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Abstract
Bovine	 respiratory	 disease	 (BRD)	 causes	 considerable	 economic	 losses	 in	 North	
America.	The	pathogenesis	involves	interactions	between	bacteria,	viruses,	environ‐
ment	and	management	factors.	Primary	viral	infection	can	increase	the	risk	of	sec‐
ondary	fatal	bacterial	infection.	The	objective	of	this	study	was	to	use	metagenomic	
sequencing	 to	characterize	 the	 respiratory	viromes	of	paired	nasal	 swabs	and	 tra‐
cheal	washes	from	western	Canadian	feedlot	cattle,	with	or	without	BRD.	A	total	of	
116	cattle	(116	nasal	swabs	and	116	tracheal	washes)	were	analysed.	The	presence	of	
influenza	D	virus	(IDV),	bovine	rhinitis	A	virus	(BRAV),	bovine	rhinitis	B	virus	(BRBV),	
bovine	coronavirus	(BCV)	and	bovine	respiratory	syncytial	virus	(BRSV)	was	associ‐
ated	with	BRD.	Agreement	between	identification	of	viruses	in	nasal	swabs	and	tra‐
cheal	 washes	 was	 generally	 weak,	 indicating	 that	 sampling	 location	 may	 affect	
detection	of	infection.	This	study	reported	several	viruses	for	the	first	time	in	Canada	
and	provides	a	basis	for	further	studies	investigating	candidate	viruses	important	to	
the	prevention	of	BRD.
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bovine	coronavirus,	bovine	respiratory	disease	(BRD),	bovine	respiratory	syncytial	virus,	
bovine	rhinitis	virus,	influenza	D	virus,	metagenomic	sequencing,	virome

1  | INTRODUC TION

Bovine	respiratory	disease	(BRD)	is	one	of	the	most	costly	and	com‐
monly	diagnosed	diseases	in	the	beef	industry.	The	disease	results	

in	 economic	 losses	 from	morbidity,	mortality,	 cost	 of	 therapy	 and	
reduced	performance	(Fulton,	2009;	Griffin,	1997).	Approximately,	
75%	of	the	morbidity	and	50%	of	the	mortality	in	feedlots	in	United	
States	is	caused	by	BRD	(Edwards,	2010).	In	Canada,	over	80%	of	the	
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vaccines	licensed	for	cattle	are	applied	for	control	and	prevention	of	
BRD	(Bowland	&	Shewen,	2000;	Edwards,	2010).	Bovine	respiratory	
disease	is	considered	multifactorial,	 involving	complex	interactions	
between	 the	 animal,	 the	 pathogens	 and	 the	 environment,	 which	
poses	significant	challenges	to	its	prevention	and	control	(Murray	et	
al.,	2016).	It	is	generally	proposed	that	management	practices	such	
as	 shipping	may	 compromise	 the	 immune	 system,	 and	 predispose	
the	animals	to	viral	and	bacterial	infections	(Mosier,	2014).	Viral	in‐
fection	can	interfere	with	the	immune	system	and	damage	the	mu‐
cociliary	escalator	mechanism	and	 lung	parenchyma,	which	 in	turn	
facilitates	 translocation	of	bacteria	 and	establishment	of	 infection	
in	 the	 lower	 respiratory	 tract	 (Taylor,	 Fulton,	 Lehenbauer,	 Step,	&	
Confer,	2010).

To	 date,	 the	 following	 bacteria	 and	 viruses	 are	 considered	 as	
major	 BRD	 pathogens:	 Histophilus somni, Pasteurella multocida, 
Mannheimia haemolytica,	bovine	herpesvirus	1	(BHV‐1),	bovine	viral	
diarrhoea	 virus	 (BVDV),	 bovine	 parainfluenza	 3	 virus	 (PI3V)	 and	
bovine	 respiratory	 syncytial	 virus	 (BRSV)	 (Fulton,	2009).	Although	
vaccines	for	these	pathogens	are	commercially	available,	mass	med‐
ication	with	 antimicrobial	 on	 arrival	 at	 the	 feedlot	 (also	 known	 as	
metaphylaxis	in	North	America)	is	still	needed	for	effective	preven‐
tion,	which	raises	major	public	health	concerns	regarding	antimicro‐
bial	 usage	 and	 resistance	 (Bowland	 &	 Shewen,	 2000;	 Ellis,	 2009;	
Hilton,	2014;	Timsit	 et	 al.,	 2017).	 Furthermore,	despite	 aggressive	
use	of	antibiotics	and	vaccines,	BRD	morbidity	and	mortality	rates	
among	feedlot	cattle	have	remained	steady	(Hilton,	2014).

