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Introduction: Detection of pathogens associated with bovine respiratory disease 
(BRD) typically involves several laboratory tools, with results limited to a defined 
list of targets. This study adapted a previously reported method for metagenomic 
sequencing of nasal swabs to describe sequencing data from BRD associated 
viruses. Changes in virus composition were identified between arrival to a feedlot 
and 14 days on feed (DOF). These data were also assessed for the simultaneous 
characterization of bacteria and antimicrobial resistance genes (ARGs).
Methods: Nasal swabs were obtained from fall-placed calves (FPC) and yearlings 
(YRL) from western Canadian commercial feedlots. Evidence of respiratory viruses 
were identified by sampling 380 animals during processing on arrival to the feedlot 
and again after 14 DOF using Nanopore metagenomic sequencing.
Results: Twenty-one distinct viruses from 12 viral families were identified, with multiple 
viruses detected in most samples. In FPC arrival samples, the most common BRD 
associated viruses were bovine rhinitis B virus (BRBV; 46%), bovine coronavirus (BCoV; 
32%), influenza D virus (IDV; 17%), bovine respiratory syncytial virus (BRSV; 8.5%), and 
bovine parainfluenza virus 3 (BPIV-3; 4.2%). The prevalences of bovine herpesvirus 
type 1 (BoHV-1; 2.7%), BPIV-3 (12%), BRSV (26%), and IDV (51%) were higher in 14 DOF 
samples compared to arrival samples (p < 0.05). Bovine viral diarrhea virus 1 (BVDV-1) and 
2 (BVDV-2) were rarely detected at either time. The most prevalent viruses detected in 
YRL arrival samples were BRBV (42%), BRSV (39%), BPIV-3 (20%), IDV (16%), BCoV (12%), 
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and BVDV-2 (7.5%). The prevalences of BRSV (60%), BPIV-3 (39%), and BVDV-2 (17%) 
were higher in 14 DOF samples than arrival samples (p < 0.05). BRSV (OR 7.0, 1.7–29) 
and BPIV-3 (OR 5.7, 1.5–21) were more likely to be detected in arrival samples from YRL 
than FPC (p = 0.01). In 14 DOF samples, BPIV-3 (OR 4.9, 1.3–19, p = 0.02) and BVDV-2 
(OR 13, 2.0–83, p = 0.01) were identified more frequently in YRL than FPC. These data 
allowed the identification of respiratory bacteria and 33 ARGs in parallel with assessment 
of the viral components. The most prevalent bacteria detected in FPC at arrival were 
Mannheimia haemolytica (35%), Histophilus somni (35%) and Pasteurella multocida 
(23%). Detection of M. haemolytica increased at 14 DOF (p = 0.02), while P. multocida 
detection decreased (p = 0.03). At both arrival and 14 DOF in YRL, M. haemolytica was 
the most prevalent bacterium, followed by P. multocida and H. somni with no significant 
differences between arrival and 14 DOF samples. ARGs were detected more frequently 
in the 14 DOF samples than at arrival for both FPC (p = 0.03) and YRL (p = 0.01). The 
most commonly detected ARGs were associated with resistance to lincosamides and 
aminoglycosides; however, ARGs associated with other antimicrobials used in cattle 
including tetracyclines were also identified.
Discussion: Changes in the prevalence of BRD associated viruses early in the 
feeding period reflect transmission and the potential risk of developing the disease. 
Frequent detection of BCoV, BRSV, and BPIV-3 in newly arrived feedlot cattle 
suggests the need for improved vaccination before shipping or limitations in 
existing commercial vaccine preparations.
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bovine respiratory viruses, bovine respiratory bacteria, antimicrobial resistance genes, 
bovine respiratory disease, long-read metagenomic sequencing, feedlot calves

1 Introduction

Bovine respiratory disease (BRD) has historically accounted for most 
of the morbidity and mortality in North American feedlot cattle (1, 2). BRD 
is the primary reason for injectable antimicrobial use (AMU) in feedlots 
and also one of the foremost reasons for AMU in cow-calf herds (3, 4).

The causes of BRD are complex and involve a combination of 
environmental factors, calf management, stress, as well as bacterial and viral 
agents that all play a role in the onset of disease (5). Viral infection can result 
in clinical BRD (6); however, many viruses can make a calf susceptible to 
secondary bacterial infection. Most bacteria associated with BRD are 
considered commensal organisms of the upper respiratory tract in healthy 
calves, but can become opportunistic pathogens when the host immune 
system is compromised (7). During primary infection, viral pathogens can 
damage the respiratory tract epithelium or cause immunosuppression, 
thereby rendering the animal more susceptible to bacterial infection (5). 
Bacteria commonly associated with BRD include Mannheimia haemolytica, 
Pasteurella multocida, Histophilus somni, Mycoplasma bovis, and 
occasionally Bibersteinia trehalosi (8) [note the genus name of Mycoplasma 
has recently changed to Mycoplasmopsis; (9)]. Viral agents historically 
associated with BRD and typically contained in commercial respiratory 
vaccines include bovine respiratory syncytial virus (BRSV; Bovine 
orthopneumovirus) (10), bovine herpesvirus type 1 (BoHV-1; Bovine 
alphaherpesvirus 1) (11), bovine viral diarrhea virus (BVDV-1, Pestivirus 
bovis and BVDV-2, Pestivirus tauri) (12), and bovine parainfluenza virus 
type 3 (BPIV-3; Bovine respirovirus-3) (13).

Newly weaned calves are at greatest risk of BRD during the first 
few weeks following feedlot arrival. This risk is heightened because in 
a feedlot calves are typically comingled with cattle from other sources 
and further stressed from days in the marketing system with 
inconsistent access to feed and water (14–18). These calves are prone 

to viral infections and subsequently shed viruses, infecting pen mates, 
and increase the risk of infection with opportunistic bacteria and 
therefore the need for antimicrobial treatment (19, 20).

Most Canadian feedlot calves are sourced from cow-calf herds in 
western Canada, many of which could have been vaccinated against 
BVDV-1, BVDV-2, BoHV-1, BRSV, and BPlV-3 (21, 22). While the 
use of BRD vaccines in nursing calves appears to be increasing (21), 
vaccination practices in cow-calf herds have historically been 
inconsistent and poorly documented. Calves successfully vaccinated, 
including both prime and boost doses, against these viruses before 
weaning should be less likely to shed virus when they arrive at the 
feedlot (23); however, data on the frequency of virus shedding by 
calves at feedlot arrival in western Canada are limited (24).

Despite increasing vaccine use for BVDV-1, BVDV-2, BoHV-1, 
BRSV, and BPlV-3  in cow-calf herds, BRD remains an important 
health challenge for feedlots (25). As the vaccination status of arriving 
calves is typically unknown, feedlots vaccinate at arrival processing 
despite evidence of limited efficacy due to prior viral exposure during 
sale and transport (26). As viruses beyond those in commercial 
vaccines are implicated in BRD, further vaccine development is 
needed (20, 27). While vaccines are available for bovine coronavirus-
associated (BCoV) calf diarrhea, no commercial respiratory vaccines 
for BCoV are available in Canada or the USA (28). Other recognized 
viruses, such as influenza D virus (IDV) (29) and, more recently, 
influenza A virus, might also warrant new vaccine development (30).

The advent of metagenomic sequencing has the potential to 
substantially transform viral diagnostics, enabling the direct detection 
of both known and unreported viruses in clinical samples (24, 31, 32). 
Consequently, metagenomics is being increasingly reported for virus 
surveillance, pathogen discovery, and viral disease outbreak detection 
(33–37). Metagenomic sequencing has facilitated the identification of 
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novel or infrequently evaluated viruses in both healthy and sick 
animals, as well as humans (31, 35). Metagenomics has been 
particularly valuable for detecting viruses in animals with BRD 
without the need for targeted assays (32, 38–40). Among the various 
metagenomic sequencing technologies currently available, Oxford 
Nanopore Technologies (ONT) is noteworthy for long-read 
capabilities and cost effectiveness (41).

Recent progress in metagenomic sequencing technology has led 
to the development of protocols that can detect multiple known 
viruses associated with BRD as well as uncover a broader range of 
viruses potentially linked to the disease, such as bovine rhinitis B virus 
(BRBV) (32, 39), bovine adenovirus type 3 (BAdV-3) (39), and 
ungulate copiparvovirus type 1 (UCPV1) (42). Understanding the 
range of viruses present in cattle entering the feedlot as well as in the 
early feeding period could lead to the development of more effective 
strategies for the prevention and control of BRD in western Canada 
(32, 38).

Metagenomic investigations into the virome of the bovine 
respiratory tract have predominantly been conducted when calves 
exhibit clinical signs of BRD or upon their arrival at the feedlot (24, 
32, 38–40, 43). No studies have yet examined changes in the early 
stages of the feeding period as compared to viruses present at arrival. 
Furthermore, existing viral metagenomic studies have overlooked 
BRD bacterial pathogens of interest and antimicrobial resistance genes 
(ARGs). Previous metagenomic studies with ONT have successfully 
identified both bacteria and ARGs of interest in similar samples but 
with protocols not optimized for detection of RNA viruses (44, 45). 
Understanding the diversity, prevalence, and dynamics of viruses and 
bacteria associated with BRD, including ARGs, with a single protocol 
could facilitate the development of more effective BRD prevention and 
control. Considering that commercial feedlots can accommodate 
hundreds or even thousands of cattle at a time, the need to enhance 
laboratory and bioinformatics capabilities to manage large sample 
volumes for surveillance and ultimately to inform decision-making 
is urgent.

The primary objective of this study was to describe the prevalence 
of viruses reported to be important to the development of BRD as well 
as other viruses previously detected in respiratory samples collected 
from feedlot cattle at arrival processing and again approximately 
2 weeks later. The second objective was to describe changes in the 
prevalence of viruses associated with BRD in feedlot cattle early in the 
feeding period. The third objective was to explore the potential for 
exploiting sequencing data generated from this viral metagenomic 
analysis for the simultaneous detection of bacterial BRD pathogens 
and associated ARGs.

2 Materials and methods

2.1 Ethics statement

This study was conducted in accordance with the 
recommendations of the Canadian Council of Animal Care (CCAC) 
(46). An ethics protocol and standard operating procedure for nasal 
swab collection was developed and approved by the Animal Care and 
Use Committee at the University of Alberta (ACUC Livestock  – 
University of Alberta AUP00004110) and shared with the Research 
Ethics Board at the University of Saskatchewan (USask AREB File 

Number 20220072) and the Animal Care Committee of Feedlot 
Health Management Services as a study partner.

