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Calf diarrhea is a major cause of economic loss with
h morbidity and mortality in the cattle industry
rldwide (Bartels et al., 2010; de la Fuente et al., 1999;

Kelling et al., 2002; Uhde et al., 2008; United, 2007). Many
factors are known to contribute to calf diarrhea. Histori-
cally, calf diarrhea has been commonly attributed to
bovine rotavirus group A (BRV-A), bovine coronavirus
(BCoV), bovine viral diarrhea virus (BVDV), Salmonella spp.
(Salmonella), Escherichia coli (E. coli) K99+, and Clostridium

perfringens (C. perfringens) type C and Cryptosporidium

parvum (C. parvum) (Acha et al., 2004; Reynolds et al.,
1986; Saif and Smith, 1985; Snodgrass et al., 1986). The
specific etiology of many field cases of calf diarrhea still
remain undiagnosed (Milnes et al., 2007). Recently, bovine
norovirus (BNoV), Nebovirus, bovine enterovirus (BEV) and
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A B S T R A C T

Calf diarrhea is a major economic burden for the US cattle industry. A variety of infectious

agents are implicated in calf diarrhea and co-infection of multiple pathogens is not

uncommon in diarrheic calves. A case–control study was conducted to assess infectious

etiologies associated with calf diarrhea in Midwest cattle farms. A total of 199 and 245

fecal samples were obtained from diarrheic and healthy calves, respectively, from 165

cattle farms. Samples were tested by a panel of multiplex PCR assays for 11 enteric

pathogens: bovine rotavirus group A (BRV-A), bovine coronavirus (BCoV), bovine viral

diarrhea virus (BVDV), bovine enterovirus (BEV), bovine norovirus (BNoV), Nebovirus,

bovine torovirus (BToV) Salmonella spp. (Salmonella), Escherichia coli (E. coli) K99+,

Clostridium perfringens with b toxin gene and Cryptosporidium parvum (C. parvum). The

association between diarrhea and detection of each pathogen was analyzed using a

multivariate logistic regression model. More than a half of the fecal samples from the

diarrheic calves had multiple pathogens. Statistically, BRV-A, BCoV, BNoV, Nebovirus,

Salmonella, E. coli K99+, and C. parvum were significantly associated with calf diarrhea

(p < 0.05). Among them, C. parvum and BRV-A were considered to be the most common

enteric pathogens for calf diarrhea with high detection frequency (33.7% and 27.1%) and

strong odds ratio (173 and 79.9). Unexpectedly BNoV (OR = 2.0) and Nebovirus (OR = 16.7)

were identified with high frequency in diarrheic calves, suggesting these viruses may have

a significant contribution to calf diarrhea.
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bovine torovirus (BToV) have been identified as potential
causes of calf diarrhea (Blas-Machado et al., 2007; Haschek
et al., 2006; Hoet et al., 2003a; Kaplon et al., 2011; Otto
et al., 2011; Park et al., 2007, 2008a,b). Some of these
agents (i.e., BNoV, BEV and BToV) have also been found in
feces from clinically healthy calves (Haschek et al., 2006;
Jimenez-Clavero et al., 2005; Mijovski et al., 2010; Shanks
et al., 2008) and many of previous epidemiological studies
for BNoV and BToV have been focused only on diarrheic
calves (Hoet et al., 2003b; Milnes et al., 2007; Park et al.,
2007, 2008b). Their role in calf diarrhea still remains to be
evaluated.

Various laboratory methods have been applied for the
detection of infectious agents in feces. Historically, virus
isolation, electron microscopy, enzyme-linked immuno-
sorbent assay, latex agglutination test, bacterial culture,
direct microscopy of fecal smear (acid-fast stain), and/or
fecal flotation have been commonly used to test fecal
samples for enteric pathogens (Cho et al., 2010). These
procedures are reliable; however, they are time-consum-
ing and require specialized knowledge. Recently, nucleic
acid based tests, such as polymerase chain reaction (PCR)
assays, have become popular for rapid and sensitive
detection of infectious agents (Albini et al., 2008; Cho
et al., 2010). Multiplex real-time PCR panels have been
proven to be a useful diagnostic tool for concurrent
detection of several target enteric pathogens with high
sensitivity and specificity (Albini et al., 2008; Cho et al.,
2010), which decreases bias in diagnostic outcome due to
testing method.

The following case–control study was conducted to: (a)
assess the prevalence of 11 infectious agents consisting of
7 common [BRV-A, BCoV, BVDV, Salmonella, E. coli K99+, C.

perfringens with b toxin gene (Cpt b) and C. parvum] and 4
emerging enteric pathogens (BNoV, Nebovirus, BEV and
BToV) in fecal samples from healthy and diarrheic calves in
the Midwest by using a panel of PCR assays; and (b)
determine their association with diarrhea as well as
investigate their potential interactions in expression of
disease.

2. Materials and methods

2.1. Animals and samples

All fecal samples used in the study were originated from
clinically diarrheic and healthy calves during year 2010–
2011. A total of 199 fecal samples from diarrheic calves
were procured from submissions to the Iowa State
University Veterinary Diagnostic Laboratory (ISUVDL)
and used as cases. The samples were from 140 cattle
farms with the most of the samples (99%) originated in the
Midwest [Iowa (78%), Minnesota (8%), Wisconsin (4%),
Missouri (3%), Ohio (3%), Illinois (1%), South Dakota (1%)
and Nebraska (1%)]. No more than 4 samples were
randomly selected from the same farm if a large number
of samples were submitted. A vast majority of the samples
tested were from sick animals before treatment begun
according to referring veterinarians. Approximately 41%
and 42% of the samples were from dairy and beef breeds,
respectively. The remaining 18.5% of the samples were

submitted without breed identification. Physical appear-
ance of first 99 of the 199 fecal samples was recorded as
‘watery’ or ‘semi-solid’ upon receiving as fresh samples
were available to the investigators before freezing.

