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ABSTRACT

Bovine respiratory disease (BRD) is a common health problem for both dairy and beef cattle, resulting in significant economic
loses. In order to identify viruses associated with BRD, we used a metagenomics approach to enrich and sequence viral nucleic
acids in the nasal swabs of 50 young dairy cattle with symptoms of BRD. Following deep sequencing, de novo assembly, and
translated protein sequence similarity searches, numerous known and previously uncharacterized viruses were identified. Bo-
vine adenovirus 3, bovine adeno-associated virus, bovine influenza D virus, bovine parvovirus 2, bovine herpesvirus 6, bovine
rhinitis A virus, and multiple genotypes of bovine rhinitis B virus were identified. The genomes of a previously uncharacterized
astrovirus and picobirnaviruses were also partially or fully sequenced. Using real-time PCR, the rates of detection of the eight
viruses that generated the most reads were compared for the nasal secretions of 50 animals with BRD versus 50 location-matched
healthy control animals. Viruses were detected in 68% of BRD-affected animals versus 16% of healthy control animals. Thirty-
eight percent of sick animals versus 8% of controls were infected with multiple respiratory viruses. Significantly associated with
BRD were bovine adenovirus 3 (P < 0.0001), bovine rhinitis A virus (P = 0.005), and the recently described bovine influenza D
virus (P = 0.006), which were detected either alone or in combination in 62% of animals with BRD. A metagenomics and real-
time PCR detection approach in carefully matched cases and controls can provide a rapid means to identify viruses associated
with a complex disease, paving the way for further confirmatory tests and ultimately to effective intervention strategies.

IMPORTANCE

Bovine respiratory disease is the most economically important disease affecting the cattle industry, whose complex root causes
include environmental, genetics, and infectious factors. Using an unbiased metagenomics approach, we characterized the viruses
in respiratory secretions from BRD cases and identified known and previously uncharacterized viruses belonging to seven viral
families. Using a case-control format with location-matched animals, we compared the rates of viral detection and identified 3
viruses associated with severe BRD signs. Combining a metagenomics and case-control format can provide candidate pathogens
associated with complex infectious diseases and inform further studies aimed at reducing their impact.

Bovine respiratory disease (BRD) is the most common and
costly problem in the cattle industry, accounting for 70 to 80%
of morbidity and 40 to 50% of mortality in U.S. feedlots (1, 2). The
cattle industry is one of the largest agricultural sectors of the
United States economy, with approximately three-quarters of a
million farms raising cattle. The annual costs of BRD have been
estimated at over 1 billion dollars per year (3, 4).

In BRD, bacterial infections are thought to be opportunistic
infections precipitated by viral infections causing damage to the
respiratory epithelium (5, 6). The use of prophylactic antibiotic
treatment has been shown to be of limited utility in reducing BRD,
and concerns exist about decreasing efficacy and the spread of
antibiotic resistance to bovine or human pathogens (7). A review
of the efficacy of bacterial vaccination in feedlot cattle for Histo-
philus somni, Mannheimia haemolytica, and Pasteurella multocida
indicated little to no benefit (5, 8). Overall, neither immunization
nor antimicrobial therapies have noticeably reduced the preva-
lence or severity of BRD (4).

Prior studies have implicated several viruses in BRD (2, 6, 9,
10). Studies testing for one or a few viruses or measuring serocon-
versions have reported the following viruses as associated with
BRD: bovine herpesvirus 1 (BHV-1) (9, 11) (Herpesviridae), bo-
vine viral diarrhea virus (BVDV) (in the Flaviviridae family) (12,
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13), bovine parainfluenza type 3 virus (PI3V) and bovine respira-
tory syncytial virus (BRSV) (both in the Paramyxoviridae family)
(9, 14, 15), bovine adenovirus 3 (BAdV3) (10, 16), and bovine
coronavirus (BoCV) (15, 17, 18).

The use of viral metagenomics has recently allowed the rapid
genetic characterization of viral genomes and has found wide-
spread applications in animal viral discovery (19-22). Studies of
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farm animals have revealed the presence of both known and new
viruses occurring at high frequency in healthy and sick animals
(20, 23-27). Using deep sequencing, the Schmallenberg bunyavi-
rus was recently identified in the plasma of cows with fever, de-
creased milk production, and diarrhea and was shown to induce
symptoms following inoculations (28). A novel astrovirus was re-
cently identified in brain tissues as the likely cause of a common
neurological condition in cattle (29, 30).