High	throughput	sequencing	(HTS)	has	recently	been	applied	to	
identify	 viruses	 in	 specimens	 from	 humans	 and	 animals	 (Parker	&	
Chen,	2017;	Shan	et	al.,	2011).	A	metagenomic	study	in	BRD	cases	in	
dairy	calves	in	the	USA	demonstrated	the	association	of	this	disease	
with	 the	 presence	 of	 bovine	 adenovirus	 3	 (BAdV3)	 and	 influenza	
D	 virus	 (IDV)	 in	 nasopharyngeal	 and	 pharyngeal	 swabs	 (Ng	 et	 al.,	
2015).	Results	of	another	US	study	suggested	IDV	as	a	potential	ae‐
tiologic	agent	for	BRD	after	metagenomic	sequencing	of	nasal	swabs	
from	Mexican	and	American	steers	(Mitra,	Cernicchiaro,	Torres,	Li,	
&	 Hause,	 2016).	 Neither	 of	 the	 above	 studies,	 however,	 included	
samples	from	the	lower	respiratory	tract	to	determine	whether	the	
viruses	identified	in	the	nasal	tract	are	representative	of	the	entire	
respiratory	tract	virome.

The	objective	of	this	study	was	to	use	metagenomic	sequencing	
to	characterize	and	compare	the	upper	and	lower	respiratory	tract	
viromes	of	Canadian	feedlot	cattle,	with	or	without	BRD.

2  | MATERIAL S AND METHODS

2.1 | Sample collection

The	study	design	and	sample	collection	were	described	previously	
(Timsit,	 Workentine,	 Meer,	 &	 Alexander,	 2018).	 Cattle	 with	 BRD	
(n	=	58)	and	control	cattle	(n	=	58)	were	enrolled	in	this	study.	These	
cattle	were	from	four	different	feedlots	in	Southern	Alberta,	Canada.	
Samples	 were	 collected	 from	 November	 2015	 to	 January	 2016.	
On	 arrival,	 all	 cattle	 were	 vaccinated	 with	 modified	 live	 vaccines	

against	 IBR,	 BVDV	 types	 I	 and	 II,	 BPIV3	 and	 BRSV	 (Pyramid	 FP	
5	+	Presponse	SQ,	Boehringer	Ingelheim,	Burlington,	ON,	Canada).	
The	vaccination	was	repeated	30	days	later.	Experienced	pen‐check‐
ers	and	veterinarians	observed	cattle	daily	 for	signs	of	 respiratory	
disease	and	collected	 the	samples	after	 the	animals	arrived	at	 the	
feedlots.	Cattle	with	 at	 least	one	BRD	sign	 (depression,	nasal	 and	
ocular	 discharge,	 cough	 or	 dyspnea),	 a	 rectal	 temperature	≥	40°C,	
abnormal	lung	sounds,	a	serum	haptoglobin	concentration	≥0.25	g/L	
and	no	prior	treatment	against	BRD	or	other	diseases	were	enrolled	
as	cases.	Cattle	without	any	of	the	above‐mentioned	signs	were	de‐
fined	as	control.	Deep	nasal	swab	(DNS)	and	trans‐tracheal	aspirates	
(TTA)	were	collected	from	these	animals	(Timsit	et	al.,	2013,	2018).	
Control	 steers	were	 removed	 from	 the	 study	 if	 they	 became	 sick	
within	30	days	of	enrolment.

This	study	was	conducted	in	strict	accordance	with	the	recom‐
mendations	of	 the	Canadian	Council	 of	Animal	Care	 (Olfert	 et	 al.,	
1993).	 The	 research	 protocol	 was	 reviewed	 and	 approved	 by	 the	
University	of	Calgary	Veterinary	Sciences	Animal	Care	Committee	
(AC15‐0109).

