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Evaluation of bovine coronavirus in Korean @@

native calves challenged through different
inoculation routes

Hyung-Chul Cho'", Youngjun Kim?3', Yong-Il Cho*, Jinho Park?” and Kyoung-Seong Choi'

Abstract

Bovine coronavirus (BCoV) is a pneumoenteric virus that can infect the digestive and respiratory tracts of cattle,
resulting in economic losses. Despite its significance, information regarding BCoV pathogenesis is limited. Hence,

we investigated clinical signs, patterns of viral shedding, changes in antibody abundance, and cytokine/chemokine
production in calves inoculated with BCoV via intranasal and oral. Six clinically healthy Korean native calves (<30 days
old), initially negative for BCoV, were divided into intranasal and oral groups and monitored for 15 days post-infection
(dpi). BCoV-infected calves exhibited clinical signs such as nasal discharge and diarrhea, starting at 3 dpi and recover-
ing by 12 dpi, with nasal discharge being the most common symptoms. Viral RNA was detected in nasal and fecal
samples from all infected calves. Nasal shedding occurred before fecal shedding regardless of the inoculation route;
however, fecal shedding persisted longer. Although the number of partitions was very few, viral RNA was identi-

fied in the blood of two calves in the oral group at 7 dpi and 9 dpi using digital RT-PCR analysis. The effectiveness

of maternal antibodies in preventing viral replication and shedding appeared limited. Our results showed interleukin
(IL)-8 as the most common and highly induced chemokine. During BCoV infection, the levels of IL-8, monocyte che-
moattractant protein-1, and macrophage inflammatory protein-13 were significantly affected, suggesting that these
emerge as potential and reliable biomarkers for predicting BCoV infection. This study underscores the importance

of BCoV as a major pathogen causing diarrhea and respiratory disease.
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Introduction

Bovine coronavirus (BCoV) is a pneumoenteric virus
that belongs to the species Betacoronavirus 1 (subgenus
Embecovirus) and shared similarities with human coro-
navirus (HCoV)-OC43, which was originally transmitted
from bovines [1]. BCoV causes diarrhea in calves, winter
dysentery in adult cattle, and respiratory diseases in cat-
tle of all ages [2], resulting in substantial economic losses
due to decreased weight gain and milk production. Gen-
erally, BCoV infection causes profuse, watery diarrhea,
with the feces possibly containing blood and mucus. The
onset of clinical signs is noted approximately 2-days post-
exposure and lasts for 3—-6 days [3]. Research shows that
BCoV detection in>70% of feces from clinically normal
cows, with calves primarily infected through the fecal-
oral route from their dam [4]. BCoV replicates in the epi-
thelial cells of the colon crypts, destroying the villi and
leading to degeneration, crypt epithelium necrosis, and
petechial hemorrhage. This can result in severe hemor-
rhagic diarrhea in calves, which can be life-threatening
because of electrolyte imbalance and malnutrition [5, 6].

Furthermore, BCoV has emerged as a major pathogen
causing bovine respiratory disease (BRD), accompanied
by pyrexia, nasal discharge, cough, or pneumonia in
severe cases [7, 8]. Studies report BCoV prevalence rang-
ing from 3.4 to 69% in diarrheal feces and 11.8-74.6%
in BRD-associated symptoms [7, 9-11]. BCoV has also
been reported to be 46% in calves with normal feces [12]
and 63.4% in nasopharyngeal swabs of healthy cattle [7].
Although BCoV was first isolated from diarrheal calves
and focused on enteric illness, recent studies have con-
sidered its association with respiratory diseases [13—16].

BCoVs have often been divided into either enteric or
respiratory BCoVs based on the organ from which the
virus was isolated. According to recent studies, BCoVs
infections worldwide have dual respiratory and enteric
tropisms, with the ability to infect both the respiratory
and digestive tracts. However, a previous study per-
formed by our group revealed no genetic or phylogenetic
differences between enteric and respiratory BCoVs [17].
Therefore, there appeared to be no differences between
respiratory and enteric BCoVs. Nevertheless, it remains
unclear whether a single virus can infect multiple tissues
or whether the virus infection site varies depending on
tissue tropism [5].