In order to characterize the respiratory virome of cattle with
BRD, we analyzed nasopharyngeal and pharyngeal recess swabs
from 50 young dairy calves with symptoms of BRD and 50 healthy
controls collected by the Bovine Respiratory Disease Complex Co-
ordinated Agricultural Project (BRDC-CAP) (31). Using partial
and complete viral genomes, we then designed real-time PCR as-
says to measure the frequency of infection and viral loads in ani-
mals with BRD and location-matched healthy controls to identify
which respiratory viruses were associated with this disease.

MATERIALS AND METHODS

California dairy calves between the ages of 27 and 60 days of age housed in
hutches were closely monitored and considered for enrollment as either
BRD cases or controls, based on the assignment of calf health scores using
a respiratory screening tool developed by McGuirk (32). Calves were ob-
served and assigned a numeric health score (0 for normal, 1 for slightly
abnormal, 2 for abnormal, and 3 for severely abnormal) for rectal tem-
perature, cough, nasal discharge, and the greater of the two scores for eye
discharge, and ear tilt. Calves with a cumulative score of =5 were enrolled
in the BRDC-CAP study as a BRD case. The calves with BRD studied here
were selected among those with the most severe signs, with cumulative
scores of 8 to 12. Immediately thereafter, a calf adjacent to the BRD case
that possessed a cumulative score of =3 was enrolled as a matched control
for this study.

All case and control calves had nasopharyngeal and pharyngeal recess
swabs collected. Samples were collected from the nasopharyngeal region
by utilizing a six-inch sterile unguarded polyester swab that was inserted
five inches into a clean naris and rotated against the surface for 15 s.
Thereafter, the swab was removed and placed into 3 ml of viral transport
medium (minimum essential medium, HCO;, HEPES, gentamicin, am-
photericin B). The pharyngeal recess was swabbed using a 27-inch sterile
guarded swab with a polyester fiber tip (Kalajian Industries, Signal Hill,
CA). The swab was rotated against the pharyngeal recess surface for 15 s,
retracted back into the guarding sheath, and placed into the same tube of
viral transport medium containing the nasopharyngeal swab.

Viral metagenomics. Ten pools of five randomly selected BRD sam-
ples were assembled using 32 pl from each sample. The resulting 160-l
pools were passed through a 200-nm filter, and the resulting filtrates were
incubated for 1.5 h in a cocktail of DNase and RNase enzymes (53). Nu-
cleic acids were then extracted using the QIAquick viral RNA column
purification system according to the manufacturer’s instructions. Reverse
transcription was performed using a 28-base oligonucleotide whose 3’
end consisted of eight Ns (all four nucleotides at each of the eight 3’
positions) and whose 5'-end 20 bases consisted of an arbitrarily designed
sequence (primer N1, CCTTGAAGGCGGACTGTGAGNNNNNNNN).
Following denaturation of the first-strand cDNA product, a complemen-
tary strand was synthesized using Klenow fragment DNA polymerase ex-
tension (New England BioLabs). The resulting double-stranded cDNA
and DNA were then PCR amplified using AmpliTaq Gold DNA polymer-
ase and a 20-base primer (the same as that described above but without the
8 Ns) (33). The randomly amplified nucleic acid was then subjected to the
NexteraXT library preparation protocol (Illumina) according to the man-
ufacturer’s instructions and sequenced using Illumina’s HiSeq platform.
A total of 23.7 million reads were generated, fewer than the 100 to 150
million expected due to suboptimal cluster formation.
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Bioinformatic analysis. An in-house analysis pipeline running on a
32-node Linux cluster was used to process the data. One-hundred-base
reads from one lane of a HiSeq run were debarcoded using vendor soft-
ware from [llumina. Human reads and bacterial reads were subtracted by
mapping these reads to human reference genome hg19 and bacterial Ref-
Seq genomes release 66 using bowtie2 (34). Reads were considered dupli-
cates if bases 5 to 55 from 5’ end were identical. One random copy of
duplicates was kept. Low-sequencing-quality tails were trimmed using a
Phred quality score of 10 as the threshold. Adaptor and primer sequences
were trimmed using the default parameters of VecScreen (35). The
cleaned reads were de novo assembled using an in-house de novo sequence
assembler (74) consists of SOAPdenovo2 (36), ABySS (37), meta-Velvet
(38), and CAP3 (39). The assembled contigs, along with singlets, were
aligned to an in-house viral proteome database using BLASTx.