2.2 | Sample preparation

Swabs	and	tracheal	washes	were	centrifuged	at	13,000	g	for	5	min.	
A	subsample	of	supernatant	(160	µl)	from	each	sample	and	negative	
control	 (molecular	 biology	 grade	water)	was	 incubated	with	 20	µl	
of	TURBO	DNase	buffer	and	24	units	of	DNase	(Life	Technologies,	
USA)	and	20	units	of	RNase	ONE	Ribonuclease	(Promega)	at	37°C	
for	 90	min	 to	 remove	 host	 nucleic	 acids.	 Viral	 nucleic	 acids	 were	
then	 extracted	 using	 a	 viral	 nucleic	 acid	 purification	 kit	 (QIAamp	
MinElute	 virus	 spin	 kit,	Qiagen,	CA,	USA)	 according	 to	 the	manu‐
facturer's	 instructions,	 and	 eluted	with	 30	µl	 nuclease‐free	water.	
Reverse	 transcription	 was	 performed	 with	 primer	 FR26RV‐N 
(5 ‐́GCC	 GGA	 GCT	 CTG	 CAG	 ATA	 TCN	 NNN	 NN‐3´)	 (Allander	
et	 al.,	 2005),	 using	 a	 Superscript	 III	 First‐Strand	 synthesis	 kit	 (Life	
Technologies).	Following	termination	of	 the	reaction	and	digestion	
with	 RNase	 H,	 complementary	 strand	 synthesis	 was	 carried	 out	
using	 Sequenase	 DNA	 polymerase	 (Affymetrix,	 Ohio,	 USA).	 The	
resulting	double‐stranded	cDNA	and	DNA	were	selected	and	puri‐
fied	using	NucleoMag	NGS	beads	(Macherey‐Nagel	 Inc.,	Germany)	
with	 a	 volume	 ratio	of	1:1,	 to	 remove	all	 fragments	 less	 than	200	
bases.	 Purified	 DNA	 was	 subsequently	 amplified	 using	 primer	
FR20RV	 (5 ‐́GCC	GGA	GCT	CTG	CAG	ATA	TC‐3´)	 (Allander	et	 al.,	
2005).	The	randomly	amplified	DNA	was	subjected	to	NucleoMag	
NGS	 clean‐up	 and	 size	 selection	 (Macherey‐Nagel	 Inc.,	 Germany).	
Quantification	 was	 performed	 using	 a	 Qubit	 2.0	 fluorometer	
(Invitrogen,	Waldbronn,	Germany)	with	the	Qubit	dsDNA	BR	assay	
kit	 (Invitrogen,	Waldbronn,	Germany)	before	proceeding	 to	 library	
preparation.

2.3 | Library preparation and sequencing

DNA	 (1	ng)	 from	each	 individual	 sample	 used	 as	 input	 for	 library	
preparation	using	 the	Nextera	XT	 library	preparation	kit	 (Illumina	
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Inc.,	San	Diego,	CA,	USA)	according	to	the	manufacturer's	protocol.	
The	fragmented	DNA	was	amplified	via	a	limited‐cycle	PCR	program	
to	 add	 index	 primers	 at	 both	 ends.	 NucleoMag	NGS	 beads	were	
used	 to	 purify	 and	 size‐select	 the	 library	DNA.	Undiluted	 library	
(1	µl)	from	each	sample	was	analysed	using	an	Agilent	Technology	
2,100	Bioanalyzer	(Agilent	Technologies,	Santa	Clara,	CA,	USA)	to	
confirm	 the	 fragment	 size	 distribution	 of	 the	 library.	 Library	 nor‐
malization	was	performed	according	to	the	bead‐based	normaliza‐
tion	method	 to	ensure	equal	 library	 representation	 in	 the	pooled	
samples.	The	pooled	library	(24	µl)	was	mixed	with	576	µl	hybridi‐
zation	buffer	 and	heated	 for	2	min	at	96°C.	After	 the	 incubation,	
the	library	was	transferred	immediately	to	an	ice	bath	for	5	min	and	
then	loaded	into	the	MiSeq	reagent	cartridge	and	sequenced	using	
an	Miseq	V2	500	cycle	kit	(Illumina	Inc.,	San	Diego,	CA,	USA).

2.4 | Bioinformatic analysis

Demultiplexed	 raw	 data	 was	 trimmed	 for	 quality	 with	
Trimmomatic‐0.32	 (Bolger,	 Lohse,	 &	 Usadel,	 2014),	 using	 the	 fol‐
lowing	parameters:	minimum	 length	of	50	 and	Phred	 score	of	20.	
Quality	trimmed	reads	were	mapped	on	to	the	Bos taurus	reference	
genome	 (PRJNA33843,	 PRJNA32899)	 using	 Bowtie2	 (Langmead	
and	 Salzberg,	 2012)	 and	 unmapped	 reads	 were	 identified	 using	
samtools	(Li	et	al.,	2009).	Unmapped	reads	were	extracted	from	the	
original	 fastq	files	using	cdbyank.	De	novo	assembly	of	unmapped	
reads	was	performed	for	each	sample	using	Trinity	(Grabherr	et	al.,	
2011)	with	default	parameters.	Assembled	contigs	were	aligned	to	
the	virus	Reference	Sequence	(RefSeq)	database	(Brister,	Ako‐Adjei,	
Bao,	&	Blinkova,	2015)	using	BLASTn.	As	an	initial	screen	of	contigs	
for	virus‐like	sequences,	contigs	yielding	alignments	of	at	least	100	
base	pairs	in	length	with	the	expectation	(e)	values	<10−3	were ana‐
lysed	further.	Contig	sequences	from	each	sample	that	passed	this	
initial	screen	were	examined	manually	by	BLASTx	comparison	to	the	
Genbank	non‐redundant	protein	sequence	database	to	confirm	the	
nucleotide	 sequence‐based	 identification	 and	 remove	 any	 contigs	
with	spurious	matches	such	as	vector	sequences.	The	total	number	
of	reads	of	each	virus	in	each	sample	library	corresponding	to	the	as‐
sembled	contigs	was	determined	by	Bowtie2	mapping	of	reads	from	
each	sample	on	to	the	assembled	contig	sequences.	All	original	data	
files	were	submitted	 to	Sequence	Read	Archive	 (SRA)	database	of	
the	National	Center	for	Biotechnology	Information	(NCBI)	under	the	
accession	number	SRP157955.