2.2 Study population and sampling 
procedure

The study was carried out in collaboration with the Canadian 
Feedlot Antimicrobial Use and Antimicrobial Resistance Surveillance 
Program (CFAASP) (47) of the Canadian Integrated Program for 
Antimicrobial Resistance Surveillance (CIPARS) as part of a 
nationwide, longitudinal survey of antimicrobial resistance in feedlot 
cattle in Canada (48). The CIPARS program partnered with consulting 
veterinary practices that identified volunteers intended to represent 
the distribution of feedlot sizes and geographic locations within the 
Canadian feedlot industry. Only cattle arriving before December 31, 
2022 as part of the annual CIPARS sample collection for culture and 
susceptibility testing were included. An additional nasal swab from 
each animal was collected for viral metagenomics.

Private veterinary clinics participating in the CIPARS program 
sampled cattle from 13 pens of fall-placed calves (FPC) and 6 pens of 
yearlings (YRL) arriving at 19 commercial feedlots (with one pen from 
each feedlot) in Alberta between September and December 2022 that 
agreed to the extra sample collection for this project. Typically, FPC 
would be recently weaned spring-born beef calves and YRL would 
be calves born the previous season that had been backgrounded and/
or grazed as stockers prior to feedlot entry. Feedlots were anonymized 
and therefore no information was available regarding feedlot 
management, pen size, treatment histories, or arrival processing 
protocols including either vaccination or metaphylaxis. Sampling was 
conducted within CFAASP when FPC are at the highest risk of 
developing BRD.

Registered veterinary technicians with training in feedlot settings 
utilized conventional techniques to restrain FPC and YRL for the 
collection of nasal swabs. A single short nasal swab was collected for 
this virus study from a convenience sampling of 20 cattle from each 
pen at arrival of the cattle to the feedlots but prior to metaphylaxis. 
Nasal swabs were again collected from another convenience sample of 
20 animals from the same pen after 14 days on feed (DOF), but not 
necessarily from the same individual cattle.

Following sampling, 3 cm of each swab tip was cut and placed in 
a tube containing 1 mL of liquid Amies transport media (CoPan 
Diagnostics, Carlsbad, CA, USA) and shipped on ice packs in coolers 
to the University of Saskatchewan. The samples were received cold, but 
not frozen, and were then stored at −80 °C, until processing.

2.3 Sample preparation

Samples were thawed at room-temperature in a water bath and then 
maintained on-ice during processing. Batches of 40 samples were 
processed with an extraction negative control (molecular biology grade 
water). Samples were centrifuged at 13,000 × g for 5 min to pellet 
bacteria, host cells, and debris. To degrade extracellular nucleic acids, 
and aid in host depletion, 500 μL of sample supernatant were combined 
with 34 μL of nuclease digestion master mix (6 units of TURBO DNase, 
20 μL TURBO DNase buffer, 20 units RNase I; Invitrogen, Waltham, 
MA, USA) and incubated at 37 °C for 90 min. This was followed by the 
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purification of viral nucleic acids using the QIAamp MinElute Virus 
Spin Kit (QIAGEN, Hilden, Germany), following the manufacturers’ 
instructions. Briefly, carrier RNA (catalogue number – 57714; QIAGEN, 
Hilden, Germany) was added and then proteins were digested with 
protease at 56 °C for 15 min, and then treated with 95% ethanol to halt 
enzyme activity. The lysates were held at room temperature for 5 min 
before being transferred to MinElute columns (QIAGEN, Hilden, 
Germany) prepared on vacuum manifolds. The bound sample was 
washed with 95% ethanol within the column. Following washing, 
samples were spun at 20,000 x g for 3 min and heated at 56 °C for 3 min 
to dry the membrane. Samples were eluted in 40 μL of AVE buffer by 
incubating for 5 min at room temperature and then spinning at 
17,000 × g for 1 min.

SuperScript IV First-Strand Synthesis Kit (Applied Biosystems, 
Waltham, MA, USA) was used for reverse transcription. Ten μL of 
nucleic acids per sample were annealed with 3.5 μL of a random 
primer mastermix (1 μM FR26RV-N primer, 0.5 mM dNTPs, 0.42 μL 
of DEPC-treated water) at incubated at 65 °C for 5 min (49). Each 
sample was placed on ice for 1 min to stabilize the nucleic acid-primer 
complex, and then combined with 7 μL of reverse transcription master 
mix (4 μL Superscript IV 5 × buffer, 1 μL DTT, 1 μL RNase inhibitor, 
and 1 μL RTase; Invitrogen, Waltham, MA, USA) and incubated for 
10 min each at 23, 55, and then 80 °C. After incubation, samples were 
placed on ice for 1 min and RNA was degraded by adding 1 μL of 
E. coli RNase H (5 U/μL) and incubation for 20 min at 37 °C.

Second-strand synthesis was performed using Sequenase DNA 
Polymerase (Applied Biosystems, Waltham, MA, USA) according to 
manufacturers’ instructions. cDNA synthesis was performed by adding 
10 μL of Sequenase mastermix (2 μL 5 × Sequenase Buffer, 0.3 μL 
Sequenase enzyme, 7.7 μL RNase-free water; Applied Biosystems, 
Waltham, MA, USA) at room temperature and then incubated in a 
ramped fashion: slow ramp from 10 to 37 °C over 8 min, 37 °C for 8 min, 
94 °C for 2 min, and finally 10 °C for 5 min. The reaction was then 
topped up with an additional 0.3 μL of Sequenase enzyme and 0.9 μL of 
dilution buffer and incubated under the same reaction conditions.

cDNA from each sample and extraction negative control was 
cleaned-up and size-selected with a ratio of 1:1 AMPure XP bead 
suspension by volume (Beckman Coulter, Brea, CA, USA) according 
to the manufacturer’s instructions, and eluted in a volume of 
10 μL. Size selected cDNA (8 μL) was combined with 42 μL of 
amplification mastermix (1 × Standard Buffer, 100 μM dNTP, 1.5 mM 
MgCl2, 0.5 μM FR20RV primer {Allander, 2005 #1197}, 0.25 μL 
polymerase, NEB, Ipswich, MA, USA) and cycled with the following 
reaction conditions: denaturation for 10 min at 94 °C, followed by 
40 cycles of 94 °C for 1 min, 65 °C for 1 min, and 72 °C for 3 min, 
followed by a final extension of 5 min at 72 °C.

2.4 Nanopore library preparation and 
sequencing

The amplified cDNA from each sample was purified and size 
selected with 0.4 × AMPure XP beads (Beckman Coulter, Brea, CA, 
USA) and normalized to 50 ng total DNA prior to library preparation. 
Library preparation was completed according to the Oxford Nanopore 
Technologies protocol “Ligation sequencing gDNA - Native Barcoding 
kit 96 V14” (SQK-NBD114.96, Oxford Nanopore Technologies, 
Oxford, UK) in a 96-well plate high-throughput library format with 

minor modifications to minimize the potential for any misclassification 
across barcoded samples or background barcode crosstalk (50, 51).

Barcode ligation was followed by the addition of 1 μL of EDTA 
(Invitrogen, Waltham, MA, USA), a 10 min room temperature 
incubation, and a 10 min 65 °C incubation. DNA samples, barcoded, 
were pooled together in groups of 20 from the same feedlot pen with 
three additional water (negative) controls per library preparation to 
detect barcode crosstalk that might occur during the library 
preparation and subsequent sequencing (52). Sample pools were 
sequenced as a pool on a flow cell (FLO-PRO114M). Negative controls 
for both the extraction and library preparation steps were processed 
together on a separate flow cell (FLO-PRO114M).

All flow cells (Oxford Nanopore Technologies, Oxford, UK) were 
loaded according to manufacturer recommendations. Sequencing was 
performed under contract by the Omics and Precision Agriculture 
Laboratory (OPAL; Saskatoon, SK, Canada) using a PromethION 24. 
Sequencing was performed for 48 h with default run parameters and 
base-called using the high-accuracy model with a Q-score cutoff of 9.

2.5 Bioinformatics analysis

Github access to the bioinformatics details is provided in the data 
availability statement. Data from the fastq_pass folder from 
MinKNOW were processed with Porechop v0.2.4 (53) to remove 
primers or adapters (using default parameters). NanoFilt (version 
2.8.0) was used to discard reads shorter than 200 bp and NanoStat 
(version 1.6.0) provided statistics about the distribution of read length 
by total base pairs per sample (54).

The taxonomic classification of reads was achieved using Kraken 2 
(version 2.1.2) with a confidence score threshold of 0.05 (“--confidence 
0.05”) (55). A custom database was used for Kraken 2 classification, which 
included bacterial, viral, and archaeal subsets of the November 2023 RefSeq 
database (56) as well as the Bos taurus ARS-UCD1.2_Btau5.0.1Y genome 
assembly available at https://sites.ualberta.ca/~stothard/1000_bull_
genomes/ (44, 57). Typically, sequences classified as host would be removed 
before downstream processing; however, a small population of chimeric 
B. taurus bacterial reads (< 0.1% of all reads) was detected. A custom 
program, kmer_filter.py, was written to retrieve host-classified reads that 
met a threshold of 25% non-host sequence using Kraken 2 k-mer identity 
and included these reads as potentially non-host data for downstream 
processing. The rationale behind this step was to cast the widest possible 
net for ARG detection, even if a small amount of host sequence remained. 
Host-filtered reads (i.e., those not similar to B. taurus taxid 9,913) were 
extracted using the KrakenTools v1.2 (58) utility extract_kraken_reads.py, 
and these were added to the chimeric reads using a combination of bash 
utilities and the BBTools v38.86 (59) filterbyname.sh script. Bracken v2.7 
(60) with a minimum read length of 200 bp (“--read-length 200”) was used 
to improve the species-level estimation of abundance reported by Kraken 
2. Reads classified as host were removed from further consideration. A 
custom script, report_taxon_read_lengths.py, added additional context to 
the Bracken results, including the total amount of sequence in base pairs 
reported for each species (including child taxa) and the fraction of total 
classified sequence.