Sequences belonging to different viral families are reanalyzed manu-
ally to identify sequence diversity and viral strains (Geneious version R6).
Viral contigs from each pool and across pools were reassembled with
high-sequence-identity criteria. Reads representing the same viral ge-
nome with high sequence identities (>95%) were reassembled into a
larger contig or genome. Reads representing different viral strains (se-
quence identities of <95%) (e.g., the different BRBV strains) were indi-
vidually identified and analyzed and then confirmed by specific PCR and
Sanger sequencing. Finally, reads were mapped to the final viral sequence
to account for the number of reads to that sequence (Geneious version
R6).

Genome extension and RACE. Gaps in the viral genomes were filled
using the Superscript III-Platinum Taq one-step reverse transcription-
PCR (RT-PCR) kit for RNA sequences shorter than 2,000 bp and the
TaKaRa Ex Taq PCR kit for DNA sequences shorter than 2,000 bp. Longer
gaps were obtained by bridging PCR amplification with TaKaRa LA Tagq.
In the case of RNA genomes, random ¢cDNA templates were generated
prior to PCR amplification with Prime Script reverse transcriptase
(TaKaRa) and a random hexamer. Extremities of RNA genomes were
obtained using Clontech SMARTerll rapid amplification of cDNA ends
(RACE) cDNA kits followed by amplification with LA Taq (TaKaRa).

Next-generation sequencing of individual samples. When deemed
necessary due to a large number of gaps and/or an incomplete genome,
individual samples were prepared for next-generation sequencing in a
manner analogous to the one described above. Individual samples were
resequenced using an [llumina MiSeq Platform.

Case-control real-time PCR. Viral transport medium supernatants
from nasopharyngeal and pharyngeal recess swabs from asymptomatic
control calves (cumulative health scores ranging from 0 to 2) were ob-
tained in a manner analogous to that used for symptomatic animals. Total
nucleic acid was extracted from 140 pl using the QIAquick viral RNA
extraction kit (Qiagen). Random cDNA was generated using ProtoScript
IT reverse transcriptase (New England BioLabs). The reaction mix for the
reverse transcription consisted of 2 .l of a solution of 1.0 M KCl, 0.10 M
Tris base, 0.0025 M MgCl,6H,O (pH 8.3) and a solution of 100 mM Tris,
25 mM MgClL,6H,0, 10% Tween 20, 10% NP-40 mixed at a 1:1 ratio, 0.2
w125 mM deoxynucleoside triphosphate (ANTP), 0.075 1 100 N random
hexamer mix, 0.5 pl RiboLock RNase inhibitor (Thermo Fisher Scien-
tific), and 0.5 pl ProtoScript II reverse transcriptase (New England Bio-
Labs). A 3-pl portion of the above-described premix was mixed with 17 .l
of total extracted nucleic acid and incubated at 25°C for 10 min, 42°C for
30 min, and 95°C for 10 min to produce cDNA. For DNA virus screening,
the cDNA synthesis step was omitted, and total nucleic acid was used as a
template. Real-time PCR amplification was performed in a Roche 480
thermocycler using a Fam-Zen TaqMan probe specific to the virus of
interest. The primer-probe set for each virus investigated by real-time
PCR and the amplicon lengths are summarized in Table S1 in the supple-
mental material. The reaction mix for each sample consisted of 15 mM
KCl, 40 mM Tris HCI, 25 g bovine serum albumin (BSA), 5 mM Mg2+,
20 mM dNTP, 1 uM each primer, 0.2 wM TagMan probe, and 0.75 units
Fastart Taq polymerase (Roche). Amplification followed the following
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TABLE 1 Viruses identified by metagenomics, with GenBank accession numbers

GenBank Contig No. of Amino acid identity

Virus Family accession no. length (bp) sequencereads Closest relative (%)
Bovine adenovirus 3 Adenoviridae KP264982 2,547 4,279 Bovine adenovirus 3 98 (Hexon)
Bovine adeno-associated virus Parvoviridae KP264981 4,279 3,481 Bovine adeno-associated virus 98 (Rep)
Bovine rhinitis A virus BSRI4 Picornaviridae KP264974 7,207 11,109 Bovine rhinitis A virus 94 (polyprotein)
Bovine rhinitis B virus

BSRI1 Picornaviridae KP264980 7,359 1,224 Bovine rhinitis B virus 96 (polyprotein)

BSRI2 Picornaviridae KP264976 to 1,527 985 Bovine rhinitis B virus 92 (3D)