A total of 245 fecal samples were collected from
clinically healthy (i.e., no diarrhea) calves in 25 different
beef or dairy farms which were evenly distributed across
the State of Iowa and used as controls. These farms were
pre-selected to be part of other field-based study in which
on-going health monitoring was required including use of
any medication. Samples were collected twice from each
farm at approximately 2-week intervals with continuous
monitoring of health status to ensure lack of diarrhea
among animals on each farm. At each time of sample
collection, 5 calves were randomly selected for sampling.

Most of the source farms were similar in overall farm
management, including vaccination and medication, and
nutritional status. Most (96.4%) of the calves tested were
less than 6 months old in age. Two third of the control
calves were less than 3 months of age while 80% of the case
calves were less than 3 months of age. Only 1and 7 cases
were submitted from a 7-month-old diarrheic calf and
clinically healthy yearlings or older cattle, respectively.

2.2. Detection of pathogens

All fecal samples were examined for 11 different
microorganisms (i.e., BRV-A, BCoV, BVDV, BEV, BNoV,
BToV, Nebovirus, Salmonella, E. coli K99+, C. parvum and Cpt
b) using a panel of polymerase chain reaction (PCR) based
assays. All except BEV have been reported as pathogens
implicated in calf diarrhea.

Before PCR testing, each fecal sample was suspended in
0.01 M phosphate-buffered saline (pH 7.4) to make 30%
fecal homogenates and then centrifuged for 1 min at
100 � g for clarification as previously described (Cho et al.,
2010). The supernatant was then used for viral and
bacterial nucleic acid extraction using MagMaxTM Total
Nucleic Acid Isolation Kit (Applied Biosystems, Austin, TX)
according to the manufacturer’s instruction. The extraction
procedure was performed using Kingfisher1 96 Magnetic
Particle Processor (Thermo Fisher Scientific Inc., Waltham,
MA). All extracts were stored at �80 8C until tested.

Probe-based real-time PCR (rtPCR) assays for all
pathogens except BToV and Nebovirus were performed
in a duplex or singleplex PCR format with Path-IDTM

Multiplex One-Step RT-PCR Kit (Applied Biosystems,
Austin, TX) and AgPath-IDTM One-Step RT-PCR Kit (Applied
Biosystems, Austin, TX), respectively. For BToV, a SYBR
Green rtPCR assay was used with QuantiTestTM SYBR1

Green PCR Kit (QIAGEN, Valencia, CA).
For rtPCR set-up, 7 ml of template and 18 ml of the

reaction mixture for the duplex PCRs (Table 1, real-time
PCR set 1, 2, 5 and 6) and 5 ml of template and 20 ml of the
reaction mixture for singleplex PCRs (Table 1, real-time
PCR set 3 and 4) were used. All reaction mixtures contained
400 nM of each primer, 120 nM of the probe except BToV,
RT-PCR buffer, RT-PCR enzyme mix, and nuclease-free
water. The volume of each reagent added to a reaction
mixture was as per manufacturer’s instruction. The
sequence information of primers and probes used for
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cific detection of each pathogen is summarized in
le 1.
Amplification of the targeted genomic region was
ducted using ABI 7500 Fast Real-Time PCR System
plied Biosystems, Austin, TX). Cycling conditions of the
be-based rtPCRs were as follows: (a) reverse transcrip-

 (RT) for 10 min at 48 8C (45 8C for singleplex); (b)
ivation of DNA polymerase at 95 8C for 15 min (10 min for

leplex); and (c) 40 cycles of denaturation at 94 8C for 10 s
 annealing/extension at 60 8C for 60 s (45 s for single-

x). The RT step was applied only for viral targets. Running
ditions of the SYBR Green rtPCR for BToV were: (a) RT

 for 10 min at 50 8C; and (b) 40 cycles of denaturation at
8C and annealing/extension at 60 8C for 30. After 40 cycle
ction, the melting curve analysis was performed.

ples with cycle threshold (Ct) � 35 for any given targets
re considered positive for those pathogens.

For detection of Nebovirus, a gel-based nested RT-
PCR was used as previously described (Jor et al., 2010).
The PCR was conducted using OneStep RT-PCR Kit
(QIAGEN, Valencia, CA) with QIAGEN1 RNase inhibitor
and HotStarTaq1 DNA Polymerase Kit (QIAGEN, Valen-
cia, CA) for RT-PCR and nested PCR, respectively,
according to the manufacturer’s instruction. Cycling
conditions of the RT-PCR were: (a) RT step at 50 8C for
30 min; (b) DNA polymerase activation step at 95 8C for
15 min; (c) 40 cycles of denaturation at 94 8C for 30 s,
annealing at 50 8C for 30 s and extension at 72 8C for
1 min; and (d) followed by a final cycle at 72 8C for
10 min. Cycling conditions of the nested PCR were: (a)
activation step at 95 8C for 15 min; and (b) 35 cycles of
denaturation at 94 8C for 30 s, annealing at 54 8C for 30 s
and extension at 72 8C for 1 min; and (c) followed by a
final cycle at 72 8C for 10 min.

le 1

onucleotide sequence of primers and probe used in PCR to detect each target enteric pathogen.