2.5 | Statistical analysis

Associations	between	detection	of	viruses	and	BRD	status	were	
analysed	 by	 logistic	 regression	 using	 generalized	 linear	 mixed	
models	 (GLMM)	 in	 IBM	SPSS	Statistics	 (Version	25).	Cattle	BRD	
status	was	set	as	the	dependent	variable	and	the	presence	of	dif‐
ferent	 viruses	 and	 combination	 of	 different	 viruses	 were	 inde‐
pendent	 variables	 in	 various	models.	 Home	 pens	 within	 feedlot	
were	regarded	as	random	effects.	 Individual	cattle	were	defined	
as	the	experimental	unit.

Agreement	between	nasal	swabs	and	tracheal	washes	was	de‐
termined	 by	 Cohen's	 Kappa	 statistic	 (Cohen,	 1960).	 The	 strength	
of	 agreement	 for	 Kappa	 coefficient	 was	 interpreted	 as	 follows:	
values	 ≤0	=	no	 agreement,	 0.01–0.20	=	slight,	 0.21–0.40	=	fair,	
0.41–0.60	=	moderate,	0.61–0.80	=	substantial	and	0.81–1	=	almost	
perfect	agreement	(Landis	&	Koch,	1977).

Statistical	 significance	 was	 defined	 as	 p	<	0.05,	 and	 statistical	
trend	as	p	<	0.1.

3  | RESULTS

3.1 | Identification of viruses

A	total	of	82.7	million	 reads	were	generated.	After	 removing	 low‐
quality	reads	and	subtracting	host‐derived	reads,	33.6	million	reads	
remained,	 including	 9.6	million	 from	 nasal	 swabs	 and	 24.0	million	
from	tracheal	washes.	A	total	of	1.8	million	high‐quality	viral	reads	
were	obtained,	accounting	for	2.19%	of	the	total	 reads	generated.	
A	total	of	21	viruses	were	 identified	from	the	nasal	swab	and	tra‐
cheal	wash	 samples	 (Table	 1	 and	Table	 S1).	 The	 largest	 contig	 as‐
sembled	for	each	virus	varied	from	351	to	7,513	bases,	which	was	
mapped	 to	different	 regions	of	 the	viral	genomes	 (Table	1).	When	
all	the	assembled	contigs	were	considered,	the	genome	coverage	of	
each	 individual	virus	varied	from	as	 low	as	2%	 (BPIV3)	 to	virtually	
complete	 coverage	 (>99%,	 IDV).	 The	number	of	 reads	mapping	 to	
each	virus	was	correspondingly	variable,	ranging	from	minimally	11	
to	maximally	1,061,037	reads.	No	viruses	were	 identified	 in	nega‐
tive	controls.	No	statistical	analyses	were	performed	on	the	viruses	
identified	in	less	than	three	cattle.

3.2 | Statistical analyses

When	 different	 viruses	 alone	were	 analysed	 as	 independent	 vari‐
ables,	influenza	D	virus	(IDV),	bovine	rhinitis	B	virus	(BRBV),	bovine	
respiratory	 syncytial	 virus	 (BRSV)	 and	 bovine	 coronavirus	 (BCV)	
showed	 significant	 association	 with	 BRD	 (Table	 2).	 There	 was	 a	
statistical	trend	between	the	presence	of	BRAV	and	BRD	(Table	2).	
Furthermore,	the	presence	of	at	 least	one	of	the	following	viruses	
‐	 IDV,	BRAV,	BRBV,	BRSV	and	BCV	–	was	used	as	a	dichotomous	
variable	 for	 analysis	 and	 showed	 significant	 association	with	BRD	
(Table	3).	Ungulate	tetraparvovirus	(UTPV1)	and	ungulate	bocapar‐
vovirus	6	(UBPV6)	were	the	two	most	prevalent	viruses	identified	in	
this	study,	but	they	were	not	positively	associated	with	BRD.	Other	
viruses	 identified	 in	 this	 study	 also	 lack	positive	 associations	with	
BRD	(Table	2).