KP264979

BSRI3 Picornaviridae KP264975 6,995 430 Bovine rhinitis B virus 89 (polyprotein)
Bovine influenza D virus BSRI5  Orthomyxoviridae 304 Swine influenza D/OK virus 92-98 (multiple)
Bovine astrovirus BSRI1 Astroviridae KP264970 6,099 1,666 Bovine astrovirus K08/51 71 (RdRp)
Picobirnavirus

BSRI1 Picobirnaviridae KP264972 1,286 21 Human picobirnavirus 33 (RdRp)

BSRI2 Picobirnaviridae KP264973 1,366 123 Human picobirnavirus 34 (RdRp)
Bovine parvovirus 2 BSRI Parvoviridae KP264971 5,331 79 Bovine parvovirus 2 96 (NS1)
Bovine herpesvirus 6 Herpesviridae 19 Bovine herpesvirus 6 96 to 100 (multiple)

cycling profile: a 1-min initial denaturation step at 95°C followed by 45
cycles of 30 s of denaturation at 95°C and 1 min of extension at 60°C. A
threshold cycle (C;) value of 45 indicates viral nucleic acid below the level
of detection. A lower C; value indicates higher viral loads. Because the
real-time PCRs were not calibrated with known concentrations of target
nucleic acids, the C;. values reflect only relative viral loads for the same
virus in different samples and cannot be compared across different vi-
ruses.

Sequence and phylogenetic analysis. The open reading frame (ORF)
of the viral nucleotide sequences were analyzed with Geneious version R6.
Sequences were aligned using MAFFT with the E-INS-I alignment strat-
egy and previously described parameters (33). Maximum-likelihood
(ML) trees were generated from translated protein sequences using
RAXML with Dayhoff similarity matrix parameters (40) ML trees were
run with 100 bootstrap replications with a gamma distribution for rates
over sites. Midpoint rooting was conducted using MEGA (41).

Nucleotide sequence accession numbers. Complete or partial viral
genome sequences determined in this study were submitted to GenBank
under the accession numbers given in Table 1.

RESULTS
Viral metagenomics. Deep nasal swabs collected from 50 animals
with extreme symptoms of BRD were randomly distributed in 10
pools of five samples that were then processed for viral meta-
genomics using the Illumina HiSeq platform. After quality control
and removal of duplicates 11.5 million reads were analyzed. Fol-
lowing de novo assembly, both the contigs and singlets were com-
pared to the viral RefSeq database in GenBank for translated pro-
tein similarity to the proteins of all eukaryotic viruses using
BLASTx. The greatest number of viral hits were as follows: bovine
rhinitis A virus > bovine adenovirus 3 > adeno-associated virus
> bovine rhinitis B virus > astrovirus BSRI1 > bovine influenza
D virus > picobirnaviruses (PBVs) > bovine parvovirus 2 > bo-
vine herpesvirus 6.

We then generated complete or near-complete genome se-
quences for a subset of these viruses (Table 1).

(i) BAdV3. Deep sequencing revealed 4,279 sequences related
to bovine adenovirus 3 (BAdV3), providing coverage of 82.6% of
the total genome length. A complete hexon sequence was ob-
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tained, which shared 98% amino acid identity to that of bovine
adenovirus 3 (AF030154) (Table 1).

(ii) BAAV. Bovine adeno-associated virus (BAAV) was de-
tected with 3,481 sequences. The assembled genome contains
replicase- and capsid-encoding genes and shared 98.5% amino
acid identity in the replicase with previously described BAAV in
the species Dependoparvovirus B and hexon 99% identity in the
capsid protein. Reads assembled into a complete genome contig
that shared 97% nucleotide identity to the BAAV reference ge-
nome (AY388617) (Table 1). Phylogenetic analysis confirmed it to
be closely related to another bovine dependovirus BAAV origi-
nally found as a contaminant of two isolates of bovine adenovi-
ruses (42) (Fig. 1A).

(iii) BRAV and BRBV. A total of 11,109 reads with sequences
identities to bovine rhinitis A virus (BRAV) were detected (Table
1). A near-complete genome (KP264974) was assembled, result-
ing in a 7,207-base sequence. The complete polyprotein showed
94% identity to that of the reference BRAV genome and single
currently available BRAV genome (JN936206) (Table 1). A total of
512 bases of the 5" untranslated region (UTR) were generated and
were 91% identical to that of the reference genome.

