; Wang, Z.; Akanno, E.C.; Timsit, E.; Plastow, G.S. Applying multi-omics data to study the genetic
background of bovine respiratory disease infection in feedlot crossbred cattle. Front. Genet. 2022, 13, 1046192. [CrossRef]
[PubMed]

45. Hasankhani, A.; Bahrami, A.; Sheybani, N.; Fatehi, F.; Abadeh, R.; Farahani, H.G.M.; Behzadi, M.R.B.; Javanmard, G.; Isapour,
S.; Khadem, H.; et al. Integrated Network Analysis to Identify Key Modules and Potential Hub Genes Involved in Bovine
Respiratory Disease: A Systems Biology Approach. Front. Genet. 2021, 12, 753839. [CrossRef] [PubMed]

46. Yoshida, T.; Furuta, H.; Kondo, Y.; Mukoyama, H. Association of BoLA-DRB3 alleles with mastitis resistance and susceptibility in
Japanese Holstein cows: BoLA-DRB3 alleles and cow mastitis. Anim. Sci. J. 2011, 83, 359–366. [CrossRef]

47. Hayashi, T.; Mekata, H.; Sekiguchi, S.; Kirino, Y.; Mitoma, S.; Honkawa, K.; Horii, Y.; Norimine, J. Cattle with the BoLA class II
DRB3*0902 allele have significantly lower bovine leukemia proviral loads. J. Vet. Med. Sci. 2017, 79, 1552–1555. [CrossRef]

48. Gowane, G.; Sharma, A.; Sankar, M.; Narayanan, K.; Das, B.; Subramaniam, S.; Pattnaik, B. Association of BoLA DRB3 alleles
with variability in immune response among the crossbred cattle vaccinated for foot-and-mouth disease (FMD). Res. Veter.-Sci.
2013, 95, 156–163. [CrossRef]

49. Fukunaga, K.; Yamashita, Y.; Yagisawa, T. Copy number variations in BOLA-DQA2, BOLA-DQB, and BOLA-DQA5 show
the genomic architecture and haplotype frequency of major histocompatibility complex class II genes in Holstein cows. Hla
2020, 96, 601–609. [CrossRef]

50. Gelhaus, A.; Förster, B.; Wippern, C.; Horstmann, R.D. Evidence for an additional cattle DQA locus, BoLA-DQA5. Immunogenetics
1999, 49, 321–327. [CrossRef]

51. Ren, K.; Lv, Y.; Zhuo, Y.; Chen, C.; Shi, H.; Guo, L.; Yang, G.; Hou, Y.; Tan, R.X.; Li, E. Suppression of IRG-1 Reduces Inflammatory
Cell Infiltration and Lung Injury in Respiratory Syncytial Virus Infection by Reducing Production of Reactive Oxygen Species.
J. Virol. 2016, 90, 7313–7322. [CrossRef]

52. Tallam, A.; Perumal, T.M.; Antony, P.M.; Jäger, C.; Fritz, J.V.; Vallar, L.; Balling, R.; del Sol, A.; Michelucci, A. Gene Regulatory
Network Inference of Immunoresponsive Gene 1 (IRG1) Identifies Interferon Regulatory Factor 1 (IRF1) as Its Transcriptional
Regulator in Mammalian Macrophages. PLoS ONE 2016, 11, e0149050. [CrossRef]

53. Chen, F.; Elgaher, W.A.M.; Winterhoff, M.; Büssow, K.; Waqas, F.H.; Graner, E.; Pires-Afonso, Y.; Perez, L.C.; de la Vega, L.;
Sahini, N.; et al. Citraconate inhibits ACOD1 (IRG1) catalysis, reduces interferon responses and oxidative stress, and modulates
inflammation and cell metabolism. Nat. Metab. 2022, 4, 534–546. [CrossRef] [PubMed]

54. Luo, H.; Yang, H.; Lin, Y.; Zhang, Y.; Pan, C.; Feng, P.; Yu, Y.; Chen, X. LncRNA and mRNA profiling during activation of tilapia
macrophages by HSP70 and Streptococcus agalactiae antigen. Oncotarget 2017, 8, 98455–98470. [CrossRef] [PubMed]

55. Yang-Chun, F.; Sen-Yu, W.; Yuan, Z.; Yan-Chun, H. Genome-Wide Profiling of Human Papillomavirus DNA Integration
into Human Genome and Its Influence on PD-L1 Expression in Chinese Uygur Cervical Cancer Women. J. Immunol. Res.
2020, 2020, 6284960. [CrossRef] [PubMed]