The	agreements	of	 the	 identification	of	 viruses	between	nasal	
swabs	and	tracheal	washes	were	generally	slight	to	moderate.	IDV,	
BRBV	and	BRAV	were	mainly	identified	in	nasal	swabs.	In	contrast,	
the	majority	of	BRSV	was	identified	in	tracheal	washes,	while	BCV	
was	identified	in	both	nasal	and	tracheal	regions	(Figure	1	and	Table	
S1).	BRBV	and	BRSV	were	present	in	all	four	feedlots	and	each	feed‐
lot	had	at	 least	 two	of	 the	 five	viruses	described	above	 that	were	
associated	with	BRD	(Figure	2).
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4  | DISCUSSION

In	this	study,	some	viruses	that	are	not	included	in	the	current	BRD	
vaccines	 were	 identified,	 furthermore,	 these	 viruses	 were	 signifi‐
cantly	associated	with	the	BRD.

All	the	cattle	in	this	experiment	were	vaccinated	for	bovine	her‐
pesvirus	1	(BHV1),	bovine	viral	diarrhea	virus	1	and	2	(BVDV1	and	
2),	BRSV	and	bovine	parainfluenza	virus	3	 (BPIV3).	BHV1	was	not	
identified	in	any	of	the	samples,	while	BVDV1	and	BPIV3	were	only	
identified	 in	one	and	 two	samples,	 respectively.	This	may	 indicate	
that	the	efficacies	of	vaccines	for	BVDV,	BHV1	and	BPIV3	are	gen‐
erally	satisfactory,	or	the	 level	of	exposure	to	these	viruses	 in	this	
population	was	low.	In	contrast,	BRSV	was	detected	in	17%	of	BRD	
cases	and	2%	of	control	cattle,	with	a	significant	group	difference	
in	 the	single	variable	analysis.	The	detected	BRSV	may	be	vaccine	
strains,	 but	 the	data	 generated	 in	 this	 study	was	not	 sufficient	 to	
differentiate	vaccine	BRSV	strains	from	field	strains.	On	the	other	

hand,	regardless	of	the	strains	identified	in	this	study,	its	association	
with	BRD	should	not	be	simply	overlooked.

There	 is	 increasing	 evidence	 that	BCV	 is	 associated	with	BRD	
(Lathrop	et	al.,	2000;	Storz	et	al.,	2000)	and	results	of	the	current	
study	provided	support	for	this	notion.	BCV	was	significantly	asso‐
ciated	with	BRD	in	this	study	in	the	single	variable	analysis	(Table	2).	
The	role	of	BCV	in	the	pathogenesis	of	BRD	is	not	well	character‐
ized.	In	an	inoculation	study,	lung	lesions	were	mild	after	BCV	inoc‐
ulation.	However,	degenerative	changes	were	noted	in	the	bronchi	
(Storz	et	al.,	2000).	Accordingly,	 it	 is	possible	that	BCV	affects	the	
mucociliary	clearance	function	of	the	upper	respiratory	tract	and	fa‐
cilitate	secondary	bacterial	infection	(Storz	et	al.,	2000).

To	our	 knowledge,	 this	 is	 the	 first	 report	 of	 identification	of	
IDV	 in	 western	 Canada.	 IDV	 was	 initially	 identified	 in	 swine	 in	
the	United	States,	and	then	was	found	to	be	prevalent	in	cattle	of	
the	United	States,	Luxembourg,	Ireland,	France,	Japan	and	China	
(Flynn	et	 al.,	 2018;	Mekata	et	 al.,	 2018;	Snoeck	et	 al.,	 2018;	Su,	

TA B L E  1  Viruses	identified	by	metagenomics

Virus Family Genome size (bp)
Largest contig size (bp) from 
any individual sample

Largest contig % AA 
identity (protein)

Total number of reads from 
all samplesa 

IDV Orthomyxoviridae 12,546 1,587 99	(PB2) 17,297

ICV Orthomyxoviridae 12,555 1,010 100	(PB1) 307

BRBV Picornaviridae 7,556 2,431 99	(polyprotein) 38,648

BRAV Picornaviridae 7,245 1,296 100	(polyprotein) 1,022

EVE Picornaviridae 7,414 3,186 98	(polyprotein) 20,124

BRSV Paramyxoviridae 15,140 1,169 98	(RdRp) 121,005

BPIV3 Paramyxoviridae 15,537 279 99	(M) 49

BCV Coronaviridae 308,845 7,513 99	(ORF1ab) 197,921

BNV Coronaviridae 20,261 4,782 99	(PP1a/b) 86,392

BPV2 Parvoviridae 5,610 1,149 93	(non‐structural	
protein)

1,427

BAAV Parvoviridae 4,693 1,096 99	(Cap) 1,002

UTPV1 Parvoviridae 5,108 4,375 98	(NS1,	VP1	and	
VP2)