Another 2,639 sequence reads were more closely related to bo-
vine rhinitis B viruses (BRBVs). Further sequence analysis re-
vealed the presence of several BRBV strains. With the use of de
novo sequence assembly combined with RT-PCR amplification of
gapped regions and 3" RACE, we obtained two nearly complete
(strains BSRI1 and -3) and one partial (strain BSRI2) genome
sequences. The near-complete genome of BRBV BSRI1 was com-
prised of 7,359 bases, including the complete polyprotein, 420-
base 5" UTR, and 68-base 3’ UTR, excluding the poly(A) tail. The
polyprotein of BRBV BSRI1 shared 96% identity to that of BRBV
reference genome (NC_010354). The entire polyprotein of BRBV
BSRI3 shared 89% identity to the BRBV reference. The third
strain, BRBV BSRI2, was incomplete, with only partial L-VP4-
VP2-VP3-VP1 (with 80% identity to the BRBV reference), partial
2C-3B (91%), and complete 3D (92%).

The phylogenetic analysis therefore revealed multiple, closely
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FIG 1 Phylogenetic analysis of different viral protein sequences. Viruses characterized in this study are labeled with triangles. The phylogenetic analysis was
performed based on the following: parvovirus and dependoparvovirus nonstructural proteins (A); picornavirus RNA-dependent RNA polymerase proteins of
the Aphthovirus genus, including BRAV BSRI and BRBV BSRI1/2/3, other available members of these two species, and ERAV and FMDV species (B); the
influenza D virus hemagglutinin-esterase region, including representatives of other genera in the Orthomyxoviridae family (C); astrovirus ORF2 capsid proteins,
including representatives from various host species (D); and partial picobirnavirus RdRp proteins from major genogroups, including representative from other

species (E).

related bovine rhinitis viruses from the genus Aphthovirus present
in the bovine respiratory disease sample set (Fig. 1B).

(iv) Bovine influenza D virus. Viral sequences closely related
to swine influenza D/OK virus (JQ922308), including segment 4,
which encodes the hemagglutinin-esterase fusion (HEF) glyco-
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protein, were identified (92 to 98%). PCR amplification and
Sanger sequencing were used to identify an individual sample within
a pool containing influenza virus. Further deep sequencing of that
sample generated 304 reads with coverage of 72% of the genome.
These sequences shared 92 to 98% protein identity to the seven seg-
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ments of swine influenza D/OK virus (see Fig. S1 in the supple-
mental material). Our finding is consistent with the closely
related genomes that were recently described in bovine respi-
ratory disease samples (43—45, 75). Maximum-likelihood phy-
logenetic analysis of the nucleotide sequence of the HEF frag-
ment is depicted in Fig. 1C.

(v) BoAstV BSRI1. Using 1,666 sequence reads in combination
with gap-filling RT-PCR, RACE, and Sanger dideoxy sequencing,
we obtained a complete genome of a divergent bovine astrovirus
(BoAstV) (BSRI1). The BoAstV BSRI1 genome is 6,099 nucleo-
tides (nt) long, with a GC content of 50.9% (KP264970) (Table 1).
Consistent with other members of the Astroviridae family, BoAstV
BSRI1 contains two open reading frames (ORF1 and ORE2).
OREF1 is segregated into two coding regions, ORFla and ORF1b,
which encode nonstructural and RdRp proteins, respectively. The
highly conserved AAAAAAC sequence, which constitutes the
ORF1la/b ribosomal frameshift site in astroviruses, was identified
at residues 2246 to 2252. Additionally, the conserved promoter
sequence UUUGGAGNGGNGGACCNAAN,,AUGNC was de-
tected at the start of ORF2. The RdRp ORF1b shared 71% protein
identities of a bovine astrovirus recently identified in Hong Kong
(Table 1).

BoAstV BSRI1belongs to astrovirus genogroup III, as shown by
phylogenetic analysis of the of the ORF2 capsid sequence (Fig.
1D). ORF2 of BoAstV BSRI1 is most closely related to that of
bovine astrovirus B34/HK (HQ916315), although with only 43%
protein identity.

(vi) BPV. Two divergent bovine picobirnaviruses (BPVs) were
identified. Reverse transcription, PCR amplification, and Sanger
sequencing confirmed the presence of these picobirnaviruses in
two samples, both of which underwent further individual deep
sequencing, and 1,286- and 1,366-bp contigs were obtained.
BLASTX analysis of the two partial RARp sequence revealed that
they shared 33 to 34% protein identity to human PBV VS6600008
(KJ206569) (Table 1). Maximum-likelihood phylogenetic analy-
sis of the partial RARp revealed a clear divergence between both
viral sequences and members of genogroups I and II (Fig. 1E).