56. Lan, L.; Xu, M.; Li, J.; Liu, L.; Xu, M.; Zhou, C.; Shen, L.; Tang, Z.; Wan, F. Mas-related G protein-coupled receptor D partic-
ipates in inflammatory pain by promoting NF-κB activation through interaction with TAK1 and IKK complex. Cell. Signal.
2020, 76, 109813. [CrossRef]

57. He, X.; Ashbrook, A.W.; Du, Y.; Wu, J.; Hoffmann, H.-H.; Zhang, C.; Xia, L.; Peng, Y.-C.; Tumas, K.C.; Singh, B.K.; et al.
RTP4 inhibits IFN-I response and enhances experimental cerebral malaria and neuropathology. Proc. Natl. Acad. Sci. USA
2020, 117, 19465–19474. [CrossRef]

58. Malone, D.; Lardelli, R.M.; Li, M.; David, M. Dephosphorylation activates the interferon-stimulated Schlafen family member 11 in
the DNA damage response. J. Biol. Chem. 2019, 294, 14674–14685. [CrossRef]

59. Radjabova, V.; Mastroeni, P.; Skjødt, K.; Zaccone, P.; de Bono, B.; Goodall, J.C.; Chilvers, E.R.; Juss, J.K.; Jones, D.C.; Trowsdale, J.;
et al. TARM1 Is a Novel Leukocyte Receptor Complex–Encoded ITAM Receptor That Costimulates Proinflammatory Cytokine
Secretion by Macrophages and Neutrophils. J. Immunol. 2015, 195, 3149–3159. [CrossRef]

60. Scott, M.A.; Woolums, A.R.; Swiderski, C.E.; Perkins, A.D.; Nanduri, B. Genes and regulatory mechanisms associated with
experimentally-induced bovine respiratory disease identified using supervised machine learning methodology. Sci. Rep.
2021, 11, 22916. [CrossRef]

61. Tizioto, P.C.; Kim, J.; Seabury, C.M.; Schnabel, R.D.; Gershwin, L.J.; Van Eenennaam, A.; Toaff-Rosenstein, R.; Neibergs, H.L.;
Taylor, J.F. Bovine Respiratory Disease Complex Coordinated Agricultural Project Research Team Immunological Response to

http://doi.org/10.1371/journal.pone.0277033
http://doi.org/10.1038/s41598-021-03355-z
http://doi.org/10.1016/j.ygeno.2020.07.014
http://doi.org/10.3389/fgene.2021.627623
http://www.ncbi.nlm.nih.gov/pubmed/33763112
http://doi.org/10.3389/fgene.2022.1046192
http://www.ncbi.nlm.nih.gov/pubmed/36579334
http://doi.org/10.3389/fgene.2021.753839
http://www.ncbi.nlm.nih.gov/pubmed/34733317
http://doi.org/10.1111/j.1740-0929.2011.00972.x
http://doi.org/10.1292/jvms.16-0601
http://doi.org/10.1016/j.rvsc.2013.03.001
http://doi.org/10.1111/tan.14086
http://doi.org/10.1007/s002510050499
http://doi.org/10.1128/JVI.00563-16
http://doi.org/10.1371/journal.pone.0149050
http://doi.org/10.1038/s42255-022-00577-x
http://www.ncbi.nlm.nih.gov/pubmed/35655026
http://doi.org/10.18632/oncotarget.21427
http://www.ncbi.nlm.nih.gov/pubmed/29228702
http://doi.org/10.1155/2020/6284960
http://www.ncbi.nlm.nih.gov/pubmed/32411801
http://doi.org/10.1016/j.cellsig.2020.109813
http://doi.org/10.1073/pnas.2006492117
http://doi.org/10.1074/jbc.RA118.006588
http://doi.org/10.4049/jimmunol.1401847
http://doi.org/10.1038/s41598-021-02343-7


Vet. Sci. 2023, 10, 211 17 of 17

Single Pathogen Challenge with Agents of the Bovine Respiratory Disease Complex: An RNA-Sequence Analysis of the Bronchial
Lymph Node Transcriptome. PLoS ONE 2015, 10, e0131459. [CrossRef]

62. Behura, S.K.; Tizioto, P.C.; Kim, J.; Grupioni, N.V.; Seabury, C.M.; Schnabel, R.D.; Gershwin, L.J.; Van Eenennaam, A.L.; Toaff-
Rosenstein, R.; Neibergs, H.L.; et al. Tissue Tropism in Host Transcriptional Response to Members of the Bovine Respiratory
Disease Complex. Sci. Rep. 2017, 7, 17938. [CrossRef]