1,061,037

UBPV6 Parvoviridae 5,224 4,518 99	(non‐structural	
protein)

263,902

BVDV1 Flaviviridae 12,258 602 97	(NS5b) 12

HCV Flaviviridae 8,850 528 97	(core	protein) 11

BAdV3 Adenoviridae 34,446 366 99	(284R) 14

BAV Astroviridae 6,233 1,220 98	(NSP1ab) 884

ssCDV Genomoviridae 2,300 676 91	(Rep) 158

WUPyV Polyomaviridae 5,229 731 77	(large	T	antigen) 337

PBCV Phycodnaviridae 331,00 351 96	(CVM1) 288

HPV Papillomaviridae 7,966 763 100	(major	capsid	
protein)

174

Note.	IDV:	influenza	D	virus;	ICV:	influenza	C	virus;	BRBV:	bovine	rhinitis	B	virus;	BRAV:	bovine	rhinitis	A	virus;	EVE:	enterovirus	E;	BRSV:	bovine	res‐
piratory	syncytial	virus;	BPIV3:	bovine	parainfluenza	virus	3;	BCV:	bovine	coronavirus;	BNV:	bovine	nidovirus;	BPV2:	bovine	parvovirus	2;	BAAV:	bo‐
vine	adeno‐associated	virus;	UTPV1:	ungulate	tetraparvovirus	1;	UBPV6:	ungulate	bocaparvovirus	6;	BVDV1:	bovine	viral	diarrhoea	virus	1;	HCV:	
bovine	hepacivirus;	BAdV3:	bovine	adenovirus	3;	BAV:	bovine	astrovirus;	ssCDV:	single	stranded	cDNA	virus;	WUPyV:	WU	polyomavirus;	PBCV:	para‐
mecium	bursaria	chlorella	virus;	HPV:	human	papillomavirus	type	40;	bp:	base	pairs;	AA:	amino	acids.
aOut	of	1.8	million	virus	sequence	reads	from	all	samples.	
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Fu,	Li,	Kerlin,	&	Veit,	2017).	IDV	may	be	an	emerging	pathogen	in	
Canadian	 cattle;	 or,	 on	 the	other	 hand,	 the	 lack	of	Canadian	 re‐
ports	before	may	be	due	to	the	unavailability	of	a	diagnostic	assay.	
IDV	was	also	recently	identified	in	sheep	and	goats	(Quast	et	al.,	
2015).	 Although	 there	 is	 evidence	 that	 IDV	 can	 infect	 humans,	
whether	 it	can	cause	disease	 is	unclear	at	this	point	and	the	risk	
of	zoonosis	 is	considered	to	be	 low	 (Su	et	al.,	2017).	Preliminary	
evidence	 showed	 that	 IDV	 could	 be	 potentially	 associated	 with	
BRD	(Mitra	et	al.,	2016;	Ng	et	al.,	2015),	and	our	study	provided	
additional	 evidence	 for	 the	 role	 of	 IDV	 in	 BRD	 as	 its	 detection	
was	significantly	associated	with	BRD	 in	single	variable	analysis.	
In	 a	 previous	 study,	 IDV	was	 transmitted	 efficiently	 through	 di‐
rect	contact,	causing	mild	 respiratory	signs	and	the	virus	can	be	
detected	in	the	lung	of	affected	animals	by	PCR	(Ferguson	et	al.,	
2016).	However,	in	that	same	study,	the	lack	of	pulmonary	lesions	
and	 negative	 immunohistochemical	 staining	 suggested	 that	 IDV	
might	mainly	 act	 in	 the	 upper	 respiratory	 tract	 (Ferguson	 et	 al.,	
2016).	An	inactivated	IDV	vaccine	was	developed	recently,	provid‐
ing	partial	protection	in	cattle	from	mild	respiratory	disease,	which	
further	supports	an	aetiological	role	for	IDV	in	BRD	(Hause	et	al.,	
2017).	The	samples	of	our	study	were	paired	nasal	swabs	and	tra‐
cheal	washes	and	the	majority	of	positive	IDV	samples	were	nasal	
swabs,	which	again	suggested	IDV	might	mainly	cause	upper	respi‐
ratory	tract	infection.