To identify reads containing ARGs, non-host reads were first 
converted from FASTQ to FASTA format using Seqtk v1.3 (61). 
AMRFinderPlus v3.11.18 (62) and Abricate v1.0.0 (63) were used to 
search for genes involved in virulence, biocide, heat, metal, and acid 
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resistance. AMRFinderPlus was run against the NCBI Bacterial 
Antimicrobial Resistance Reference Gene Database (version 2023-11-
15.1) with “--plus --coverage_min 0.8 --ident_min 0.8” to identify the 
plus genes while requiring a minimum coverage and minimum 
identity of 80%. Abricate used two databases: the NCBI Bacterial 
Antimicrobial Resistance Reference Gene Database (version 2023-11-
15.1) and the Comprehensive Antibiotic Resistance Database (CARD) 
(64, 65) version 3.2.8 using default parameters (80% minimum 
percent identity and percent coverage). Results generated by ARG 
searching with the NCBI and CARD databases were merged based on 
gene name and start/stop coordinates. Once merged, the CARD gene 
names were preferentially used in downstream reports.

For all viral data and associated statistical analyses, the read 
counts were adjusted based on the corresponding read counts in the 
water controls. The average read count of the water controls for each 
flow cell (which corresponded to a pen) was subtracted from the 
observed read count for each sample to account for any potential 
misclassification across barcoded samples or barcode crosstalk (50, 
51). For example, if the average read count for a specific virus for the 
water controls from a flow cell was 3, then the adjusted read count for 
that virus from each sample from that flow cell would be the observed 
sample read count minus 3.

Statistical analyses for the viral data were repeated using two 
alternative approaches: one without any adjustment for water controls 
and the other using the median counts of the water controls (rather than 
the average) for adjustment. A sensitivity analysis was conducted to 
evaluate the effects of the three methods for addressing potential 
contamination or barcode crosstalk. The three methods (with no 
adjustment, with adjustment for the mean, and with adjustment for the 
median of the water controls) were also repeated for the bacterial data.

2.6 Statistical analysis

The analysis pipeline of the present study was designed with the 
capacity to identify, directly characterize, and summarize detected 
reads for viruses and then bacteria of interest with an emphasis on 
those previously reported as associated with BRD. Initial descriptive 
statistics included the overall read count for each virus previously 
identified in respiratory samples from cattle and the proportion of 
samples that had at least one detected viral read for each virus.

All subsequent statistical analyses were limited to 10 viruses that 
met the following inclusion criteria: five BRD viruses with commercial 
respiratory vaccines (BRSV, BoHV-1, BVDV-1, BVDV-2, BPIV-3) in 
common use in North America (20) as well as five other viruses 
recently reported to exhibit a significant association with BRD (IDV, 
BCoV, BRBV, BAdV-3, UCPV1) (6, 32, 38, 39, 66). Only viruses with 
reported potential relationship to respiratory diseases in cattle were 
considered further.

The read count used as a cutoff to identify positive samples for 
common BRD-associated viruses (BoHV-1, BCoV, BPIV-3, IDV, and 
BRSV) was previously determined using Bayesian latent class 
modeling (BLCM) referencing qPCR results to optimize both 
sensitivity and specificity, with a minimum threshold of 0.90 for 
metagenomic specificity (67). Read counts were used to summarize 
the viral data rather than total base pairs given the relatively limited 
range of individual read lengths and the relatively small read counts 
for many of the viruses detected. The earlier BLCMs (67) used JAGS 

software (68) and the runjags package (69) in R (R Foundation for 
Statistical Computing, Vienna, Austria). Samples were classified as 
positive for BRD-associated viruses based on ≥ 1 read (BoHV-1, 
BRSV, and IDV) except for BPIV-3 (≥ 5 reads) and BCoV (≥ 30 
reads). Read count cutoffs were developed for viruses where a qPCR 
assay was available to practitioners at the regional diagnostic 
laboratory at the time of the study. The qPCR was not type specific for 
BVDV-1 and BVDV-2. Viruses with no evidence-based read count 
cutoff (BVDV-1, BVDV-2, BRBV, BAdV-3, UCPV-1) were reported 
separately from viruses for which a cutoff was available. Prevalences 
of these viruses were based on the detection of ≥ 1 read per sample.

Generalized estimating equations (GEEs) were used to estimate 
differences in the detection of each of the viruses previously associated 
with BRD: (1) between samples collected at arrival processing and 14 
DOF for FPC and YRL and (2) between FPC and YRL at each sample 
time point. The GEE models accounted for clustering of observations 
within feedlot pens with a repeated term for pen assuming robust 
variance, an exchangeable correlation structure, a binomial 
distribution, and logit link function (StataSE version 16.1, College 
Station, TX, USA). Viruses were coded as present or absent based on 
the count of reads detected in the sample as described above. Time of 
sampling (arrival processing versus 14 DOF) and the age of cattle 
(FPC versus YRL) were considered as fixed effects. Results were 
reported as odds ratios (OR) with 95% confidence intervals (95% CI). 
Statistically significant results were defined as those with p < 0.05.

Descriptive statistics were also completed for BRD-associated bacteria 
and ARGs. GEEs as described above were used to assess differences in the 
detection of each bacterial species previously linked to BRD: (1) between 
samples collected at arrival processing and 14 DOF for FPC and YRL and 
(2) between FPC and YRL at each sample time point. Samples were 
classified as positive for BRD-associated bacteria based on cutoff values for 
species-specific read counts adjusted for the mean of the water controls and 
informed by BLCM as previously described (67).

3 Results

3.1 Sample preparation

Overall, 760 samples were collected: 20 nasal swabs per pen from 13 
pens of FPC and six pens of YRL across 19 commercial feedlots in western 
Canada, at arrival processing (sample time 1) and again from the same pens 
at a median of 14 DOF (sample time 2). Timing of the second sample 
collection ranged from 10 to 23 DOF. The mean pen arrival weight was 
266 kg (43 kg standard deviation (SD)) for the 13 pens of FPC and 399 kg 
(66 kg SD) for the six pens of YRL. The distribution of sizes for the 19 
feedlots from which the pens were sampled was as follows: 1000–5,000 
cattle = 1, 5,001–10,000 cattle = 5, 10,001–20,000 cattle = 5, 20,001–30,000 
cattle = 6, and ≥ 30,000 cattle = 2.

3.2 Viral metagenomics

After demultiplexing, trimming, and quality filtering, 841.6 million 
reads were generated with a median quality score per sample ranging from 
13.1 to 17.6 (median 14.1) and a median read length per sample ranging 
from 232 to 790 bp (median 420 bp). Following the removal of host-related 
sequences (691.7 million reads or 82.2% of the data), 149.8 million reads 
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remained. Of the total reads, 1.95 million reads were classified as viral, 3.4 
million reads as bacterial, 12,166 reads as archaeal, and 144.5 million reads 
as unclassified or classified ambiguously.

After adjusting read counts for the means of the water controls, 1.82 
million reads were associated with the respiratory viruses of interest 
(Table 1). Twenty-one unique viruses from 12 viral families were identified 
that had previously been recognized in respiratory samples from cattle 
(Table 1; Supplementary Table S1). The total number of reads classified for 
each virus ranged from seven (BAdV-3) to > 1,000,000 (BCoV).

3.3 Prevalences of BRD-associated viruses 
in nasal samples from FPC

Summary data in Table 2 indicate BRBV was the most prevalent 
virus in FPC at arrival processing, detected in 46% of nasal samples. 
BCoV was the second-most prevalent virus detected (32%) and most 
prevalent virus with a BLCM-based read count cutoff, followed by 
IDV (17%) and BRSV (8.5%). The prevalences of BPIV-3 (4.2%) and 
BVDV-2 (1.2%) were lower. Metagenomic sequencing did not detect 
either BVDV-1 or BoHV1 in any of the FPC arrival samples.

IDV was the most prevalent virus detected in FPC 14 DOF 
samples (51%), followed by BRBV (38%), BRSV (26%), and BPIV-3 
(12%). BVDV-1 was also not detected in any of the FPC 14 DOF 
samples. The prevalence of BRSV was higher in 14 DOF samples 

compared to arrival samples (p = 0.01), as were the prevalences of 
IDV (p < 0.001), BPIV-3 (p < 0.001), BoHV-1 (p = 0.02), and UCPV-1 
(p < 0.001). In contrast, the prevalence of BCoV was lower at 14 DOF 
than at arrival (p = 0.01). The prevalences of other important core 
respiratory vaccine viruses remained relatively unchanged 2 weeks 
following feedlot arrival (BVDV-1 – 0%, BVDV-2 – 1.5%).

3.4 Prevalences of BRD-associated viruses 
in YRL nasal samples

Summary data in Table 3 indicate the most common viruses detected 
in samples collected from YRL at arrival processing were BRBV (42%), 
BRSV (39%), BPIV-3 (20%), and IDV (16%). However, BRSV was the 
most prevalent virus detected in YRL 14 DOF samples (60%), followed 
by BPIV-3 (39%), IDV (33%), and BRBV (27%). The prevalences of BRSV 
(p = 0.001), BPIV-3 (p < 0.001), and BVDV-2 (p < 0.001) were higher in 
YRL 14 DOF samples compared to arrival samples.

3.5 Detection of multiple viruses in FPC 
and YRL nasal samples

Figure 1A shows one or more of the 10 BRD-associated viruses 
were detected in most FPC samples collected at arrival processing (69%) 

TABLE 1  Respiratory viruses detected in 760 nasal swabs collected from fall-placed calves and yearlings located in 19 western Canadian commercial 
feedlots/pens at the time of arrival processing and at 14 days on feed (DOF): summary of raw data from all samples.