Unexpectedly, both segments contained numerous UGA stop
codons. One picobirnavirus (BPV BSRI1) has six and BPV BSRI2
had three premature RdRp stop codons (KP264972 and KP264973).
The presence of these stop codons was detected in both pooled
and individual deep-sequencing runs using separate RNA ex-
tracts, as well as by RT-PCR and Sanger sequencing. Premature
stop codons have been reported in other picobirnavirus RdRp
genes (46, 47). Active RARp may be provided by minority wild-
type helper picobirnavirus in the same cell or may be translated
despite premature stop codons by readthrough induced by RNA
stem-loop structures.

(vii) Bovine parvovirus 2. Seventy-nine sequences with an av-
erage of 82.36% nucleotide identity to bovine parvovirus 2
(AF406966) were identified (Table 1). The sample positive for this
genome was identified by PCR and individually deep sequenced.
We obtained 4,833 additional sequences that assembled together
and allowed for extension of the viral genome of 5,331 bases.
Amino acid comparison of the translated NS1-coding sequence
revealed 96% identity to that of ungulate copiparvovirus 1 species
(AF406966) (48), placing it within the same species group as con-
firmed by phylogenetic analysis (Fig. 1A).

(viii) BHV-6. Deep sequencing revealed 19 sequences with an
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average protein identity of 96 to 100% to multiple proteins of
bovine herpesvirus 6 (BHV-6) (Table 1).

Virus detection rates in BRD cases versus controls. To deter-
mine which of these viruses were associated with BRD, real-time
PCR assays were designed and C; values were measured for nu-
cleic acids in nasal secretions from 50 BRD cases and 50 healthy
controls. The PCR primers and TagMan probes used are listed in
Table S1 in the supplemental material. Fisher’s exact test was used
to determine whether the rates of detection of tested viruses were
significantly higher in BRD cases than in matched controls. The
results from the real-time PCR case-control study are shown in
Fig. 2, and P values are summarized in Table 2.

(i) Bovine adenovirus 3. Twenty-four samples (48%) obtained
from symptomatic cows were positive for bovine adenovirus 3. In
the asymptomatic control group, five cows (10%) were positive
for the virus. A significantly different rate of detection was using
Fisher’s exact test (P < 0.0001).

(ii) Bovine rhinitis A virus BSRI4. Twelve animals (24%)
from the symptomatic group had detectable amounts of bovine
rhinitis A virus RNA. In the asymptomatic group, four animals
(8%) tested positive for the presence of the BSRI4 strain. A signif-
icantly different rate of detection was calculated using Fisher’s
exact test (P = 0.009).

(iii) Bovine rhinitis B virus strains BSRI1 and -2. We designed
real-time PCR assays that targeted the conserved RdRp sequence
of BRBV BSRI1 plus -3 and BSRI2 separately. Among the symp-
tomatic animals, four (8%) were positive for strain BSRII plus -3,
while strain BSRI2 was detected in five (10%) animals. The
asymptomatic group had one animal each positive for BSRII plus
-3 and BSRI2. The resulting P values were nonsignificant at 0.36
and 0.20 for strains BSRI1 plus -3 and BSRI2, respectively.

(iv) Bovine influenza D virus. Seven animals (14%) within the
symptomatic group were positive for influenza D virus. None of
the animals from the symptomatic group was found to be positive
for the virus. A significantly different rate of detection was calcu-
lated using Fisher’s exact test (P = 0.012).

(v) Bovine parvovirus 2 strain BSRI. Among the symptomatic
cows, four (8%) tested positive for parvovirus 2 BSRI, while one
animal in the asymptomatic control group also had detectable
levels of the virus. The resulting P value was nonsignificant at 0.36.

(vi) Bovine astrovirus BSRI. Four animals (8%) within the
symptomatic group were positive for bovine astrovirus BSRII.
Astrovirus RNA was not detected in any of the 50 asymptomatic
animals. The resulting P value were nonsignificant at 0.117.

(vii) Bovine picobirnavirus. Only a single animal with BRD
and none of the healthy animals tested positive for picobirnavirus
BSRI1, yielding a nonsignificant P value.