BRAV	 and	 BRBV	 belong	 to	 genus	 Aphthovirus,	 family	
Picornaviridae	(Hollister,	Vagnozzi,	Knowles,	&	Rieder,	2008).	BRAV	

is	composed	of	two	serotypes,	BRAV1	and	BRAV2,	while	BRBV	con‐
sists	 of	 one	 serotype,	 BRBV1.	 Both	 viruses	 are	 common	 in	 cattle	
in	the	United	States	 (Hause,	Collin,	Anderson,	Hesse,	&	Anderson,	
2015).	 In	 this	 study,	 BRBV	was	 significantly	 associated	with	 BRD	
and	there	was	a	statistical	trend	of	association	between	BRAV	and	
BRD	(Table	2).	To	the	best	of	our	knowledge,	these	two	viruses	have	
not	previously	been	reported	in	Canada.	The	current	data	represent	
early	evidence	that	these	two	viruses	may	play	a	role	in	BRD	devel‐
opment.	Further	research	is	needed	to	verify	the	current	data	and	
study	the	mechanism	by	which	BRAV	and	BRBV	may	be	implicated	
in	BRD	development.

Virus

No. of positive cattle/total 
BRD or control cattle (% 
positive)

Odds ratio
95% CI for odds 
ratio P valueBRD Control

IDV 13	(22) 3	(5) 6.145 1.435–26.310 0.015a 

BRBV 16	(28) 6	(10) 3.836 1.245–11.821 0.020a 

BRSV 10	(17) 1	(2) 13.422 1.454–123.885 0.022a 

BCV 11	(19) 2	(3) 7.392 1.354–40.346 0.021a 

BRAV 7	(12) 2	(3) 5.659 0.982–32.602 0.052b 

BPV2 7	(12) 3	(5) 3.289 0.682–15.865 0.137

BNV 4	(7) 23	(40) 0.078 0.021–0.288 0.000

ICV 0	(0) 6	(10) ‐‐‐ ‐‐‐ 0.967

BAV 5	(9) 1	(2) 4.485 0.459–43.798 0.195

UTPV1 26	(45) 16	(28) 1.878 0.812–4.348 0.140

UBPV6 8	(14) 20	(34) 0.296 0.108–0.814 0.019

WUPyV 3	(5) 6	(10) 0.421 0.081–2.185 0.300

EVE 6	(10) 2	(3) 4.258 0.704–25.740 0.113

BAdV3 1	(2) 2	(3) 0.339 0.025–4.619 0.414

Note.	IDV:	influenza	D	virus;	BRBV:	bovine	rhinitis	B	virus;	BRSV:	bovine	respiratory	syncytial	virus;	
BCV:	bovine	coronavirus;	BRAV:	bovine	rhinitis	A	virus;	BPV2:	bovine	parvovirus	2;	BNV:	bovine	
nidovirus;	 ICV:	 influenza	 C	 virus;	 BAV:	 bovine	 astrovirus;	 UTPV1:	 ungulate	 tetraparvovirus	 1;	
UBPV6:	ungulate	bocaparvovirus	6;	WUPyV:	WU	polyomavirus;	EVE:	enterovirus	E;	BAdV3:	bovine	
adenovirus	3.
aRepresents	statistical	significance.	brepresents	the	statistical	trend)	

TA B L E  2  Prevalence	of	different	
viruses	and	their	association	with	BRD

TA B L E  3  Association	between	presence	of	at	least	one	of	the	
following	five	viruses	and	BRD

Virus

No. of cattle 
positive for at 
least one of the 
five viruses

Odds 
ratio

95% CI for 
odds ratio PBRD Control

IDV/BRBV/BRSV/ 
BCV/BRAV

38 13 7.988 3.077‐20.737 0.0001* 

Note.	IDV:	influenza	D	virus;	BRBV:	bovine	rhinitis	B	virus;	BRSV:	bovine	
respiratory	syncytial	virus;	BCV:	bovine	coronavirus;	BRAV:	bovine	rhini‐
tis	A	virus.
*Represents	the	statistical	significance.
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Even	though	Enterovirus	E	 (EVE)	was	found	not	 to	be	sig‐
nificantly	 associated	 with	 BRD	 in	 our	 current	 study,	 a	 novel	
strain	 of	 EVE	 was	 detected	 in	 a	 recent	 report	 from	 cattle	
with	severe	respiratory	and	enteric	disease	(Zhu	et	al.,	2014).	
However,	 the	 pathogenesis	 of	 EVE	 is	 not	well	 understood	 at	
this	point.

This	was	the	first	report	of	 influenza	C	virus	 (ICV)	 in	Canadian	
cattle.	 Interestingly,	 the	 detections	 were	 from	 cattle	 without	 re‐
spiratory	 disease,	 which	 was	 inconsistent	 with	 the	 report	 from	
the	United	States	that	 ICV	was	detected	 in	cattle	with	respiratory	

disease	(Zhang	et	al.,	2018).	Further	investigation	is	needed	to	un‐
derstand	the	impact	of	ICV	infection	in	cattle.