Virus 
name

Family Total reads 
from all 
samples

Proportion of 
samples with ≥ 

1 read

Median (max) 
sample median 

read lengths (bp)

Previous reports of virus in 
cattle

Associated 
with BRD

BCoV Coronaviridae 1,164,174 52.0% 875 (2313) Zhang et al. (32), Ellis (96) Yes

BRBV Picornaviridae 59,307 39.5% 683 (1571) Ng et al. (39) Yes

IDV Orthomyxoviridae 442,020 31.1% 773 (2709) Hause et al. (27) Yes

BPIV-3 Paramyxoviridae 63,315 33.7% 846 (2709) Mitra et al. (38) Yes

BRSV Pneumoviridae 3,285 27.4% 595 (1690) Mitra et al. (38) Yes

UBPV6 Parvoviridae 51,477 24.7% 764 (2164) Ambrose et al. (40) No

UCPV1 Parvoviridae 506 10.5% 715 (1651) Jager et al. (42) Yes

UCPV5 Parvoviridae 1,639 9.2% 748 (1519) Ambrose et al. (40) No

UEPV1 Parvoviridae 29,284 8.7% 747 (2195) Weber et al. (100) No

BEV Picornaviridae 1,177 7.0% 707 (1704) Mitra et al. (38) No

UTPV1 Parvoviridae 900 7.0% 792 (2192) Zhang et al. (43) No

BVDV-2 Flaviviridae 73 4.7% 867 (2577) Zhang et al. (43) Yes

BNV1 Tobaniviridae 286 4.3% 727 (1447) Ambrose et al. (40) No

BoTV Tobaniviridae 74 4.1% 934 (2533) Ambrose et al. (40) No

BoPV Papillomaviridae 102 2.8% 655 (2172) Ambrose et al. (40) No

BoPyV2 Polyomaviridae 35 2.6% 682 (2355) Hierweger et al. (104) No

UBPV1 Parvoviridae 37 2.4% 604 (1901) Zhang et al. (43) No

BoHV-1 Herpesviridae 22 0.9% 412 (819) Ambrose et al. (40) Yes

ICV Orthomyxoviridae 21 0.8% 682 (847) Zhang et al. (32) No

BVDV-1 Flaviviridae 8 0.8% 568 (848) Zhang et al. (32) Yes

BAdV-3 Adenoviridae 7 0.8% 635 (1134) Zhang et al. (32) Yes

See Supplementary Table S1 for general virus names, taxonomic names, taxonmic ID and genome size.
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and at 14 DOF (77%). Detection of a single virus occurred in 35% of 
FPC arrival samples and 29% of FPC 14 DOF samples. For FPC arrival 
samples in which more than one BRD virus was detected, typically two 
(23%) of the BRD-associated viruses were detected, while two (23%) or 
three (18%) viruses were more common in 14 DOF samples.

In YRL, one or more BRD viruses were detected in 72% of arrival 
samples and 79% of 14 DOF samples (Figure 1B). Detection of a single 
virus occurred in 27% of YRL arrival samples and 13% of YRL 14 
DOF samples, followed by detection of two viruses in 25% of arrival 
samples and 23% of 14 DOF samples.

3.6 Differences in the prevalence of viruses 
in arrival samples between YRL and FPC

A comparison of datasets in Table 4 shows that, within the arrival 
samples, BRSV (p = 0.01) and BPIV-3 (p = 0.01) were more commonly 
detected in YRL than FPC. No other significant differences in the 
prevalence of individual respiratory viruses between YRL and FPC in 
the arrival samples were noted. BoHV-1 was not detected in either the 
YRL or FPC arrival samples.

3.7 Differences in prevalence of viruses in 
14 DOF samples between YRL and FPC

A comparison of datasets in Table 5 shows that, within 14 DOF 
samples, the prevalences of both BPIV-3 (p = 0.02), BVDV-1 (p = 
0.02) and BVDV-2 (p = 0.01) were higher in YRL than FPC. No other 
significant differences in the prevalences of individual respiratory 
viruses between YRL and FPC in the 14 DOF samples were noted.

3.8 Sensitivity analysis

Comparable analyses to those in Tables 2–5 were conducted 
without adjustment for water controls or using the median (rather 
than the mean) read counts for the water controls 
(Supplementary Tables S2A–D, S3A–D). Using the mean read counts 
from the water controls for adjustment yielded more conservative 
outcomes (i.e., fewer samples classified as positive) compared to the 
no adjustment and slightly more conservative outcomes than when 
adjusting for the median of the water controls. Significant differences 
between viruses detected at 14 DOF and at arrival processing and 
between FPC and YRL were very similar regardless of what adjustment 
for water controls was used.

3.9 Detection of BRD bacterial pathogens 
and ARGs in the viral metagenomic 
sequencing data

The same metagenomic dataset used for viral analysis 
identified 145,005 reads classified as bacterial species of interest 
for BRD. Based on detection of a single read, Histophilus somni, 
Mannheimia haemolytica, and Pasteurella multocida were most 
abundant (Table 6).

However, when thresholds for detection based on read count 
cutoffs informed by receiver operating characteristic (ROC) curves 
and BLCM were used (67), the overall frequency of detection for 
bacteria of interest was as follows: M. haemolytica (43% ≥ 14 reads), 
H. somni (28% ≥ 8 reads), P. multocida (17% ≥ 10 reads), 
Mycoplasmopsis bovis (formerly known as Mycoplasma bovis) 
(16% ≥ 1 read), and Bibersteinia trehalosi (4.6% ≥ 1 read).

TABLE 2  Differences in prevalence of ten viruses associated with bovine respiratory disease detected in 520 nasal swabs collected from fall-placed 
calves (FPC) in western Canadian commercial feedlots at arrival processing and at 14 days on feed (DOF).

Samples from fall-placed calves

Virus Sample time 1: arrival processing
(n = 260)

Sample time 2: 14 DOF
(n = 260)

14 DOF samples 
compared to arrival 

samples

No. pos. 
samples

Prevalence
95% 
CI

No. 
reads

No. pos. 
samples

Prevalence
95% 
CI

No. 
reads

Odds 
ratio

95% 
CI

p-value

Viruses with cutoff for positive status based on BLCM (67)

BCoV 82 32% 11–52% 1,152,758 27 10% 4.2–17% 4,364 0.25 0.09–0.68 0.01

IDV 44 17% 5.9–28% 17,309 133 51% 36–67% 415,856 5.14 2.33–11.3 <0.001

BRSV 22 8.5% 0.6–16% 78 67 26% 9.4–42% 2,411 3.76 1.32–10.7 0.01

BPIV-3 11 4.2% 0.5–8.0% 2,114 30 12% 2.9–20% 59,393 2.95 1.46–5.96 <0.001

BoHV-1 0 0% 0–1.4% 0 7 2.7% 0–5.9% 22 9.81 1.46-∞ 0.02

Viruses for which there are no BLCM-informed cutoffs – Sample positive if ≥ 1 read

BRBV 119 46% 34–58% 50,136 99 38% 26–50% 4,388 0.73 0.48–1.10 0.13

UCPV-1 21 8.1% 4.9–11% 206 45 17% 10–24% 282 2.38 1.42–4.00 0.001

BVDV-2 3 1.2% 0–3.4% 4 4 1.5% 0–3.8% 5 1.34 0.65–2.74 0.43

BAdV-3 3 1.2% 0–2.3% 3 1 0.4% 0–1.1% 2 0.33 0.03–3.43 0.35

BVDV-1 0 0% 0–1.4% 0 0 0% 0–1.4% 0 Not estimable 0.99

The cutoffs used to determine virus-positive samples were based on ≥ 1 read for all viruses except BPIV-3 (≥ 5 reads) and BCoV (≥ 30 reads).
FPC: fall-placed calves; BCoV: bovine coronavirus; BAdV-3: bovine adenovirus 3; BoHV-1: bovine herpesvirus 1; BPIV-3: bovine parainfluenza virus 3; BRBV: bovine rhinitis B virus; BRSV: 
bovine respiratory syncytial virus; BVDV-1: bovine viral diarrhea virus 1; BVDV-2: bovine viral diarrhea virus 2; IDV: influenza D virus; UCPV1: ungulate copiparvovirus 1; No.: number; 
POS: positive; CI: confidence interval; BLCM: Bayesian latent class models. Comparable tables were produced based on reads not adjusted for water controls (Supplementary Table S2A) and 
reads adjusted for the medians of the water controls (Supplementary Table S3A). The bold values indicate associations that are statistically significant.
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Based on the BLCM-based thresholds for detection, 
M. haemolytica and H. somni were the most prevalent bacteria 
detected in FPC arrival samples, followed by P. multocida (Table 7). 
The frequency of detection of M. haemolytica was higher in 14 DOF 
samples than in arrival samples (p = 0.02); however, the frequency of 
detection of P. multocida was lower in the 14 DOF samples (p = 0.03). 
While M. bovis was only identified in 2.7% of arrival samples, the 
prevalence increased to 37% in 14 DOF samples (p < 0.001). Within 
the FPC samples, no significant changes in the prevalences of H. somni 
or B. trehalosi between arrival and 14 DOF were noted.

The most prevalent bacterial species identified in YRL samples 
collected at both arrival processing and 14 DOF was M. haemolytica 
followed by P. multocida, H. somni, M. bovis, and B. trehalosi 
(Table 8). Within the YRL samples, no significant differences in the 
prevalences of any of these bacteria between arrival and 14 DOF 
were noted.

Other respiratory bacteria of interest were also detected in these 
samples. For example, at least five reads of Mesomycoplasma dispar 
were detected in 27% (71/260) of FPC arrival samples and 40% 
(105/260) of 14 DOF samples. Similarly, at least five reads of M. dispar 
were detected in 28% (34/120) of YRL arrival samples and 38% 
(46/120) of 14 DOF samples. By comparison, 11% of all samples 
(83/760) had at least five reads for M. bovis: 1% of FPC arrival samples 
(2/260), 30% of FPC 14 DOF samples (77/260), and 2% (2/120) of 
both YRL arrival and 14 DOF samples.

We used a higher threshold (five reads vs. one read) for bacteria 
not targeted in the original search before reporting their presence 
in a sample. At least five reads of bacteria of potential interest were 
also identified in this sequence data in at least five of the 760 
samples: Moraxella bovoculi (251 (33%)), Moraxella bovis (158 
(21%)), Mycoplasmopsis bovirhinis (77 (10%)), Mannheimia bovis 
(21 (2.8%)), Metamycoplasma alkalescens (17 (2.2%)), 

Mycoplasmopsis bovigenitalium (6 (0.8%)), and Ureaplasma diversum 
(5 (0.7%)).

ARGs were also identified in the metagenomics dataset utilized 
for viral analyses (Table 9). Specifically, 100 reads corresponding to 33 
unique ARGs were detected in 48 (6.3%) of 760 nasal samples. The 
prevalence of at least one ARG was 3.3% in FPC arrival samples, 8.3% 
in FPC 14 DOF samples, 3.3% in YRL arrival samples, and 12.5% in 
YRL 14 DOF samples. The prevalence was significantly higher in the 
14 DOF samples than the arrival samples for both FPC (p = 0.03) and 
YRL (p = 0.01). The average sequence coverage was 94.7%, and the 
average sequence identity was 93.3% for ARGs compared to similar 
sequences in the NCBI and CARD databases. The lnu(C) gene, which 
confers resistance to lincosamides, was the most prevalent ARG 
detected (1.8%), followed by aph(3′)-Ia (0.9%), which confers 
aminoglycoside resistance (Table 9).