63. Johnston, D.; Earley, B.; McCabe, M.S.; Kim, J.; Taylor, J.F.; Lemon, K.; Duffy, C.; McMenamy, M.; Cosby, S.L.; Waters, S.M.
Messenger RNA biomarkers of Bovine Respiratory Syncytial Virus infection in the whole blood of dairy calves. Sci. Rep.
2021, 11, 9392. [CrossRef] [PubMed]

64. Scott, M.A.; Woolums, A.R.; Swiderski, C.E.; Thompson, A.C.; Perkins, A.D.; Nanduri, B.; Karisch, B.B.; Goehl, D.R. Use of
nCounter mRNA profiling to identify at-arrival gene expression patterns for predicting bovine respiratory disease in beef cattle.
BMC Veter-Res. 2022, 18, 77. [CrossRef] [PubMed]

65. Zhang, S.; Gong, Y.; Xiao, J.; Chai, Y.; Lei, J.; Huang, H.; Xiang, T.; Shen, W. A COL1A1 Promoter-Controlled Expression of
TGF-β Soluble Receptor Inhibits Hepatic Fibrosis Without Triggering Autoimmune Responses. Dig. Dis. Sci. 2018, 63, 2662–2672.
[CrossRef] [PubMed]

66. Tsitoura, E.; Trachalaki, A.; Vasarmidi, E.; Mastrodemou, S.; Margaritopoulos, G.A.; Kokosi, M.; Fanidis, D.; Galaris, A.; Aidinis,
V.; Renzoni, E.; et al. Collagen 1a1 Expression by Airway Macrophages Increases In Fibrotic ILDs and Is Associated With FVC
Decline and Increased Mortality. Front. Immunol. 2021, 12, 645548. [CrossRef]

67. Li, W.; Duan, X.; Zhu, C.; Liu, X.; Jeyarajan, A.J.; Xu, M.; Tu, Z.; Sheng, Q.; Chen, D.; Zhu, C.; et al. Hepatitis B and Hepatitis C
Virus Infection Promote Liver Fibrogenesis through a TGF-β1–Induced OCT4/Nanog Pathway. J. Immunol. 2022, 208, 672–684.
[CrossRef]

68. Nuyttens, B.P.; Thijs, T.; Deckmyn, H.; Broos, K. Platelet adhesion to collagen. Thromb. Res. 2011, 127 (Suppl. S2), S26–S29.
[CrossRef]

69. Hu, H.; Zhu, L.; Huang, Z.; Ji, Q.; Chatterjee, M.; Zhang, W.; Li, N. Platelets enhance lymphocyte adhesion and infiltration into
arterial thrombus. Thromb. Haemost. 2010, 104, 1184–1192. [CrossRef]

70. Chebbo, M.; Duez, C.; Alessi, M.C.; Chanez, P.; Gras, D. Platelets: A potential role in chronic respiratory diseases? Eur. Respir. Rev.
2021, 30, 210062. [CrossRef]

71. Avra, T.D.; Abell, K.M.; Shane, D.D.; Theurer, M.E.; Larson, R.L.; White, B.J. A retrospective analysis of risk factors associated
with bovine respiratory disease treatment failure in feedlot cattle1. J. Anim. Sci. 2017, 95, 1521–1527. [CrossRef]

72. White, B.J.; Amrine, D.E.; Goehl, D.R. Determination of value of bovine respiratory disease control using a remote early
disease identification system compared with conventional methods of metaphylaxis and visual observations1. J. Anim. Sci.
2015, 93, 4115–4122. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1371/journal.pone.0131459
http://doi.org/10.1038/s41598-017-18205-0
http://doi.org/10.1038/s41598-021-88878-1
http://www.ncbi.nlm.nih.gov/pubmed/33931718
http://doi.org/10.1186/s12917-022-03178-8
http://www.ncbi.nlm.nih.gov/pubmed/35197051
http://doi.org/10.1007/s10620-018-5168-3
http://www.ncbi.nlm.nih.gov/pubmed/29934723
http://doi.org/10.3389/fimmu.2021.645548
http://doi.org/10.4049/jimmunol.2001453
http://doi.org/10.1016/S0049-3848(10)70151-1
http://doi.org/10.1160/TH10-05-0308
http://doi.org/10.1183/16000617.0062-2021
http://doi.org/10.2527/jas.2016.1254
http://doi.org/10.2527/jas.2015-9079

	Introduction 
	Materials and Methods 
	Animal Use and Study Enrollment 
	Sample Processing, Next-Generation RNA Sequencing, and Bioinformatic Processing 
	Differential Gene Expression and Functional Enrichment Analyses 
	Data Visualization and Model-Based Unsupervised Clustering Analyses 

	Results 
	Discussion 
	Conclusions 
	References