R format Target pathogen [primer/probe sequence (50–30)] References

al-time PCR (set 1) BCoV-fwd: CTAGTAACCAGGCTGATGTCAATACC

BCoV-rev: GGCGGAAACCTAGTCGGAATA

BCoV-probe: (FAM/MGB) CGGCTGACATTCTCGATC

Cho et al. (2010)

BRV-fwd1: TCAACATGGATGTCCTGTACTCCT

BRV-fwd2: TCAACATGGATGTCCTGTATTCCT

BRV-fwd3: TCAACATGGATGTCCTTTATTCCT

BRV-rev1: TCCTCCAGTTTGGAACTCATT

BRV-rev2: TCCCCCAGTTTGGAATTCATT

BRV-rev3: CCCTCCAGTTTGGAATTCATT

BRV-probe1: (VIC/MGB) TCAAAAACTCTTAAAGATGCTAG

BRV-probe2: (VIC/MGB) TCAAAAACTCTTAAAGATGCAAG

Cho et al. (2010)

al-time PCR (set 2) BEV-fwd: GCCGTGAATGCTGCTAATCC

BEV-rev: GTAGTCTGTTCCGCCYCYRACT

BEV-probe: (FAM/BHQ1) CGCACAATCCAGTGTTGCTACGTCGTAAC

Jimenez-Clavero et al. (2005)

BVDV-fwd: GGG NAG TCG TCA RTG GTT CG

BVDV-rev: GTG CCA TGT ACA GCA GAG WTT TT

BVDV probe: (Cy5/BHQ2) CTTGGTGTACCTCTATACTCA

Mahlum et al. (2002)

al-time PCR (set 3) BNoV-fwd: CGCTCCATGTTYGCBTGG

BNoV-rev: TCAGTCATCTTCATTTACAAAATC

BNoV-probe: (Fam/Zen/IABkFQ) TGTGGGAAGGTAGTCGCGACRYC

Wolf et al. (2007)

BR green real-time PCR (set 4) BToV-fwd: TTACTGGYTATTGGGCMYT

BToV-rev: AAAGGRGTGCAGTGWAGCTT

Hosmillo et al. (2010)

al-time PCR (set 5) E. coli K99+-fwd: GCTATTAGTGGTCATGGCACTGTAG

E. coli K99+-rev: TTTGTTTTCGCTAGGCAGTCATTA

E. coli K99+-Probe: (FAM/BHQ1) ATTTTAAACTAAAACCAGCGCCCGGCA

West et al. (2007)

C. parvum-fwd: CAAATTGATACCGTTTGTCCTTCTGT

C. parvum -rev: GGCATGTCGATTCTAATTCAGCT

C. parvum -probe: (Cy5/BHQ2) TGCCATACATTGTTGTCCTGACAAATTGAA

Guy et al. (2003)

al-time PCR (set 6) Samonella-fwd: GCCATGCTGTTCGATGAT

Samonella -rev: GTTACCGATAGCGGGAAAGG

Samonella -probe: (FAM/BHQ1) TTTTGCACCACMGCCAGCCC

Moore and Feist (2007)

C. perfringens b-fwd: TGGAGCGTGAAAGAAACTGTTATTA

C. perfringens b-rev: GGTATCAAAAGCTAGCCTGGAATAGA

C. perfringens b-probe:(Cy5/BHQ2) CTTAATTGGAATGGTGCTAACTGGGTAGGACAA

Albini et al. (2008)

ternal control P1570: TGGCCCGCAGTATTCTGATT

P1642: CAGCTGGGACAGCAGTTGAG

P1591M: (Cy3/BHQ1) CCTCGAATCAAACGCCGTTGGAATG

Cho et al. (2010)

sted RT-PCR Nebo-fwd: TTTCTAACYTATGGGGAYGAYG

Nebo-rev: GTCACTCATGTTTCCTTCTCTAAT

nNebo-fwd: CGCTCCGTGTGGGATCACGA

nNebo-rev: GCACGGGCTTCTTCTAGAGA

Kaplon et al. (2011)
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2.3. Effect of test methods on detection frequency of enteric

pathogens

Detection frequencies of selected enteric pathogens
(i.e., BRV-A, BCoV and C. parvum) in calf diarrhea cases
submitted to ISUVDL from 2003 to 2011 were compared
based on laboratory methods used. Before 2008, antigen-
capturing ELISA and fecal smear direct microscopy (acid-
fast stain) tests were used to detect BRV-A/BCoV and C.

parvum in feces, respectively. Since then, a bovine enteric
panel (BEP) consisting of 2 multiplex rtPCR tests (Cho et al.,
2010) was implemented for simultaneous detection of
BRV-A, BCoV, and C. parvum in feces. All diagnostic data
were retrieved from the ISUVDL laboratory information
management system.

2.4. Statistics

The PCR results on each of the fecal samples were
recorded as either positive or negative for each pathogen
and categorized under disease status (i.e., diarrheic versus
non-diarrheic) of each animal. The association between
diarrhea and detection of each pathogen was determined
using a multivariate logistic regression model. The
probability of concurrent detection among pathogens
was also analyzed in the same manner. The final model
was built with stepwise selection using Firth’s penalized
likelihood method due to quasi-complete separation of the
data. Odds ratios (ORs) with 95% confidence intervals were
calculated to assess the likelihood of association.

The association between the severity of diarrhea (i.e.,
watery versus semi-solid) and the presence of each
pathogen was also analyzed using multivariate logistic
regression model with stepwise model selection.

Since BNoV and BCoV were detected in feces from both
diarrheic and healthy calves at a relatively high frequency,
Ct values of feces for BNoV and BCoV were analyzed by the
non-parametric Wilcoxon rank-sum test to evaluate the
quantitative difference in virus shedding between diar-
rheic and healthy calves.

All statistical analyses were conducted by using SAS 9.2
(SAS Institute, Cary, NC). For all analyses, a value of p < 0.05
was considered significant.