4 Discussion

A single metagenomic sequencing protocol was used to detect a 
wide variety of respiratory RNA viruses, DNA viruses, and bacteria in 
nasal swabs collected from both FPC and YRL in the early feeding 
period. A nanopore-based protocol was adapted to efficiently process 
a large number of samples collected by private veterinarians from 
commercial feedlots in collaboration with a national surveillance 
initiative. These results demonstrate the value of metagenomic 
sequencing for detecting respiratory viruses, which are routinely 
targeted for testing, as well as previously documented respiratory 
viruses for which routine commercial laboratory tests are 
unavailable (70).

To the best of our knowledge, this is the first study to examine the 
prevalence of respiratory viruses in feedlot cattle during the initial 

TABLE 3  Differences in prevalence of ten viruses associated with bovine respiratory disease detected in 240 nasal swabs collected from yearlings (YRL) 
in western Canadian commercial feedlots at the time of arrival processing and at 14 days on feed (DOF).

Samples from yearlings

Virus Sample time 1: arrival processing
(n = 120)

Sample time 2: 14 DOF
(n = 120)

14 DOF samples 
compared to arrival 

samples

No. pos. 
samples

Prevalence
95% 
CI

No. 
reads

No. pos. 
samples

Prevalence
95% 
CI

No. 
reads

Odds 
ratio

95% CI p-value

Viruses with cutoff for positive status based on BLCM (67)

BRSV 47 39% 15–63% 174 72 60% 26–94% 622 2.33 1.44–3.78 0.001

BPIV-3 24 20% 4.8–35% 333 47 39% 13–65% 1,180 2.56 1.80–3.68 <0.001

IDV 19 16% 0–38% 126 40 33% 5.3–61% 8,729 2.66 0.47–14.9 0.27

BCoV 14 12% 0–23% 2,610 21 18% 0–43% 2,773 1.61 0.57–4.50 0.37

BoHV-1 0 0% 0–3.0% 0 0 0% 0–3.0% 0 Not estimable 0.99

Viruses for which there are no BLCM informed cutoffs – Sample positive if ≥ 1 read

BRBV 50 42% 14–70% 4,338 32 27% 1.3–52% 445 0.51 0.13–2.01 0.34

BVDV-2 9 7.5% 0.9–14% 14 20 17% 1.3–32% 50 2.47 1.87–3.26 <0.001

UCPV1 5 4.2% 0.5–24% 6 9 7.5% 1.8–13% 12 1.86 0.42–8.32 0.41

BVDV-1 2 1.7% 0–3.7% 2 4 3.3% 0–7.5% 6 2.03 0.43–9.66 0.37

BAdV-3 0 0% 0–3.0% 0 2 1.7% 0–3.6% 2 2.43 0.19-∞ 0.50

The cutoffs used to determine virus-positive samples were based on ≥ 1 read for all viruses except BPIV-3 (≥ 5 reads) and BCoV (≥ 30 reads).
YRL: yearlings; BCoV: bovine coronavirus; BAdV-3: bovine adenovirus 3; BoHV-1: bovine herpesvirus 1; BPIV-3: bovine parainfluenza virus 3; BRBV: bovine rhinitis B virus; BRSV: bovine 
respiratory syncytial virus; BVDV-1: bovine viral diarrhea virus 1; BVDV-2: bovine viral diarrhea virus 2; IDV: influenza D virus; UCPV1: ungulate copiparvovirus 1; No.: number; CI: 
confidence interval; BLCM: Bayesian latent class models. Comparable tables were produced based on reads not adjusted for water controls (Supplementary Table S2B) and reads adjusted for 
the medians of the water controls (Supplementary Table S3B). The bold values indicate associations that are statistically significant.
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feeding period. These results offer insights into the dynamics of 
recognized BRD viral pathogens and other viruses early in their time 
in the feedlot. While the prevalences of various respiratory viruses in 
feedlot cattle have been reported (24, 32, 38, 40), the current study 
provides new insights within sampled pens of two age groups of cattle 
(younger FPC and older YRL) at two time points during the initial few 
weeks of the feeding period when BRD risk is high.

Most metagenomic studies on BRD viruses in cattle have 
concentrated on the period when cattle are undergoing treatment for 
BRD (38–40). In contrast, only one prior metagenomic study explored 
these viruses in feedlot cattle at arrival processing, before the onset of 
BRD, and then assessed the link between the identified viruses and 
BRD development within 40 DOF (24). The present study further 
builds on work by Zhang et al. (24). Although our investigation and 
the study by Zhang et al. (24) both identified over 20 different viruses 
in respiratory samples collected at feedlot arrival, the collection 
methods differed. Additionally, our research employed short nasal 
swabs whereas Zhang et al. (24) used deep nasopharyngeal swabs. The 

present study also collected nasal samples from cattle at 14 DOF from 
the same pens sampled at arrival processing.

We identified 21 viruses from 12 virus families in nasal swabs 
collected from FPC and YRL as part of routine surveillance 
sampling in western Canadian feedlots, including the viruses 
currently included in commercial respiratory vaccines. In 
particular, the prevalences of BPIV-3 and BRSV were higher in 
arrival samples than other viruses included in five-way respiratory 
vaccines. This finding aligns with other metagenomic studies in 
feedlot cattle, with detection of BPIV-3 and BRSV in samples from 
both acute BRD cases and asymptomatic controls, as well as in 
cattle sampled at arrival processing (24, 32, 38).

Most samples collected from FPC and YRL tested positive for at 
least one respiratory virus. This finding is consistent with a previous 
metagenomic analysis in western Canadian feedlots (24) that reported 
75% of sampled cattle had at least one respiratory virus detected at 
arrival processing. Results from other metagenomic investigations 
vary. For instance, a case–control study using shorter-read Illumina 

FIGURE 1

Frequency of codetection in individual samples for the ten identified BRD-associated viruses in fall-placed calves (A) from 13 feedlot pens at arrival 
processing (n = 260) and at 14 days on feed (DOF) (n = 260) (Table 2) and fall-placed yearlings (B) from 6 feedlot pens at arrival processing (n = 120) 
and at 14 days on feed (DOF) (n = 120) (Table 3) in western Canadian feedlots.
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MiSeq in Australia by Ambrose et al. (40) found only 33% of feedlot 
cattle with BRD tested positive for at least one virus. In contrast, 
research on feedlot steers with acute BRD and their asymptomatic 
pen-mates in the United States and Mexico (38) revealed 80% of nasal 
swabs from the animals were positive for at least one viral agent.

The observed differences in the frequency of viruses detected in 
previous studies could be attributed to variations in sampling sites 

within the respiratory tract, the type of assay used for detection, 
bioinformatics approaches, and study designs. Factors such as 
differences in animal age, BRD disease status, management including 
vaccine use, and geographic location may also play a role (32, 38, 71, 
72). While Mitra et  al. (38) and Zhang et  al. (24) employed 
metagenomic assessments for virus detection, Ambrose et al. (40) 
supplemented metagenomic assessments with real-time multiplex 

TABLE 4  Differences in prevalence of ten viruses associated with bovine respiratory disease detected in samples collected at arrival processing 
between fall-placed calves (FPC) and yearlings (YRL) in western Canadian feedlots.

Virus FPC arrival samples:
(n = 260)

YRL arrival samples:
(n = 120)

Arrival samples:
YRL compared to FPC

Prevalence 95% CI Prevalence 95% CI Odds ratio 95% CI p-value

Viruses with cutoff for positive status based on BLCM (67)

BCoV 32% 11–52% 12% 0–23% 0.29 0.06–1.28 0.10

IDV 17% 5.9–28% 16% 0–38% 0.92 0.15–5.66 0.93

BRSV 8.5% 0.6–16% 39% 15–63% 6.97 1.66–29.3 0.01

BPIV-3 4.2% 0.5–8.0% 20% 4.8–35% 5.66 1.50–21.4 0.01

BoHV-1 0% 0–1.4% 0% 0–3.0% Not estimable 0.99

Viruses for which there are no BLCM-informed cutoffs – Sample positive if ≥ 1 read

BRBV 46% 34–58% 42% 14–70% 0.85 0.24–2.94 0.79

UCPV1 8.1% 4.9–11% 4.2% 0.5–24% 0.49 0.18–1.37 0.18

BVDV-2 1.2% 0–3.4% 7.5% 0.9–14% 6.95 0.79–61.2 0.08

BAdV3 1.2% 0–2.3% 0% 0–3.0% 0.56 0–5.25 0.64

BVDV-1 0% 0–1.4% 1.7% 0–3.7% 5.27 0.41-∞ 0.20

The cutoffs used to determine virus-positive samples were based on ≥ 1 read for all viruses except BPIV-3 (≥ 5 reads) and BCoV (≥ 30 reads).
FPC: fall-placed calves; YRL: yearlings; BCoV: bovine coronavirus; BAdV-3: bovine adenovirus 3; BoHV-1: bovine herpesvirus 1; BPIV-3: bovine parainfluenza virus 3; BRBV: bovine rhinitis B 
virus; BRSV: bovine respiratory syncytial virus; BVDV-1: bovine viral diarrhea virus 1; BVDV-2: bovine viral diarrhea virus 2; IDV: influenza D virus; UCPV1: ungulate copiparvovirus 1; CI: 
confidence interval; BLCM: Bayesian latent class models. Comparable tables were produced based on reads not adjusted for water controls (Supplementary Table S2C) and reads adjusted for 
the medians of the water controls (Supplementary Table S3C). The bold values indicate associations that are statistically significant.

TABLE 5  Differences in prevalence of ten viruses associated with bovine respiratory disease detected in samples collected at 14 days on feed (DOF) 
between fall-placed calves (FPC) and yearlings (YRL) in western Canadian feedlots.