Coronaviruses (CoVs) have broad tissue tropisms and
sometimes cause systemic infections [18—-20]. Some CoVs
use monocytes/macrophages or lymphocytes for dis-
semination, suggesting that these viruses can circulate in
the body via the bloodstream [20, 21]. Although several
studies have confirmed that BCoV can infect various tis-
sues in the respiratory and intestinal tracts, and even in
the brain [22-24], only a few studies have reported how
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BCoV can spread to different organs within an infected
animal [25]. However, because viremia is rarely detecta-
ble in BCoV infection, the mechanism by which the virus
crosses the tissue and spreads to other organs remains
unresolved [26].

Cytokines are not only solely involved in immune regu-
lation but also have diverse physiological functions [27,
28]. Excessive or prolonged production of proinflamma-
tory cytokines can lead to chronic inflammation, tissue
damage, and autoimmune diseases [29, 30]. Conversely,
inadequate or impaired cytokine production can result in
immunodeficiency and heightened vulnerability to infec-
tions [31, 32]. Cytokines and chemokines are involved in
immune and inflammatory responses against infectious
diseases [33]. Previous studies have reported that HCoVs,
including Middle East respiratory syndrome coronavi-
rus (MERS-CoV) and severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), induce the increased pro-
duction of proinflammatory cytokines, also known as a
cytokine storm [34—36]. However, to date, there is lim-
ited information regarding BCoV infection and the pro-
duction of cytokines/chemokine.

Moreover, data on BCoV infection and viral shedding
are also scarce. A previous study reported that BCoV
replication and shedding began on the 2nd day after
exposure and that nasal secretion of the virus occurred
sooner than that through feces [24]. On the other hand,
studies have also shown that the first establishment of
BCoV infection is dependent on the route of inoculation,
with subsequent transmission of the virus to other tissues
[37]. In this study, calves were infected with BCoV iso-
lated from feces using two different inoculation routes.
We monitored their clinical signs, compared the viral
shedding through nasal and feces, assessed changes in
antibody levels, and investigated cytokines/chemokines
production.

Materials and methods

Virus preparation

Fecal samples (200 mg) from diarrheal calf that tested
positive for BCoV by RT-PCR were subjected to virus
isolation. Briefly, fecal suspensions were centrifuged
at 2400x g for 10 min, filtered using a 0.22-pm PES fil-
ter Corning® Syringe Filter (Corning Inc., Corning, NY,
USA), and inoculated on human rectal tumor-18G cells,
which were grown in serum-free Dulbecco’s modified
Eagle’s medium (Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with 0.1 mg/mL streptomy-
cin, 100 U/mL penicillin (Thermo Fisher Scientific), and
trypsin (5 pg/mL) (Thermo Fisher Scientific) for 4 days.
Cytopathic effects were examined on days 2, 3, and 4
using inverted light microscopy. The cells were then fro-
zen and thawed three times, and the supernatants were
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harvested for detection of BCoV by real-time RT-PCR
targeting the nucleocapsid (N) gene. The Ct value for this
virus was 12.73. Viral propagation and titration were per-
formed using the Madin-Darby bovine kidney cell line as
previously described [38].

Experimental animals

Six Korean native calves, all younger than 30 days (mean
age 23+ 6 days), were selected for this study. These ani-
mals did not exhibit any clinical manifestations, includ-
ing anorexia, coughing, depression, nasal discharges, or
diarrhea. The calves were allocated into two groups for
infection via different BCoV inoculation routes, each
receiving 10> TCID,y/mL: intranasal (6 mL; 27 + 5 days)
and oral (5 mL; 18+2 days). After inoculation, the calves
were housed separately. Prior to the experiment, all
calves were tested for BCoV antigen and results were
negative. The dams of these animals were vaccinated
against bovine rotavirus and BCoV and were fed colos-
trum after birth. BCoV antibody levels in the calves were
also assessed 2 days before the experiment began, con-
firming all were seropositive.