3. Results

3.1. Survey of calves in the Midwest USA for infection with

enteric pathogens

A total of the 199 fecal samples from diarrheic calves
and 245 fecal samples from healthy calves were tested for
11 putative enteric pathogens. PCR testing revealed that
80.4% and 27.8% of the diarrheic and normal fecal samples,
respectively, were positive for at least one of these
infectious agents.

As summarized in Table 2, BNoV (44.7%), C. parvum

(33.7%), BCoV (31.7%), BRV-A (27.1%), Nebovirus (21.6%)
and Salmonella (9.0%) were commonly detected in feces
from the diarrheic calves, while BVDV, BToV, E. coli K99+

and BEV were found at a much lower frequency (0.4–5%).
BNoV (16.3%) and BCoV (12.2%) were also detected in the
feces from healthy calves but at a lower frequency than
that in diarrheic feces. While Nebovirus (1.6%) and BVDV
(0.4%) were infrequently detected in the feces from healthy
calves, C. parvum, BRV-A, E. coli K99+ and BToV were
detected only in the feces from diarrheic calves. In contrast,
BEV (32.7%) was much more frequently detected in the
feces from healthy calves than those from diarrheic calves.
C. perfringens with b toxin gene (i.e., C. perfringens type B or
C) was not detected in any of the feces examined in this
study.

Although BNoV and BCoV were detected in feces from
both diarrheic and healthy calves, the detection frequency
and fecal shedding quantity of the viruses were signifi-
cantly higher in the feces from diarrheic calves except for
one healthy calf feces which showed the lowest Ct value
(17.4) for BCoV (Fig. 1), as compared to those in the feces
from healthy calves. The median (mean � SE) Ct values of
feces from diarrheic calves positive for BNoV and BCoV were
26.2 (26.4 � 0.53) and 25.6 (24.3 � 0.87) respectively,
whereas those from healthy calves positive for BNoV and
BCoV were 31.3 (31.0 � 0.54) and 31.3 (30.2 � 0.78) respec-
tively.

With respect to age distribution, many of fecal samples
from diarrheic calves positive for BNoV, C. parvum, BCoV,
BRV-A, Nebovirus, Salmonella, BToV, and E. coli K99+ were
from calves at 0 to 4 weeks of age (Fig. 2). In particular,

Table 2

Detection frequency of various bovine enteric pathogens among feces from diarrheic and healthy calves in the Midwest and association between positivity

and calf diarrhea.

Pathogens Overall %

positive

% positives among

diarrheic calves

% positives among

healthy calves

p-Value Odds ratio

Bovine norovirus 29.1 44.7 (89/199)a 16.3 (40/245)a 0.042 2.0 (1.002–3.9)b

Cryptosporidium parvumc 15.1 33.7 (67/199) 0.0 (0/245) 0.0007 173.0 (8.9–3365.1)

Bovine coronavirus 20.9 31.7 (63/199) 12.2 (30/245) 0.0034 2.7 (1.4–5.1)

Bovine rotavirus group A 12.2 27.1 (54/199) 0.0 (0/245) 0.0025 79.9 (4.7–1369.5)

Nebovirus 0.9 21.6 (43/199) 1.6 (4/245) 0.0001 16.7 (4.0–68.8)

Salmonella spp. 4.1 9.0 (18/199) 0.0 (0/245) 0.0056 80.6 (3.6–1803.7)

Bovine enterovirus 20.3 5.0 (10/199) 32.7 (80/245) <0.0001 0.113 (0.04–0.3)

Escherichia coli K99+ 1.8 4.0 (8/199) 0.0 (0/245) 0.0143 98.4 (2.5–3859.9)

Bovine torovirus 1.1 2.5 (5/199) 0.0 (0/245) 0.2404 10.4 (0.2–520.3)

Bovine viral diarrhea virus 0.5 0.5 (1/199) 0.4 (1/245) – –

Clostridium perfringens toxin b 0.0 0.0 (0/199) 0.0 (0/245) – –
a Numbers in the parenthesis show number of positive feces/number of samples tested.
b
 Numbers in the parenthesis is 95% confidence interval of the estimated odds ratio.
c The bold letters indicate microorganisms detected only in feces from diarrheic calves.
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es at 0–2 weeks of age were the most commonly
itive for these pathogens.

 Assessment of the association of 11 enteric pathogens

h diarrhea

As summarized in Table 2, the presence of C. parvum, E.

 K99+, Salmonella, BRV-A, Nebovirus, BCoV and BNoV in
s were significantly associated with calf diarrhea

 0.05). Among these pathogens, C. parvum, E. coli
+, Salmonella, BRV-A and Nebovirus showed a stronger

ociation with diarrhea (OR > 10.0). In contrast, detec-
 of BEV was inversely correlated with diarrhea

 = 0.113); therefore, BEV was not included in further
istical analyses.

No statistically significant association between the
sence of BToV in feces and diarrhea was observed in this
dy even though the virus was detected only in the feces

 diarrheic calves, probably due to a low frequency of
ection (Table 2). The ORs could not be calculated for

V and Cpt b because of either extremely low frequency
etection or no detection; hence, statistical significance
ld not be determined. Bovine rotavirus group A was the

only pathogen significantly (p = 0.013) associated with
liquid form of diarrheic feces (Table 3).

3.3. Concurrent infection of enteric pathogens for calf

diarrhea

While 55% of the diarrheic fecal samples had more than
1 enteric pathogen detected, only 3% of the fecal samples
from healthy calves had multiple pathogens (Fig. 3). In the
diarrheic fecal samples, the presence of 2 different
pathogens (31%) was the most commonly seen and 1%
of the samples even had up to 6 different pathogens
concurrently.