Virus FPC 14 DOF
samples: (n = 260)

YRL 14 DOF
samples: (n = 120)

14 DOF samples:
YRL compared to FPC

Prevalence 95% CI Prevalence 95% CI Odds ratio 95% CI p-value

Viruses with cutoff for positive status based on BLCM (67)

IDV 51% 36–67% 33% 5.3–61% 0.48 0.12–1.95 0.30

BRSV 26% 9.4–42% 60% 26–94% 4.32 0.83–22.5 0.08

BPIV-3 12% 2.9–20% 39% 13–65% 4.94 1.26–19.3 0.02

BCoV 10% 4.2–17% 18% 0–43% 1.83 0.28–11.8 0.53

BoHV-1 2.7% 0–5.9% 0% 0–3.0% 0.22 0–1.49 0.14

Viruses for which there are no BLCM-informed cutoffs – Sample positive if ≥ 1 read

BRBV 38% 26–50% 27% 1.3–52% 0.59 0.15–2.38 0.46

UCPV1 17% 10–24% 7.5% 1.8–13% 0.39 0.15–1.01 0.05

BVDV-2 1.5% 0–3.8% 17% 1.3–32% 12.8 1.97–83.3 0.01

BAdV-3 0.4% 0–1.1% 1.7% 0–3.6% 4.39 0.45–42.7 0.20

BVDV-1 0% 0–1.4% 3.3% 0–7.5% 11.7 1.45-∞ 0.02

The cutoffs used to determine virus-positive samples were based on ≥ 1 read for all viruses except BPIV-3 (≥ 5 reads) and BCoV (≥ 30 reads).
FPC: fall-placed calves; YRL: yearlings; BCoV: bovine coronavirus; BAdV-3: bovine adenovirus 3; BoHV-1: bovine herpesvirus 1; BPIV-3: bovine parainfluenza virus 3; BRBV: bovine rhinitis B 
virus; BRSV: bovine respiratory syncytial virus; BVDV-1: bovine viral diarrhea virus 1; BVDV-2: bovine viral diarrhea virus 2; IDV: influenza D virus; UCPV1: ungulate copiparvovirus 1; CI: 
confidence interval; BLCM: Bayesian latent class models. Comparable tables were produced based on reads not adjusted for water controls (Supplementary Table S2D) and reads adjusted for 
the medians of the water controls (Supplementary Table S3D). The bold values indicate associations that are statistically significant.
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PCR results. Overall, the high frequency of virus detection across 
these studies aligns with the observation that some of these respiratory 
viruses are considered endemic in cattle (73–75).

The present study identified many viruses that are currently 
included in commercial BRD vaccines. Most FPC were likely 
vaccinated at arrival processing with an injectable modified live 
virus (MLV) vaccine against BoHV-1, BVDV-1, BVDV-2, BRSV, and 
BPIV-3 following typical recommendations of the consulting feedlot 
veterinary practices (76, 77). However, specific details about the type 
of vaccine and the route of administration for either FPC or YRL 
were not disclosed by the feedlots involved in this study, but these 
factors could have influenced the outcomes of the study (78). Given 
the unknown arrival vaccination protocols, some differences 
observed between arrival processing and 14 DOF might be attributed 
to the detection of vaccine virus rather than changes in the 
prevalence of wild-type virus. Recent publications from western 
Canada (21, 22, 79, 80) suggest many FPC entering the feedlot could 
have originated from herds that administered combination BVDV, 
BoHV-1, BPIV-3, and BRSV vaccines to the cow-herd and often at 
least once to calves before weaning. The metagenomic and 
bioinformatic protocols focusing on individual reads did not 
distinguish between field versus vaccine virus.

The relatively low prevalences or lack of detection of BVDV-1, 
BVDV-2, and BoHV-1  in the early feeding period of this study 
population indicated a low level of exposure to these viruses, possibly 
due to the effectiveness of commercial vaccines and vaccination 
programs in the source herds. A low prevalence of BVDV-1, BVDV-2, 
and BoHV-1 has been reported in deep nasopharyngeal samples 
collected from feedlot cattle (24, 32, 38), supporting the premise that 
current respiratory viral vaccines should be  relatively effective in 
reducing transmission of viruses among herds (81, 82). BoHV-1 was 
found solely in samples collected from FPC at approximately 2 weeks 
on feed. While we lack data to confirm latent BoHV-1 infections in 
the calves, stressors such as transport to feedlots or corticosteroid 
treatment can cause reactivation and shedding of latent BoHV-1 (83).

In contrast, the slightly higher prevalences of BRSV and BPIV-3 in 
samples collected at arrival processing may suggest the available 
respiratory vaccines are not equally effective against all circulating 
strains of these viruses (84, 85) or reflect the absence of prime-
boosting strategies (86). The BRSV vaccine is considered a core 
vaccine for beef herds by both the American Association of Bovine 
Practitioners and a recent vaccine expert committee review in western 
Canada (79, 87). The detection of BRSV at arrival processing could 
be linked to the vaccine, highlighting either the relative effectiveness 
of the available vaccines or the current administration practices (86). 

This is particularly pertinent to the need to improve the application of 
these vaccines in nursing calves before weaning and feedlot entry (21).

The observed increase in BRSV prevalence after 2 weeks may 
be attributed to the mingling of animals from various sources, the 
circulation of the native virus within pens over time, or the potential 
for shedding virus from modified-live vaccines typically administered 
at arrival processing. Calves can shed BRSV for up to 4 weeks 
following natural exposure (88), but typically less than 2 weeks after 
receiving subcutaneous (SC) MLV vaccines (89). However, in the 
relatively unlikely situation of an intranasal (IN) MLV vaccine used at 
feedlot arrival processing, shedding might extend to 28 days post-
vaccination (78). Unfortunately, no BRD management data were 
available for this cattle cohort, making it impossible to determine if 
the shedding animals were at a heightened risk of disease. Nonetheless, 
another study found calves with BRD were more likely to test positive 
for BRSV compared to healthy controls (32).

BRSV has been detected in other metagenomic studies of BRD in 
cattle, appearing in both sick animals and asymptomatic controls (24, 
32, 38), and is reported to be endemic worldwide (74). The severity of 
BRSV infection is influenced by the calf ’s immunity, with higher 
antibody levels linked to reduced morbidity and mortality (90). 
Vaccinating calves within their first month of life decreases morbidity 
and mortality from BRSV infection (86, 91). Nevertheless, the success 
of this approach has been inconsistent due to the interference of 
colostrum-derived serum antibodies, which hinder the vaccine-
induced response (86).

The similarity in the trend of increasing prevalence might not 
be unexpected for BPIV-3 and BRSV. These viruses were classified, 
until 2016, under the same family, sharing numerous characteristics 
and often being targeted together in combination vaccines due to their 
similar pathobiological and epidemiological features (24, 32, 38). The 
higher prevalences of these two viruses in 14 DOF samples might 
be  associated with the shedding of wild-type virus from natural 
infection. While the calves in this study were likely vaccinated, the 
immune response might not have been adequate to reduce shedding 
post-infection. A recent study found that, for both viruses, shedding 
was lower after challenge if calves were primed by an MLV vaccine and 
boosted with an inactivated virus vaccine when compared to the 
current industry standard of MLV priming and boosting (81). This 
could indicate current standard/common immunization protocols do 
not result in effective immunity.

BPIV-3 is an RNA virus in the Respirovirus genus within the 
Paramyxoviridae family (72). Although BPIV-3 has been reported to 
cause broncho-interstitial pneumonia (92), its clinical importance in 
feedlot cattle remains uncertain. In North America, both killed/

TABLE 6  Read characteristics of select respiratory bacteria detected in nasal samples collected at arrival processing from fall-placed calves (n = 520) 
and yearlings (n = 240) in western Canadian feedlots.

Summary of bacterial 
read data

Total reads from all 
samples

Proportion of samples ≥ 1 
read detected

Median (maximum) of sample 
median read lengths (bp)*

Mannheimia haemolytica 108,298 59% 789 (2481)

Pasteurella multocida 21,687 41% 760 (3202)

Histophilus somni 7,806 67% 224 (1248)

Bibersteinia trehalosi 7,006 16% 508 (3652)

Mycoplasmopsis bovis 208 5% 571 (2240)

* Median reported for samples where the virus was detected in at least one read. Individual read lengths were summarized for each sample and then sample medians were summarized across 
all samples.
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inactivated and MLV BPIV-3 vaccines are used (20). Molecular tests, 
such as real-time PCR and virus genome sequencing, have identified 
three distinct types of BPIV-3—A, B, and C—each with antigenic 
variations (85, 93). Commercial MLV vaccines for BPIV-3 typically 
include the A type. BPIV-3 strains from cattle that have been 
administered MLV vaccines and later diagnosed with BRD could 
exhibit respiratory tract strains that differ from the MLV vaccine 
strains (20). Future metagenomic studies could explore the potential 
for typing BRD virus strains such as BPIV-3.

Among respiratory viruses with positive cutoffs established by 
BLCM (67), BCoV was the most frequently detected virus in FPC 
arrival samples with a significantly lower prevalence in samples 
collected 2 weeks later. The high prevalence of BCoV observed in 
arrival samples is consistent with a previous metagenomics study that 

collected deep nasopharyngeal swabs from western Canadian feedlot 
cattle at arrival processing (24). Mitra et al. (38) also found BCoV to 
be one of the most commonly identified viruses in their metagenomic 
sequencing study of nasal swab samples from Mexican- and 
US-sourced feedlot cattle with acute BRD and asymptomatic 
pen-mates. BCoV is a member of the family Coronaviridae, 
Subgroup  2a, genus Betacoronavirus and the order Nidovirales. 
Genome sequencing and characterization of the BCoV spike protein 
gene have identified two clades, BCoV1 and BCoV2, that display 
antigenic differences (94). BCoV has been isolated from both healthy 
and sick calves and is a primary cause of calf diarrhea and winter 
dysentery in adult cattle (94). Additionally, researchers have reported 
a link between BCoV and BRD (95, 96). More recently, another 
metagenomics study that sampled western Canadian feedlot cattle, 

TABLE 7  Differences in prevalence of bacterial pathogens associated with bovine respiratory disease using a viral metagenomics sequencing protocol 
from 520 nasal swabs collected from fall-placed calves (FPC) sampled at arrival processing and at 14 days on feed (DOF).