Sample collection and blood analysis

Following inoculation, the calves were monitored daily
during the experiment and clinical signs were scored as
mild, moderate, or severe. Nasal, rectal, and blood sam-
ples were collected at 1, 3, 5, 7, 9, 12, and 15 days post-
infection (dpi). Additional nasal and rectal swabs were
taken at 22 dpi to evaluate viral shedding. Blood was
drawn from the jugular vein and divided into tubes con-
taining EDTA (BD Vacutainer®, Becton Dickinson Vacu-
tainer Systems, Franklin Lakes, NJ, USA) and into serum
tubes (Vacutte® serum tube, Greiner Bio-One, Austria).
The collected samples were immediately transported
to the laboratory on ice, and serum separation was per-
formed for further analysis.

BCoV detection by real-time RT-PCR

Viral RNA was extracted from nasal and rectal swabs
using the AccuPrep® Viral RNA Extraction Kit (Bioneer,
Daejeon, Republic of Korea) and from blood using
RNAiso (Takara, Shiga, Japan), as per the manufacturer’s
guidelines. BCoV in nasal and rectal swabs, as well as in
blood, was detected by real-time RT-PCR targeting the N
gene [39, 45], and Ct values of <30 were considered posi-
tive. Each run included positive and negative controls.
Viremia was assessed using both real-time and digital
RT-PCR (RT-dPCR).
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Detection of BCoV in blood using RT-dPCR

RNA extracted from blood samples was subjected to
RT-dPCR using the QIAcuity Digital PCR System (Qia-
gen, Hilden, Germany), according to the manufacturer’s
instructions. The same primer sets utilized for real-time
RT-PCR were employed. The RT-dPCR assays were con-
ducted in a final reaction volume of 40 pL using the QIA-
cuity OneStep Advanced Probe Kit (Qiagen) containing
4x OneStep Advanced Probe Master mix, 100 X OneStep
RT mix, 400 nM of each primer, 200 nM of probe, PCR
grade water, and RNA template in 26 K 24-well Nano-
plate (Qiagen). Briefly, reverse transcription step was
performed at 50 °C for 40 min, followed by an activation
step at 95 °C for 2 min. The amplification consisted of
40 cycles at 95 °C for 5 s and 60 °C for 30 s. On average,
25 000 reactions were executed per sample. The QIAcuity
Software Suite version 2.1.8 (Qiagen) was used to deter-
mine the sample thresholds using both positive and nega-
tive controls. The threshold was manually adjusted based
on the positive control for each assay, and samples were
deemed positive if they exceeded 0 copies/pL.

Detection of BCoV antibodies using ELISA

Serum samples were evaluated for the detection of anti-
bodies against BCoV using a commercially available
indirect antibody enzyme linked immunosorbent assay
(ELISA) kit (SVANOVIR® BCV-Ab, Uppsala, Sweden)
in accordance with the manufacturer’s instructions. The
optical density (OD) was measured at 450 nm using an
Infinite F50 microplate reader (Tecan, Mannedorf, Swit-
zerland), which was used to calculate the BCoV anti-
body percent positivity (PP) by dividing the OD of the
unknown sample by that of the positive control provided
in the kit. A calculated PP value of >10 was considered
positive. The sensitivity of the kit is estimated at 84.6%,
and its specificity is reported to be 100%.