The probability of detecting certain agents together is
summarized in Table 4. Bovine norovirus, BCoV, Salmo-

nella, and C. parvum were commonly detected in feces
which were also positive for BRV-A. Nebovirus was
commonly detected in feces also positive for BCoV, C.

parvum or BToV. BNoV presence was significantly corre-
lated with C. parvum presence in addition to BRV-A. While
many of the pathogens were concurrently detected with
more than 2 other pathogens, BToV and Salmonella were
identified only with Nebovirus and BRV-A, respectively.

1. Quantitative comparison of bovine norovirus (BNoV) and bovine coronavirus (BCoV) shedding in fecal samples from diarrheic (D) and healthy (H)

es. Mean (solid line) and median (dotted line) are shown on a boxplot with 50 percentile distribution. The lower and upper whiskers represent 10th and

 percentile plot, resepctively, and dots represent outlayers. Virus shedding level between the 2 groups was compared based on Ct values by the non-

metric Wilcoxon rank-sum test.

2. Age distribution of diarrheic calves whose feces were positive for one or more enteric pathogens. Animals are classified into 3 age groups: 0–4 weeks,

4 weeks and 15–34 weeks of age (A) based on the information provided by submitting veterinarians. Animals at 0–4 weeks of age are further broken
n on the weekly basis after birth (B). BRV (bovine rotavirus), BCoV (bovine coronavirus), BVDV (bovine viral diarrhea virus), BEV (bovine enterovirus),

V (bovine norovirus), C. parvum (cryptosporidium parvum) and Cpt b (clostridium perfringens b toxin).
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The concurrent presence of BToV and Nebovirus was much
stronger [13.4 � OR � 15.7 (2.2–114.5)] as compared to
other mixed infections. Statistically significant synergistic
interaction between pathogens for causing the diarrhea or
exacerbating the severity of diarrhea was not observed.

When the pathogens were sorted based on their
taxonomical property (i.e., virus, bacteria and protozoa)
and compared for their detection frequency between
diarrheic and healthy calves, virus only (36.2%) or virus/C.

parvum co-infection (28.1%) was the most commonly
observed in the diarrheic calves. In comparison, virus only
(28.0%) was common in the healthy calves (Table 5). BNoV
and BCoV were the pathogens that were the most
commonly detected in the feces from healthy calves.

3.4. Influence of laboratory methods on the detection

frequency

The mean detection frequency of BRV-A, BCoV and C.

parvum in diarrhea cases during year 2003–2007 were
24.6%, 11.9% and 8.7%, respectively, when antigen-captur-
ing ELISAs and direct microscopy (acid-fast stain) were the
main laboratory methods for detection of these pathogens
at ISUVDL. After implementation of a PCR panel for the
major calf diarrhea pathogens, the mean detection

frequency of BRV-A, BCoV and C. parvum were 37.2%,
29.2% and 38.3%, respectively, during year 2008–2011
(Table 6).

4. Discussion

In this study, we investigated the prevalence of 11 calf
enteric pathogens consisting of 7 common (BRV-A, BCoV,
BVDV, Salmonella, E. coli K99+, Cpt b and C. parvum) and 4
emerging pathogens (BNoV, Nebovirus, BEV and BToV) and
then evaluated two aspects; their clinical significance in
calf diarrhea and co-infection between them. Not unex-
pectedly, 80% of diarrheic calves tested were positive for at
least one of the target enteric pathogens, suggesting that
the infectious factor is still a major cause of calf diarrhea.
More than 50% of the diarrheic calves tested were
concurrently infected with more than one pathogen. Co-
infection with 2 pathogens was the most common finding
(31%) with up to 6 pathogens detected in 1% of the fecal
samples from diarrheic calves. The majority of diarrheic
cases were identified among 0- to 4-week-old calves and
concentrated among calves at 0–2 weeks of age, which is
similar to previous reports by other investigators (Bartels
et al., 2010; de la Fuente et al., 1999; McDonough et al.,
1994). High frequency of co-infection by multiple

Table 3

Association of enteric pathogens with the severity of diarrhea (i.e., watery diarrhea) based on physical appearance of feces.

Number of samples

positive for each target

Physical appearance of fecesa p-Value Odds ratio

Watery (n = 30) Semisolid (n = 69)

Bovine rotavirus group A 26/99b (26.3%) 13/30 (43.3%) 13/69 (18.8%) 0.013 3.3 (1.3–8.4)c

Bovine coronavirus 30/99 (30.3%) 10/30 (33.3%) 20/69 (29.0%) –d –

Bovine viral diarrhea virus 1/99 (1.0%) 1/30 (3.3%) 0/69 (0.0%) – –

Bovine norovirus 42/99 (42.4%) 15/30 (50.0%) 27/69 (39.1%) – –

Bovine torovirus 2/99 (2.0%) 1/30 (3.3%) 1/69 (1.4%) – –

Nebovirus 23/99 (23.2%) 10/30 (33.3%) 13/69 (18.8%) – –

Salmonella spp. 13/99 (13.1%) 4/30 (13.3%) 9/69 (13.0%) – –

Escherichia coli K99+ 7/99 (7.1%) 4/30 (13.3%) 3/69 (4.3%) – –

Cryptosporidium parvum 28/99 (28.3%) 10/30 (33.3%) 18/69 (26.1%) – –

Clostridium perfringens toxin b 0/99 (0.0%) 0/30 (0.0%) 0/69 (0.0%) – –
a Physical appearance of feces was upon receiving of samples with clinical history of diarrhea.
b Number of positives/number of samples tested.
c Numbers in the parenthesis are 95% confidence interval of the estimated odds ratio.
d No significant association was observed.
Fig. 3. Frequency (%) of concurrent infection in diarrheic (A) and healthy calves (B). Numbers (0–6) represent the number of pathogens concurrently

detected within each fecal sample. Bovine enterovirus is not included in assessment.
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hogens in young animals emphasizes that interventions
calf diarrhea should be focused on husbandry and

nagement strategies, including assurance of colostrum
ke, hygiene, reduction of population density, or

dified components of the Sandhills calving system
rson and Tyler, 2005). Twenty percent of the diarrheic
es were negative for all of the 11 pathogens in this

dy. While low sensitivity of the test might be accounted
the negative result, the role of non-infectious factors
., cold weather, impaired uptake of colostrum, or poor
itation) in calf diarrhea cannot be discounted. In
ition, the possibility of other pathogens (e.g., rotavirus