Fall-placed calves

Bacteria Sample time 1: arrival processing 
(n = 260)

Sample time 2: 14 DOF (n = 260) 14 DOF compared to 
arrival

No. pos. 
samples

Prevalence 95% CI
No. 

reads
No. pos. 
samples

Prevalence
95% 
CI

No. 
reads

Odds 
ratio

95% 
CI

p-value

Mannheimia 

haemolytica
92 35% 23–51% 15,945 137 53% 36–69% 55,864 2.03 1.11–3.71 0.02

Histophilus 

somni
92 35% 24–49% 3,313 88 34% 23–47% 3,672 0.93 0.61–1.43 0.75

Pasteurella 

multocida
60 23% 16–32% 9,728 30 12% 7–19% 6,929 0.43 0.21–0.92 0.03

Mycoplasmopsis 

bovis
7 2.7% 0.9–8.2% 17 95 37% 26–49% 6,832 20.8 7.60–57.0 <0.001

Bibersteinia 

trehalosi
12 4.6% 2.4–8.8% 79 10 3.8%

1.6–

9.0%
21 0.83 0.24–2.86 0.76

The cutoffs used to determine bacteria-positive samples were based on BLCM results for M. haemolytica (≥ 14 reads), P. multocida (≥ 10 reads), H. somni (≥ 8 reads), and M. bovis (≥ 1 read). 
A cutoff of ≥ 1 read was used for B. trehalosi.
FPC: fall-placed calves; DOF: days-on-feed; CI: confidence interval, NO: number; POS: positive. The bold values indicate associations that are statistically significant.

TABLE 8  Differences in prevalence of bacterial pathogens associated with bovine respiratory disease using a viral metagenomics sequencing protocol 
from 240 nasal swabs collected from yearlings (YRL) sampled at arrival processing and at 14 days on feed (DOF).

Yearlings

Bacteria Sample time 1: arrival processing 
(n = 120)

Sample time 2: 14 DOF (n = 120) 14 DOF compared to 
arrival

No. pos. 
samples

Prevalence
95% 
CI

No. 
of 

reads

No. 
pos. 

samples
Prevalence

95% 
CI

No. 
of 

reads

Odds 
ratio

95% 
CI

p-value

Mannheimia 

haemolytica
40 33% 33–72% 12,194 55 46% 60–92% 24,295 1.69 0.95–3.00 0.07

Pasteurella 

multocida
19 16% 12–62% 1,174 23 19% 26–67% 3,856 1.26 0.39–4.04 0.70

Histophilus somni 13 11% 42–77% 407 17 14% 48–77% 414 1.36 0.50–3.71 0.55

Mycoplasmopsis 

bovis
6 5.0% 1.4–16% 33 15 13% 3.0–40% 124 2.71 0.70–10.5 0.15

Bibersteinia 

trehalosi
4 3.3% 0.8–13% 51 9 7.5% 4.2–13% 57 2.35 0.79–7.02 0.13

The cutoffs used to determine bacteria-positive samples were based on BLCM results for M. haemolytica (≥ 14 reads), P. multocida (≥ 10 reads), H. somni (≥ 8 reads), and M. bovis (≥ 1 read). 
A cutoff of ≥ 1 read was used for B. trehalosi.
YRL: yearlings; DOF: days-on-feed; CI: confidence interval, NO: number; POS: positive.
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TABLE 9  Detection of antimicrobial resistance genes (ARGs) using a viral metagenomics sequencing protocol from 760 nasal swabs collected from 
fall-placed calves (FPC) and yearlings (YRL).

ARGs # of ARGs detected in 
FPC nasal samples

# of ARGs detected in 
YRL nasal samples

Total # of 
ARGs 

detected

# of all 
samples ≥ 
1 read (%)

Resistance type

Arrival 14 
DOF

Total 
FPC

Arrival 14 
DOF

Total 
YRL

aad9 1 1 1 1 2 2 (0.3%) aminoglycoside

aadA1 1 1 1 1 (0.1%) aminoglycoside

aadA27 2 2 2 2 (0.3%) aminoglycoside

aadD1 1 1 1 1 (0.1%) aminoglycoside

ANT(3″)-IIa 1 1 1 1 (0.1%) aminoglycoside

ANT(4′)-Ia 3 3 3 3 (0.4%) aminoglycoside

APH(3′)-Ia 5 5 6 1 7 12 7 (0.9%) aminoglycoside

aph(3′)-Id 1 1 1 1 (0.1%) aminoglycoside

APH(6)-Id 1 1 1 1 (0.1%) aminoglycoside

bacA 1 1 1 1 (0.1%) bacitracin

CfxA2 4 4 4 2 (0.3%) cephamycin

dfrA44 2 2 2 1 (0.1%) trimethoprim

dfrD 1 1 1 1 (0.1%) diaminopyrimidine

ErmC 1 1 1 1 2 2 (0.3%)

lincosamide; macrolide; 

streptogramin; streptogramin_A; 

streptogramin_B

ErmG 1 1 1 1 (0.1%)

lincosamide; macrolide; 

streptogramin; streptogramin_A; 

streptogramin_B

evgA 1 1 10 10 11 2 (0.3%)
fluoroquinolone; macrolide; 

penam; tetracycline

gadW 2 2 2 2 (0.3%) fluoroquinolone; macrolide; penam

lnuC 1 22 23 1 4 5 28 14 (1.8%) lincosamide

mdtM 1 1 1 1 (0.1%)

disinfecting_agents_and_

antiseptics; fluoroquinolone; 

lincosamide; nucleoside; phenicol

mel 2 2 2 1 (0.1%) macrolide; streptogramin

OmpA 1 1 1 1 (0.1%) peptide

patB 1 1 1 1 2 2 (0.3%) fluoroquinolone

PC1_beta-

lactamase_

(blaZ)

3 3 3 1 (0.1%) penam

qacEdelta1 1 1 1 1 (0.1%)
disinfecting_agents_and_

antiseptics

RlmA(II) 1 1 1 1 (0.1%) lincosamide; macrolide

SAT-2 1 1 1 1 (0.1%) nucleoside

SAT-4 1 1 1 1 2 2 (0.3%) nucleoside

sul2 1 1 1 1 2 2 (0.3%) sulfonamide

tet (40) 1 1 1 1 2 2 (0.3%) tetracycline

tet(H) 1 1 1 1 (0.1%) tetracycline

tet(Q) 1 1 1 1 (0.1%) tetracycline

tet(W) 3 3 3 2 (0.3%) tetracycline

(Continued)
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with and without BRD, reported BCoV was significantly associated 
with BRD (32). However, no studies have demonstrated measurable 
gross and microscopic lesions of pneumonia in the lungs when 
susceptible calves are naturally or experimentally challenged with 
BCoV (20, 96). Additional research is required to determine the 
pathogenicity of BCoV and if new respiratory vaccines are required 
for its control.

Our detection of IDV in this study is consistent with previous 
reports from metagenomics studies that identified IDV in respiratory 
samples collected at arrival processing (24) from both sick and 
asymptomatic cattle (32, 38–40). The identification of IDV sequences 
in both sick and asymptomatic cattle can be attributed to cattle being 
natural reservoirs, making them more likely to carry the virus without 
displaying clinical signs of disease. IDV, which belongs to the 
Orthomyxoviridae family, genus Deltainfluenzavirus, is increasingly 
detected around the world and has been reported to be efficiently 
transmitted among cattle through direct contact (20, 97). While IDV 
generally causes mild to moderate upper respiratory disease in cattle, 
reports regarding its association with BRD are conflicting (24, 38). 
Changes in the upper respiratory tract due to IDV infection could 
intensify the effects of coinfecting pathogens (6, 24, 40).

Previous metagenomic studies have reported the detection of 
BRBV in respiratory samples of cattle with and without BRD (32, 
38–40), with a significant association with BRD described in one of 
the previous reports (32). Our current findings further corroborate 
that BRBV is common among western Canadian cattle, irrespective of 
the sampling period. Although BRBV was the most frequently 
detected virus in FPC and YRL arrival samples, overestimation of the 
frequency of detection is possible without an established BLCM 
threshold for BRBV. For previously discussed BRD viruses, the 
assessment of presence or absence in the sample after adjustment for 
water controls was based on a cutoff established through comparison 
to qPCR results with BLCM. As no such qPCR data were available for 
BRBV and the remaining viruses, all assessments of prevalence were 
limited to classifying the samples based on the detection of at least one 
read, and so the prevalence could be overestimated relative to the 
more commonly studied viruses described in the BLCM (67).

Bovine adenovirus type 3 (BAdV3) was identified although with 
a very low prevalence. BAdV3 has been detected in metagenomic 
studies of cattle (24, 32, 38) and linked to a range of diseases, including 
conjunctivitis, pneumonia, diarrhea, and polyarthritis (98). In 
addition, Ng et al. (39) found BAdV3 was significantly associated 
with BRD.

Cattle harbor a variety of parvoviruses, including ungulate 
bocaparvoviruses (UBPV), bovine adeno-associated virus (BAAV), 
ungulate erythroparvoviruses (UEPV), ungulate tetraparvoviruses 
(UTPV), and ungulate copiparvoviruses (UCPV) (99). The six species/
variants detected in the current study, UBPV1, UBPV6, UCPV1, 
UCPV5, UEPV1, and UTPV1, have been reported in other 
metagenomic studies (24, 32, 38–40, 100, 101). The number of 
identified animal parvoviruses has increased substantially due to the 
application of high-throughput metagenomic sequencing (42). While 
parvoviruses are widely acknowledged as important pathogens in 
various mammalian species, few published studies have explored their 
clinical significance in cattle. Bovine parvoviruses have, however, been 
linked to both respiratory and gastrointestinal diseases (102).

Other viruses detected included bovine nidovirus 1, an emerging 
pathogen reported in cattle in the United States, Canada, and Australia 
(32, 40, 103). Bovine polyomavirus 2 is commonly regarded as a 
contaminant in tissue culture serum but has more recently been linked 
to nonsuppurative encephalitis in cattle (104). Finally, bovine 
papillomavirus is a very common virus that causes cutaneous 
papillomas in cattle (105).