(viii) Other viruses. Based on the small numbers of reads gen-
erated in the Illumina data set, we did not design real-time PCR
assays for the bovine picobirnaviruses BSRI2 and herpesvirus 6
genomes. Because adeno-associated viruses have not been associ-
ated with disease, this virus was not analyzed further.

DISCUSSION

Our metagenomics analysis revealed a large numbers of different
viruses present in the respiratory secretions of animals with BRD
in bovine feedlots. Viruses included both close relatives of known
viruses and “new” viruses (highly divergent from those currently
reported in GenBank). When the distribution of these viruses in
nasal secretions was compared between animals with BRD and
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FIG 2 Real-time PCR C;-values for eight bovine viruses in respiratory samples from 50 animals with BRD and 50 healthy controls. Bovine rhinitis B virus strains
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BSRII and -3 were screened using the same real-time PCR assay targeting their conserved RdRp regions.
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TABLE 2 Virus detection rates in BRD cases versus controls

No. positive/total (% positive)

Virus Viral family Asymptomatic animals Animals with BRD P value”
Bovine adenovirus 3 Adenoviridae 5/50 (10) 24/50 (48) <0.0001*
Bovine rhinitis A virus BSRI14 Picornaviridae 4/50 (8) 12/50 (24) 0.009*
Bovine rhinitis B virus

BSRI1 + -3 Picornaviridae 1/50 (2) 4/50 (8) 0.36

BSRI2 Picornaviridae 1/50 (2) 5/50 (10) 0.2
Bovine influenza D virus BSRI1 Orthomyxoviridae 0/50 (0) 7/50 (14) 0.012*
Bovine parvovirus 2 BSRI Parvoviridae 1/50 (2) 4/50 (8) 0.36
Bovine astrovirus BSRI1 Astroviridae 0/50 (0) 4/50 (8) 0.117
Bovine picobirnavirus BSRI1 Picobirnaviridae 0/50 (0) 1/50 92) 1

@ %, significant.

healthy controls, bovine adenovirus 3 (P < 0.0001), bovine rhini-
tis A virus (P = 0.005), and bovine influenza D virus (P = 0.006)
were each associated with BRD. The rates of detection of these
tentative viral pathogens in animals with BRD were 48% for
BAdV3, 30% for BRAV, and 14% for bovine influenza D virus.
Bovine astrovirus BSRI infection was found only in BRD cases
(4/50) which did not reach statistical significance, with a Pvalue of
0.117. The set of severe symptoms defining BRD used here was
therefore associated with 3 viruses. A high level of coinfections was
also detected, with more than one virus in 38% of BRD cases
versus 8% in controls. Whether coinfections or specific combina-
tions of viruses are more likely to result in BRD will require ana-
lyzing larger number of cases and controls. A recent study of calves
from Ireland with BRD, testing for BVDV, BoCV, BoHV-1, BRSV,
and PI3V, reported a virus detection rate of 35%, with 40% of
these infected animals coinfected with two or more viruses (49).

In 32% of BRD cases analyzed here, none of the 8 tested viruses
were detected. Viruses present below levels of detections, deeper
in the respiratory tract, or present only earlier in disease progres-
sion may account for such apparently virus-negative cases. Infec-
tions with bacterial respiratory pathogens alone may also account
for these virus-negative cases. Infections with viruses with no ho-
molog among all the eukaryotic viral genomes in GenBank, and
therefore not recognizable using BLASTX, could also account for
such cases.

Bovine adenovirus is highly seroprevalent in feedlot calves,
with ~50% of animals reported to seroconvert during the first
month in feedlots, and has been associated with increased fever
although not reduced weight gain (50). Intratracheal inoculation
of 4-months-old colostrum-deprived calves also induced fever
and other symptoms (51). Here BAdV3 was the virus most com-
monly detected in nasal secretions (48%) and was most strongly
associated with BRD (P < 0.0001). Because replication-compe-
tent BAdV3 strains have been used as vaccine vectors for other
infections (52, 53), candidate BAdsV3 vaccines may fortuitously
already be available for testing.