B or C; coccidia; C. perfringens type A, D or E; and other
pathogroups of E. coli) or previously unrecognized agent(s)
involved in diarrhea remains to be further studied.

Viral infections (36.1%) or combination of viruses and C.

parvum (28.1%) were the most commonly detected
etiology in feces from diarrheic calves, which is similar
to previous reports on calf diarrhea (de la Fuente et al.,
1998; Garcia et al., 2000; McDonough et al., 1994). In
contrast, the proportion of bacteria-positive samples was
relatively small. Of three target bacterial pathogens,
Salmonella (9%) was the most commonly detected in the
diarrhea feces examined. Interestingly, none of the fecal
samples from both diarrheic and healthy calves was
positive for Cpt b which is contained in either C. perfringens

type B or C. This was an unexpected observation since C.

perfringens type C has been postulated as the main type
causing calf diarrhea. Although the PCR results were not
confirmed by anaerobic bacterial culture, it should be
noted that our observation is in agreement with previous
reports by other investigators describing no (Albini et al.,
2008; Ferrarezi et al., 2008; Sting, 2009) or very low
detection of Cpt b (Gurjar et al., 2008) in diarrheic calves,
suggesting that C. perfringens type C is rarely involved in
outbreaks of calf diarrhea or is simply an opportunistic
bacterium causing acute enterotoxemia under certain
favorable conditions. As it was suggested that all types of C.

perfringens should be considered as a calf diarrhea etiology
(Ferrarezi et al., 2008), involvement of other types of C.

perfringens in diarrhea cases may be necessary.
C. parvum was frequently (33.7%) detected in calf

diarrhea cases, which is in agreement with previous
reports (Bartels et al., 2010; Izzo et al., 2011; McDonough
et al., 1994; Uhde et al., 2008). It may imply the difficulty
with C. parvum control in the field due to autoinfection,
environment resistance of oocysts and lack of effective
treatment and vaccine (Joachim et al., 2003). Preventative
measures for C. parvum in cow-calf operations should be
focused on keeping good herd sanitation and sick animals
segregated from healthy ones (Trotz-Williams et al.,
2007). Co-infection with viruses (28.1%), particularly BRV-
A (OR = 2.7), BNoV (OR = 3.6) and Nebovirus (OR = 7.1), was
much more common than with bacteria in our study.
While co-infection of BRV-A and C. parvum in diarrheic
calves has been frequently reported (Bartels et al., 2010;
Bjorkman et al., 2003; de la Fuente et al., 1999; Garcia et al.,
2000; Uhde et al., 2008), common association of Nebovirus
and C. parvum in diarrheic animals is a new observation. It
has been reported that viral infections, such as porcine
circovirus type 2 and human immunodeficiency virus, can
increase the susceptibility of pigs and humans, respective-
ly, to C. parvum (Nunez et al., 2003; Putignani and
Menichella, 2010), suggesting that immunosuppressive
viruses can predispose animals or humans to C. parvum. In
the absence of effective treatment options for C. parvum, it
may be prudent to rely on management practices and
specific aids in prevention of viral infections to reduce
clinical problems with C. parvum infections.

Bovine rotavirus A was found solely in many of the
diarrhea cases (27.1%) and positively correlated with the
severity (i.e., liquid feces) of diarrhea (OR = 3.3). This
observation is similar to reports of human rotavirus

le 4

current detection of enteric pathogens in feces from diarrheic calves

 their association strength.

ference

thogens

Associated

pathogens

p-Value Odds ratio

vine norovirus BRV-A <0.0001 3.6 (1.9–6.8)a

NoV) C. parvum <0.0001 4.2 (2.4–7.4)

vine coronavirus BRV-A <0.0001 3.7 (2.0–6.8)

CoV) Nebovirus 0.0232 2.2 (1.1–4.3)

vine rotavirus

group A

BNoV 0.0005 3.2 (1.7–6.0)

RV-A)

BCoV <0.0001 3.6 (1.9–6.9)

Salmonella spp. 0.0012 5.9 (2.0–17.1)

C. parvum 0.0008 3.3 (1.6–6.7)

bovirus BCoV 0.0496 2.1 (1.0–4.2)

BToV 0.0066 15.7 (2.2–114.5)

C. parvum <0.0001 9.6 (4.9–18.9)

vine torovirus Nebovirus 0.005 13.5 (2.2–82.8)

ToV)

lmonella spp. BRV-A 0.0013 5.1 (1.9–13.9)

yptosporidium

parvum

BNoV <0.001 3.6 (2.0–6.5)

. parvum) BRV-A 0.0057 2.7 (1.3–5.6)

Nebovirus <0.001 7.1 (3.5–14.2)

Numbers in the parenthesis is 95% confidence interval of the

ated odds ratio.