Cytokine/chemokine measurement

The concentration of each cytokine/chemokine in
the serum was determined using Milliplex® Bovine
Cytokine/Chemokine Magnetic Bead Panel 1 (Millipore,
Burlington, MA, USA) according to the manufacturer’s
instructions. This panel included 15 different analytes:
interferon-gamma (IFNy), interleukin-1 alpha (IL)-1q,
IL-1p, IL-4, IL-6, IL-8, IL-10, IL-17A, IL-36 receptor
antagonist (IL-36RA), IFNy inducible protein (IP-10,
CXCL10), monocyte chemoattractant protein-1 (MCP-
1, CCL2), macrophage inflammatory protein-1 alpha
(MIP-1a, CCL3), MIP-1f (CCL4), tumor necrosis fac-
tor alpha (TNFa), and vascular endothelial growth fac-
tor (VEGF) A. The analytes were run on the Luminex®
analyzer (MAGPIX®) (Luminex Corp., Austin, TX, USA)
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and quantified usingx POTENT® software. The final
concentrations of cytokines/chemokines (pg/mL) were
determined by fitting to a standard curve using the five-
parameter logistic method. All measured values were
found to fall within the quality control ranges.

Statistical analysis

Data are expressed as the mean + standard deviation. Sta-
tistical analyses were performed using SPSS 29.0 software
package (SPSS, Chicago, Illinois, USA). The variables of
interest included cytokines/chemokines levels as depend-
ent variables, with group and infection time at seven time
points post-BCoV infection as independent variables.
The effects of inoculation route and infection time, along
with their interaction, were each analyzed using a two-
way repeated measures analysis of variance (two-way
RMANOVA). Additionally, differences among groups
were assessed using a one-way RMANOVA. All ANOVA
tests were followed by appropriate post-hoc multi-
ple comparisons. Statistical significance was denoted
as P<0.05. All figures were processed using GraphPad
Prism Version 8 (GraphPad Software, La Jolla, CA, USA).

Results

Clinical outcomes after BCoV exposure via two different
routes

Among the six animals used in the experiment, five
developed mild clinical signs such as diarrhea and nasal
discharge. None of the infected calves showed signs of
anorexia, coughing, or depression. As shown in Table 1,
all calves infected by the intranasal inoculation exhibited
nasal discharges, and two calves developed mild diar-
rhea and one calf developed moderate diarrhea; how-
ever, these symptoms recovered by 12 dpi. In contrast,
all calves in the oral group had different clinical signs.
One calf showed no clinical signs until the end of the
experiment, whereas two exhibited nasal discharge and
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diarrhea, at 3 dpi (Table 1). A calf that exhibited nasal
discharge did not display any clinical signs thereafter,
whereas another calf with diarrhea developed nasal dis-
charge at 9 dpi, and symptoms disappeared by 12 dpi
(Table 1). Nasal discharge was the most common clinical
sign observed, regardless of the inoculation route.

Nasal shedding of viral RNA

The pattern of BCoV RNA shedding in nasal samples was
compared according to the route of inoculation. Regard-
less of the inoculation route, virus shedding from nasal
samples started at 1 dpi in one calf from each group, and
the duration of shedding was different between the two
groups (Figure 1A). In the intranasal group, viral RNA
was detected from 3 to 12 dpi in all calves, and only one
calf continuously shed BCoV until 15 dpi (Figure 1A).
Meanwhile, in the oral group, BCoV RNA was present
from 3 to 9 dpi, and was intermittently detected in one
calf at 12 dpi and in two calves at 15 dpi (Figure 1A).
None of nasal swabs from all calves were positive at 22
dpi (Figure 1A).

Fecal shedding of viral RNA

Viral shedding in fecal samples varied based on the route
of inoculation, and detection of viral RNA occurred later
than in nasal swabs. At 3 dpi, BCoV was first detected in
one calf from the intranasal group, but not in any calves
from the oral group (Figure 1B). Two calves in the intra-
nasal group were found to shed BCoV in their feces at 5
dpi, whereas in the oral group, only one calf was posi-
tive at this time point (Figure 1B). Between 7 and 9 dpi,
all calves shed BCoV, regardless of the inoculation route
(Figure 1B). Viral RNA was detected in one calf of the
intranasal group and two calves of the oral group at 12
dpi. Viral RNA was intermittently detected until 22 dpi in
one calf from each group (Figure 1B). BCoV shedding in

Table 1 Scoring of clinical manifestations observed in BCoV-inoculated calves during this experiment.