In 2013 a highly divergent influenza virus was described in a
pig with influenza-like illness; this virus was unable to produc-
tively reassort with human influenza C virus and was phylogeneti-
cally and antigenically distinct enough to be classified as new ge-
nus, named Influenzavirus D in the Orthomyxoviridae family (43—
45). Related viruses were reported in Chinese cattle (54). The
cellular tropism of this virus was wider than that of a human
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influenza C virus and was not inhibited at elevated temperatures.
In 2014, RT-PCR testing of 208 nasal swab samples from BRD
cases revealed that 5% were positive with either of two antigeni-
cally distinct strains (D/OK and D/660). No healthy controls were
tested (75). Here we report a rate of detection of influenza D virus
RNA of 14%, with none of 50 healthy controls positive, using
real-time PCR. Of the seven influenza D virus RNA-positive ani-
mals, all but one were coinfected, most frequently with adenovirus
3 (n=4)or BPV2 (n = 3).

Bovine rhinitis A virus (BRAV) is one of four picornavirus species
in the Aphthovirus genus, together with foot-and-mouth disease
virus (FMDV), equine rhinitis A virus (ERAV), and bovine rhini-
tis B viruses (BRBV) (http://www.picornaviridae.com/aphthovirus/brv
/brv.htm). BRAV consists of up to 3 serotypes (55), but a single
BRAV genome is currently available in GenBank (JN936206). A
single genome of BRBV is also currently in GenBank
(NC_010354) (56); this genome is from a viral isolate derived
from a specific-pathogen-free calf that developed respiratory dis-
ease (57). Here, one nearly complete genome of bovine rhinitis A
virus and two of bovine rhinitis B viruses were sequenced. Real-
time PCR for all three viruses showed only BRAV BSRI4 to be
significantly associated with BRD.

The bovine astrovirus BSRI1 genetically characterized here was
found in 4/50 BRD cases and in none of the 50 healthy controls (P
value of 0.117). While these results are suggestive of a possible
involvement in a fraction of BRD cases, the study of a larger num-
ber of cases and controls will be needed to confirm significant
enrichment in BRD. Astroviruses are commonly associated with
gastrointestinal symptoms, particularly in very young or immu-
nodeficient humans (58-60), and are commonly found in animal
feces (26, 61, 62). Astroviruses have also been found in the brains
of humans (63) and animals (64), including cows, with neurolog-
ical symptoms (29, 30), indicating that their host range can extend
beyond enteric tissues. Because all 4 BRD cases with this astrovirus
also contained bovine adenovirus 3 and/or bovine rhinitis A virus,
it remains possible that its presence aggravates symptoms induced
by other viral infections.

Picobirnaviruses are a group of genetically diverse viruses
highly prevalent in the feces of both healthy and diarrheic humans
and animals (65-68). In humans, PBVs are associated with diar-
rhea mainly in immunosuppressed individuals (69). Bovine PBVs
have been described (70, 71). Here a single infection was detected
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in a BRD animal coinfected with both bovine adenovirus 3 and
astrovirus BSRII.

A viral metagenomics approach to characterize all viruses pres-
ent, combined with real-time PCR testing of biological samples
from well-matched BRD cases and healthy controls, can provide a
simple approach to the study of a complex infectious disease. Mul-
tiple factors may influence the outcome of viral infections, includ-
ing preexisting immunity, stressors, changes in diet, and antibiotic
treatment (1-4). Mingling of large number of animals of different
ages will also increase the amount and diversity of exposures to
viral and bacterial pathogens and affect the outcome of infections.
Despite the multifactorial aspect of BRD, the identification of vi-
ruses associated with this complex disease paves the way for fur-
ther studies, including replication of our findings using animals
from different herds, animal challenges to test viral pathogenicity,
and ultimately vaccination to measure the impact of reducing vi-
ral infections. Multivalent vaccination against viruses (BHV-1,
PI3V, BVDV, and BRSV) has been shown to reduce respiratory
symptoms in subsequently virally challenged animals (72), and
such studies could be extended to the potential viral pathogens
reported here.

Except for bovine adenovirus 3, the viruses traditionally tested
for in BRD, namely, BHV-1, PI3V, BVDV, BoCV, and BRSV (2, 6,
9, 10), were not detected here. Five DNA viruses recently reported
in a viral metagenomics study of beef (muscle tissue) (27) were
also not detected in these nasal secretions from animals with BRD.
Because of the nonspecific nature of the viral metagenomics
method used, the nondetection of these viruses reflects either their
absence or their presence below the viral loads of those viruses that
were successfully detected. The mix of respiratory viruses infect-
ing cattle may also vary widely between herds, in different geo-
graphic regions, or when sampled during different years or even
seasons (73). Determination of whether the respiratory viruses
detected here reflect those infecting other cattle with BRD
throughout the United States and other countries will therefore
require studies of respiratory samples collected at different times
from different locations.
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