le 5

uency of viral, bacterial and/or protozoan infections in diarrheic and

thy calves. Viral pathogens included for testing are group A bovine

virus, bovine coronavirus, bovine torovirus, bovine norovirus,

ovirus and bovine viral diarrhea virus. Bacterial pathogens included

testing are Escherichia coli K99+, Salmonella spp. and Clostridium

ringens with b toxin. Cryptosporidium parvum (C. parvum) is the only

ogen 3 representing the protozoa group.

thogens Diarrheic

calves (%)

Healthy

claves (%)

ral pathogens infection 36.2 27.3

cterial pathogens infection 4.0 0

parvum infection 4.5 0

ral and bacterial

pathogens co-infection

7.5 0

ral pathogens and

C. parvum co-infection

28.1 0

cterial pathogens

and C. parvum co-infection

1.5 0

ral, bacterial pathogens

and C. parvum co-infection

1.5 0
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infection being highly associated with acute watery
diarrhea (Olesen et al., 2005; Wilhelmi et al., 2003). A
high correlation between BRV-A detection and diarrhea
(OR = 79.9) and a wide range of association with other
pathogens (BNoV, BCoV, Salmonella and C. parvum) may be
an evidence that BRV-A is a primary major bovine enteric
pathogen of calf diarrhea, which is also in agreement with
previous reports describing the primary role of BRV-A in
neonatal calf diarrhea (Bartels et al., 2010; Garcia et al.,
2000; Uhde et al., 2008). Our and others’ observations raise
concerns regarding vaccination practices on farms and the
efficacy of current licensed BRV-A vaccines since vaccina-
tion has been a main tool for prevention of BRV-A
associated diarrhea in neonates. Implementation of a
regular vaccination program for BRV-A can be easily
achieved through enhancing the awareness of the high
frequency of rotavirus-associated calf diarrhea in the field,
but continuing efficacy of BRV-A vaccines may require
frequent surveillance and further characterization of
rotaviruses circulating in the field. Surveillance is war-
ranted since antigenic variation of rotavirus due to
frequent mutation and recombination is of a great concern
for emerging a variant or new serotype (Martella et al.,
2010).

New and emerging viruses with pathogenic potential
for calf diarrhea (i.e., BNoV, Nebovirus and BToV) were
also studied together with historically well-known major
enteric pathogens (i.e., BRV-A, BCoV, BVDV, C. parvum,
Salmonella and E. coli K99+ and Cpt b). The most
noteworthy observations from our study were the
significant association of BNoV (OR = 2.0) and Nebovirus
(OR = 16.7) with calf diarrhea and their frequent detection
(44.7% and 21.6%, respectively) in calf diarrhea cases,
suggesting that bovine caliciviruses may play a more
significant role in calf diarrhea than what was believed. It
is an unexpected observation that Nebovirus was detected
in diarrheic animals at a much higher rate than what was
previously reported from France (Kaplon et al., 2011). A
high frequency of BNoV detection is, on the other hand,
not a surprise since many other investigators have

previously reported a high prevalence of BNoV infection
in the studied bovine populations (Cho et al., 2011; Di
Bartolo et al., 2011; Jor et al., 2010; Kaplon et al., 2011;
Mijovski et al., 2010; Park et al., 2007; Reuter et al., 2009;
van der Poel et al., 2003; Wise et al., 2004; Yilmaz et al.,
2011). Clinical significance of BNoV infection has not been
clear in the field because the virus has also been found in
clinically healthy calves (Jor et al., 2010; Mijovski et al.,
2010) as also shown in our study. Recently an animal
study has demonstrated that BNoV is pathogenic to naı̈ve
calves (Otto et al., 2011). In our study, which is the first
case–control study evaluating BNoV as bovine enteric
pathogen for calf diarrhea, a significant quantitative
difference in the virus amount between fecal samples
from diarrheic and healthy calves was detected, suggest-
ing that disease progression may depend upon the initial
exposure dose of the virus or factors contributing to BNoV
replication to a high titer. While such a difference in
replication ability did not appear to be due to unique
genetic profile of BNoV’s polymerase gene (data not
shown), further study remains to redefine the pathoge-
nicity of bovine caliciviruses and to determine the
correlation between virus amount and the pathogenicity
and identify contributing factors.

Unlike bovine caliciviruses, it was difficult to judge the
role that BToV may play in calf diarrhea because the virus
was detected in a relatively small number of the fecal
samples examined (1.1%). Such a detection frequency of
BToV in our study is similar to what was previously
reported from Korea (2.9%) and Austria (5.2%) but different
from that reported in USA (36.4%) and Japan (18%)
(Duckmanton et al., 1998; Haschek et al., 2006; Kirisawa
et al., 2007; Park et al., 2008b). Although a statistically
significant association between BToV and diarrhea could
not be demonstrated due to a low prevalence, it must be
pointed out that the virus was detected only in feces from
diarrheic calves. A survey on a larger number of animals,
longitudinal cohort study or animal challenge study would
be necessary to determine the clinical significance of BToV
for calf diarrhea.

Table 6

Comparison of the detection frequency of bovine rotavirus group A (BRV-A), bovine coronavirus (BCoV) and Cryptosporidium parvum (C. parvum) in feces

from diarrheic calves before/after use of a PCR-based bovine enteric panel (BEP) in Iowa State University Veterinary Diagnostic Laboratory.