In	cattle,	six	species	of	parvovirus	have	been	reported:	ungulate	
bocaparvovirus	1	 (UBPV1),	bovine	adeno‐associated	virus	 (BAAV),	
ungulate	 erythroparvovirus	 1	 (UEPV1),	 ungulate	 tetraparvovirus	
1	 and	 2	 (UTPV1	 and	 2),	 and	 ungulate	 copiparvovirus	 1	 (UCPV1)	
(Cotmore	et	al.,	2014).	Four	of	these	species	(BAAV,	UTPV1,	UBPV6	
and	BPV2)	were	detected	 in	 this	 study.	UTPV1,	previously	known	
as	bovine	hokovirus	(Cotmore	et	al.,	2014),	was	the	most	prevalent	
virus	in	our	study,	detected	in	35.3%	of	the	cattle	tested.	UBPV6,	the	

F I G U R E  1  The	number	of	cattle	positive	for	viruses	in	nasal	swab	(n	=	116)	and	tracheal	washes	(n	=	116)	with	Kappa	coefficient.	The	
number	of	cattle	positive	for	both	regions	is	shown	at	the	top.	IDV:	influenza	D	virus;	BRBV:	bovine	rhinitis	B	virus,	BRSV:	bovine	respiratory	
syncytial	virus;	BCV:	bovine	coronavirus;	BRAV:	bovine	rhinitis	A	virus;	BPV2:	bovine	parvovirus	2;	BNV:	bovine	nidovirus;	ICV:	influenza	
C	virus;	BAV:	bovine	astrovirus;	UTPV1:	ungulate	tetraparvovirus	1;	UBPV6:	ungulate	bocaparvovirus	6;	WUPyV:	WU	polyomavirus;	EVE:	
enterovirus	E;	BAdV3:	bovine	adenovirus	3

F I G U R E  2  Percentages	of	cattle	positive	for	IDV,	BRBV,	BRSV,	BCV	and	BRAV	in	samples	from	each	feedlot.	IDV:	influenza	D	virus;	
BRBV:	bovine	rhinitis	B	virus;	BRSV:	bovine	respiratory	syncytial	virus;	BCV:	bovine	coronavirus;	BRAV:	bovine	rhinitis	A	virus
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second	most	prevalent	virus,	previously	known	as	bovine	parvovirus	
1,	was	present	 in	23.5%	of	the	total	cattle.	BAAV,	UTPV1,	UBPV6	
and	BPV2	have	not	been	established	as	pathogenic	agents	related	to	
respiratory	diseases	(Cibulski	et	al.,	2016;	Schmidt,	Katano,	Bossis,	
&	Chiorini,	2004).

Although	 individually,	 the	 prevalence	 of	 IDV,	 BRAV,	 BRBV,	
BCV	and	BRSV	were	not	high	across	all	cattle,	44%	of	the	cattle	
were	infected	by	at	least	one	of	these	viruses.	Presence	of	these	
viruses	 in	 the	 respiratory	 tract	 was	 shown	 to	 be	 significantly	
associated	with	BRD.	This	 indicates	 that,	 not	 one	 single	 virus,	
but	 a	 group	of	 viruses	may	be	 important	 for	 the	 development	
of	BRD.

Also	worth	noting	is	that	the	agreements	of	detection	between	
nasal	 swabs	and	 tracheal	washes	were	generally	 low.	This	may	be	
an	indication	that	virus	populations	differ	in	the	various	locations	of	
the	respiratory	tract.	These	findings	emphasize	the	diagnostic	chal‐
lenges	of	BRD,	because	the	common	practice	is	to	test	samples	from	
only	one	location	(almost	always	nasal	swabs),	which	compromises	
the	ability	to	obtain	accurate	diagnoses.	On	the	other	hand,	it	is	not	
practical	 to	 collect	 tracheal	washes	 for	diagnostic	 purpose	due	 to	
the	laborious	procedures.	Therefore,	caution	should	be	taken	when	
interpreting	negative	diagnostic	results	based	on	only	one	location	
of	the	respiratory	tract.

Overall,	 our	work	did	demonstrate	 that	 the	upper	 and	 lower	
respiratory	tract	viromes	of	cattle	with	or	without	BRD	are	diverse	
and	 variable,	 and	 that	 samples	 from	 the	 upper	 respiratory	 tract	
may	not	be	representative	of	the	lower	respiratory	tract.	Several	
viruses	that	are	not	currently	targeted	in	diagnostic	investigations	
of	BRD,	namely	IDV,	BRAV	and	BRBV,	may	play	important	roles	in	
this	clinical	syndrome.	Determination	of	their	roles	in	BRD	patho‐
genesis	will	 require	 further	studies,	 including	 inoculation	experi‐
ments.	Results	of	these	studies	could	lead	to	improved	diagnostic	
strategies	 and	 identification	 of	 targets	 for	 vaccine	 development	
to	reduce	BRD.
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