This study is the first to simultaneously identify and report BRD 
viruses, BRD bacteria, and bacteria-associated ARGs from 
metagenomic analysis using a single metagenomic protocol. The 
current range of processes, including qPCR, culture, and susceptibility 
testing used by diagnostic laboratories to generate both viral and 
bacterial data from respiratory samples is labor-intensive, expensive, 
time-consuming, and limited to detecting known and targeted 
pathogens. Here, a large proportion of non-viral reads remained even 
after removal of host sequences during bioinformatic preprocessing, 
suggesting the potential for previously unexplored useful sequence 
data. From the viral metagenomics data, results were generated for 
four Pasteurellaceae bacteria of interest in addition to Mycoplasmopsis 
bovis. Bayesian latent class models applied to these data showed the 
clinical sensitivities for three species (M. haemolytica, P. multocida, 
and H. somni) were comparable to or exceeded culture under field 
conditions and the sensitivity was comparable to qPCR for 
Mycoplasmopsis bovis (67).

The present analyses expand upon that work to explore the 
larger range of bacteria and viruses detected in these viral 
metagenomics protocol data. While Bibersteinia trehalosi was not 
cultured as part of the CFAASP program (47) that provided access 
to these samples, the organism was readily detected in the 
metagenomics data with differences in FPC and YRL noted over the 

TABLE 9  (Continued)

ARGs # of ARGs detected in 
FPC nasal samples

# of ARGs detected in 
YRL nasal samples

Total # of 
ARGs 

detected

# of all 
samples ≥ 
1 read (%)

Resistance type

Arrival 14 
DOF

Total 
FPC

Arrival 14 
DOF

Total 
YRL

YajC 1 1 1 1 (0.1%) cephalosporin; disinfecting_

agents_and antiseptics; 

fluoroquinolone; glycopeptide; 

glycylcycline; oxazolidinone; 

penam; phenicol; rifamycin; 

tetracycline

Total 10 46 56 10 34 44 100 48 (6.3%)
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period considered in the present study. As another example, the 
summary script contained within the bioinformatic pipeline 
generated in the analysis contained read information for several of 
the Mycoplasmataceae family, with Mesomycoplasma dispar, 
formerly Mycoplasma dispar, being more frequently identified than 
Mycoplasmopsis bovis. Other routinely detected respiratory bacteria 
of interest included Moraxella bovoculi, Moraxella bovis, 
Mycoplasmopsis bovirhinis, and Mannheimia bovis. The enhanced 
detection capability demonstrated by this metagenomic approach 
enables more efficient and comprehensive identification of 
pathogens of interest and the potential for improved understanding 
and treatment of BRD. The ability to balance processing time, input 
costs, and the generation of on-target data for a range of pathogens 
makes this approach particularly valuable and immensely beneficial 
for practical field applications and the industry (45).

ARGs were detected by metagenomics sequencing in only a few 
(6.3%) of the 760 nasal samples collected in the early feeding period. 
Many of the ARGs detected were associated with resistance to drugs 
used in the cattle industry (3), including macrolides (ErmC, ErmG, 
evgA, mel, RlmA(II)), phenicols (mdtM, YajC), tetracyclines (tet (40), 
tet(H), tet(Q), tet(W)), fluoroquinolones (patB, evgA), and 
sulfonamides (sul2). Some ARGs associated with resistance to 
antimicrobials not used in the cattle industry were also detected: 
lincosamide (lnuC) and aminoglycosides (aadA27, ANT(3″)-IIa, 
ANT(4′)-Ia, ANT(3′)-Ia, APH(6)-Id). Interestingly, the two most 
prevalent ARGs detected by metagenomics sequencing (lnu(C) and 
aph(3′)-Ia) are associated with resistance to antimicrobial classes not 
used in the Canadian cattle industry. The detected ARGs are 
consistent with those documented in previous research, including 
recent proof-of-concept metagenomic studies in feedlot cattle (44, 
45) and DNA-based surveys of the bovine respiratory tract (106–
108) and other sites (109). The number of ARGs detected increased 
in 14 DOF samples compared to arrival samples, potentially due to 
selection associated with antimicrobial metaphylaxis at arrival 
processing and the mixing of animals from different herds, which 
facilitated contagious transmission of bacteria-associated ARGs 
(110). Although specific information on the type of metaphylaxis 
used was unavailable due to data anonymity and confidentiality, 
reports from veterinarians and these feedlots suggest tulathromycin 
was likely common in the FPC, while oxytetracycline was more 
prevalent among YRL (3). This is consistent with the detection of 
ARGs to macrolides (ErmC: 0 at arrival to 2 reads at 14 DOF; mel: 0 
at arrival to 2 reads at 14 DOF) in FPC and oxytetracycline (evgA: 0 
at arrival to 10 reads at 14 DOF) in YRL during the early 
feeding period.

While the preparation protocol designed to detect both DNA and 
RNA viruses successfully identified BRD-associated bacteria, the 
bacterial reads were substantially shorter on average and fewer in 
number than reported in a study using a protocol optimized for 
bacterial metagenomics (45). The shorter bacterial reads from the 
current protocol could have resulted from the sample processing and 
cDNA amplification with PCR required for simultaneous RNA virus 
detection. Herman et al. (45) used a preparation method that included 
non-specific culture-based enrichment of specimens and no 
processing steps that reduced the read length, leading to more and 
longer bacterial sequence reads and a higher proportion of BRD 
bacterial reads containing one or more ARGs. Similar to the current 

study, a previous paper not using the enrichment step also found 
ARGs but did not focus on specific bacterial species of interest (44).

The existing literature based on culture and PCR methods has 
reported a low initial presence of H. somni in feedlot cattle, followed 
by an increase in prevalence after arrival (111–113). In contrast, 
we observed similar prevalences of H. somni and M. haemolytica in 
arrival samples in FPC. However, no remarkable changes in H. somni 
positive samples or number of reads were detected in 14 DOF samples. 
Notwithstanding our findings of a higher H. somni prevalence than 
expected in FPC (114), most samples exhibited low absolute read 
counts when compared to M. haemolytica, suggesting low abundance. 
This phenomenon could be  one of the reasons why H. somni are 
challenging to culture from samples obtained from cattle upon 
arrival (113).

The present study leveraged the existing CIPARS national 
surveillance program to provide samples from a large number of 
commercial feedlots. The choice to sample 20 calves per pen from each 
feedlot was limited by the collaboration with the surveillance project. 
However, previous work by this research group has shown that 20 
calves does provide sufficient information to differentiate pens with 
low, moderate and high prevalence (112).

A major advancement in this study was the use of the PromethION 
platform which empowered the simultaneous processing of hundreds 
of samples (115). The advancements in throughput dramatically 
impact the feasibility of implementing metagenomics diagnostics in 
high-volume, real-world settings such as feedlots.

One potential limitation of the current study was the use of nasal 
swabs versus deep nasal pharyngeal swabs to collect respiratory 
mucosa samples. Nasal swabs were selected due to their practicality, 
non-invasiveness, ease of transport, and cost-effectiveness in field 
conditions. McDaneld et al. (116) found both nasal swabs and deep 
nasopharyngeal swabs yielded similar results in detecting bacterial 
populations in healthy and BRD-affected cattle. However, Zhang et al. 
(32) found a poor correlation between the detection of various viruses 
in deep nasopharyngeal swabs and tracheal washes from BRD-affected 
cattle. Consequently, all the viruses infecting the calves may not have 
been identified given the type of sample used, particularly if the virus 
affects a different part of the respiratory tract than the sampled nasal 
cavity. However, it is important to note that these samples were taken 
from randomly selected calves from feedlot pens during arrival and 
14 DOF processing. As a result, most calves would not be exhibiting 
signs of disease when sampled. In this instance, the focus is on 
detection of viruses circulating within a pen of cattle as opposed to 
diagnosing viruses contributing to acute BRD (117).

Another factor that could have influenced the sensitivity of 
detection is the nucleic acid extraction kit used. Different viral DNA/
RNA extraction kits used in metagenomics analysis have varying 
extraction efficiencies for different viruses, which can ultimately affect 
the sensitivity of the results and outcome of the assay (118). Several 
studies have emphasized the importance of choosing the appropriate 
extraction kit to minimize potential biases and improve the accuracy 
of the results (71, 118, 119). The high concentration of host DNA reads 
observed in this study suggests the need for an alternative to the 
QIAamp MinElute Virus Spin Kit for removing host DNA (118). 
Furthermore, the kit’s performance in metagenomic analysis has not 
been as robust as some others, particularly in terms of host DNA 
removal and viral read proportion (118).
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One limitation of bioinformatics analysis is the scarcity of 
reference genome data for bovine respiratory viruses, which can 
result in false negatives, especially at the strain level (120). 
Additionally, base-calling error rates can amplify this problem. 
Nevertheless, with the production version used in this analysis 
(R10.4.1 chemistry), nanopore sequencing can achieve more 
than 99.99% raw read accuracy (121, 122).

While PCR remains the most commonly used method for 
detecting BRD viruses in veterinary clinical laboratories, the 
increasing affordability of metagenomic sequencing has 
expanded the ability to identify a broader range of microbial 
pathogens in clinical samples. Nanopore sequencing can serve 
as a viable alternative to PCR, as it offers relatively low-cost, 
rapid, real-time data streaming from next-generation long-read 
sequencing, providing immediate access to results. Additionally, 
a laboratory test capable of detecting relevant viruses and 
bacteria, including some ARGs, could reduce both management 
costs and turnaround time in the diagnosis of BRD.

5 Conclusion

This study is the first to employ metagenomic sequencing to 
concurrently detect viruses, bacteria, and bacteria-associated 
antimicrobial resistance genes (ARGs) from nasal samples of 
feedlot cattle, using a protocol specifically designed to enhance 
virus detection. This further underscores the value of nanopore 
metagenomics sequencing as a comprehensive ‘one test for all’ 
method for identifying both viral and bacterial pathogens linked 
to bovine respiratory disease (BRD). The metagenomic 
sequencing data from this research enrich the understanding of 
the diversity, prevalence, and dynamics of both well-known and 
emerging viruses potentially associated with clinical BRD in the 
early feeding period. The study also highlights potential 
shortcomings in current commercial respiratory vaccines or 
vaccination protocols against existing field strains of BRSV 
and BCoV.

Additional studies are required to establish standardized 
metagenomic techniques for regular clinical diagnoses of BRD, 
examine the occurrence of these and other viruses in 
asymptomatic cattle, and clarify the connection between 
microbial dysbiosis and illness. Moreover, enhancing knowledge 
regarding viruses that play a role in BRD in cattle will aid in the 
creation of effective control and prevention methods. This 
encompasses the development and implementation of novel 
laboratory tools to detect pathogens and vaccines, as well as the 
enhancement of existing ones, to help reduce the impact of BRD 
on the global beef industry.
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