Year BRV-A BCoV C. parvum

ELISA ELISA Direct microscopya

Before BEP 2003 29.8% (131/440)b 12.4% (50/405) 12.2% (15/123)

2004 25.8% (102/396) 11.8% (46/391) 12.7% (13/102)

2005 25.6% (103/402) 9.8% (41/418) 8.4% (12/143)

2006 18.6% (67/361) 17.0% (24/141) 5.7% (7/123)

2007 22.7% (123/542) – 4.5% (5/111)

Average 24.6% (123/2142) 11.9% (161/1355) 8.6% (52/602)

Year BRV-A BCoV C. parvum

Real-time PCR

After BEP 2008 40.7% (198/487) 36.8% (179/487) 42.5% (207/487)

2009 39.5% (213/539) 27.8% (150/539) 42.3% (228/539)

2010 40.1 (242/603) 28.4% (171/603) 38.1% (230/603)

2011 29.2% (176/602) 25.1% (151/602) 31.6% (190/602)

Average 37.2% (829/2231) 29.2% (651/2231) 38.3% (855/2231)
a Acid-fast staining was used.
b % positive (number of positives/number of total cases).
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Bovine coronavirus is historically believed to be a major
ine enteric pathogen causing calf diarrhea, corroborat-
by pathologic studies (Boileau and Kapil, 2010).
ever, such a role has been challenged as some

demiological studies could not demonstrate a statisti-
y significant association between BCoV infection and
 diarrhea (Bartels et al., 2010; Bjorkman et al., 2003;
e et al., 2008). A recent cohort study on Dutch cattle
s even suggested potential opportunistic nature of

V infection with previous history of diarrhea (Bartels
al., 2010). In our study, BCoV was found to be

ificantly associated with calf diarrhea although its
ociation strength with calf diarrhea was relatively weak

 = 2.7) as compared to pathogens historically known to
causes of calf diarrhea such as BRV, C. parvum, E. coli
+ and Salmonella. As reported by other investigators,

 virus was also detected in some of the fecal samples
.2%) from healthy calves. While this was initially
pected to be due to fecal shedding of a vaccine virus
eil and McCloskey, 1995; Thiel et al., 2011), BRV-A was
 detected concurrently in those BCoV-positive samples,
ing that commercial vaccines for calf scouring contain
h BCoV and BRV-A in a live form. Co-infection or other
ors may contribute to diarrhea in association with
V infection as levels of BCoV in feces from diarrheic
es were significantly higher than those in feces from
lthy calves. Such a quantitative difference may be a
ful criterion in determining the clinical significance of
V detection during diagnostic investigation.

Bovine enterovirus is commonly present in gastroin-
inal track in cattle and highly prevalent in high-density

tle farms (Jimenez-Clavero et al., 2005; Ley et al., 2002).
 virus is also known to be stable in the environment
enez-Clavero et al., 2005). Most of BEV infections are

clinical, although gastroenteritis and reproductive
ase associated with BEV infection have been reported
s-Machado et al., 2007, 2011). In our study, detection of
 did not demonstrate a statistically significant associ-
n with calf diarrhea (OR = 0.113). In fact BEV was more
monly detected in feces from healthy calves, which

ports asymptomatic infection of BEV in bovine
trointestinal track (Jimenez-Clavero et al., 2005; Ley
al., 2002).
Accurate and rapid diagnosis of pathogens of bovine
eric disease is important for quick and appropriate
rventions in the field to mitigate losses (McGuirk,
8). The detection frequency of BRV-A, BCoV and C.

vum was increased by 1.5–4.5 times after implement-
 the BEP, PCR-based testing in ISU-VDL. Such an increase
ncidence and/or prevalence is more likely attributed to
her sensitivity and specificity of BEP than conventional
s and accurately reflects actual epidemiology of these
hogens in the field, while there was neither apparent
rease of sample submissions nor change in personnel or
s associated with calf diarrhea testing at the lab were
de during the study period. Interestingly, the detection
uency of C. parvum in diarrhea cases increased by 4.5
es (i.e., from 8.6% to 38.3%) after implementation of
, raising awareness of the epidemiological and clinical
ificance of C. parvum in the field. This observation is an

infection prevalence or disease prevalence, which, in turn,
can misguide veterinary practitioners or producers on
disease intervention or animal management on farm.
Continuous and frequent evaluation of the performance of
diagnostic tests in context of impact on the animal
(infection versus disease) is highly desired to minimize
misclassification of data (David et al., 2005).

Our study was not an age-matched case–control
study, which could introduce a bias into frequency of
certain pathogen detection. Besides, use of diagnostic
submissions for the study could also bias the study
outcome as sick animals may have handled differently
before samples were taken from the animals. Nonethe-
less, age distribution between cases and controls was
similar. Many other factors, such as sex, breed, sampling
season and farm management, were similar between
case and control groups. Use of a PCR-based panel for all
11 targeted agents may have reduced potential bias due
to section of different tests for different pathogens.
Therefore, observed detection frequency and association
strength between certain pathogens and calf diarrhea
would be decent assessment.

In conclusion, co-infection of multiple pathogens is
common in calf diarrhea cases although clinical signifi-
cance/role of each pathogen in diarrhea may vary and
remains to be further studied for some pathogens. C.

parvum and BRV-A appear to be the primary enteric
pathogens significantly contributing to calf diarrhea
under conditions presented in the study. Frequent
detection of bovine caliciviruses, such as BNoV and
Nebovirus, in feces from diarrheic calves raises the need
to pay attention to these viruses with respect to the
management of enteric disease on farm. Use of a PCR-
based testing panel (e.g., multiplex real-time PCRs)
covering a wide range of known and potential pathogens
with defined sensitivity and specificity is strongly
recommended for monitoring/surveillance of populations
for diseases, particularly when dealing with multifactorial
diseases such as calf diarrhea or bovine respiratory
disease complex. Such a screening test for multiple
pathogens would be useful for not only studying the
host-agent ecology, disease expression and dynamics in a
population but also developing an effective intervention
strategy for disease control or prevention. In addition,
further characterization of pathogens with high rate of
mutation on the on-going basis may be necessary to keep a
vaccine-based intervention strategy effective.
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