Inoculation route Calves Days post-infection
-2 1 3 5 7 9 12 15
Intranasal 1 - - - - D:+ D+ + - -
NS:+
2 - - D:+ - - - - -
NS:+

3 - - - - NS: + - - -
Oral 1 - - - - - - - -

2 - - NS: + - - - - -

3 - - D:+ - - NS:+ - -

D: diarrhea (loose to watery), NS: nasal discharge.
-:no sign, +: mild, + +: moderate, + + +: severe.
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Figure 1 Comparison of bovine coronavirus (BCoV) shedding patterns from nasal (A) and rectal (B) swabs between the IN (intranasal;
white circle) and oral (black square) groups. Real-time RT-PCR targeting the nucleocapsid gene was performed, and Ct values of <30 were

considered positive.

feces tended to continue for a greater duration than that
in nasal swabs.

Association between clinical manifestation and viral
shedding

The onset of clinical signs varied among individuals and
was observed in three calves at 3 dpi. Nasal shedding
of BCoV lasted for 6 days (from 3 to 9 dpi) in all calves;
however, nasal discharge was not observed in these
calves, and one calf exhibited no clinical signs during the
experiment (Table 1). One calf in the oral group had mild
diarrhea, but BCoV was not detected in the fecal samples
of this calf. Nasal discharge, but not diarrhea, was a com-
mon clinical sign observed during BCoV infection. No
clear correlation was found between clinical signs and
viral shedding.

Viral RNA in the blood samples

Using real-time RT-PCR, BCoV RNA was not detected in
the blood samples from any of the calves until the end of
the experiment. The follow-up analysis revealed that the
RT-dPCR detection range for the N gene was 0.0-0.048
copies/pL. In the intranasal group, all samples were
determined to be negative for BCoV, whereas in the oral
group, two calves showed positive results (0.048 copies/
pL) at 7 and 15 dpi for one calf, and at 9 dpi for the other.
These values for the calves indicate that they are consid-
ered positive for BCoV, as noted in Table 2 and Addi-
tional file 1.

Antibody production after BCoV inoculation

BCoV antibodies in serum were measured using ELISA.
The antibody levels were higher in the oral group than
in the intranasal group throughout the experiment (Fig-
ure 2). Nevertheless, there was no statistically signifi-
cant difference between the groups (P=0.167). In the

intranasal group, the antibody levels were highest at 1
dpi, gradually decreased until 12 dpi, and then returned
to similar to those before inoculation at 15 dpi (Figure 2).
In contrast, BCoV antibody levels in the oral group gen-
erally remained high until 7 dpi, slightly decreased at 9
dpi, and then increased until 12 dpi, and the highest anti-
body production levels occurred at this point (Figure 2).

Cytokine and chemokine levels in serum samples

Of the 15 analytes examined, IL-1«a, IL-1f, IL-4, TNFa,
and MIP-la were undetectable, while IFNy, IL-6,
IL-10, IL-17A, IL-36RA, IL-8, IP-10, MCP-1, MIP-1§,
and VEGEF-A were detected in both groups (Figure 3).
Two-way RMANOVA revealed no statistically sig-
nificant differences between the intranasal and oral
groups (Table 3). However, statistical significances were
observed in the concentrations of IL-10 (P=0.039), IL-8
(P=0.000), MCP-1 (P=0.014), MIP-1p (P=0.044), and
VEGEF-A (P=0.018), depending on the time of infection
(Table 3). The two-way RMANOVA showed no inter-
actions between group and time of infection (Table 3).
Post-hoc analysis revealed that the concentration of
IL-10 significantly decreased at day 9 dpi compared
to day 7 dpi (P=0.0273), and the concentration of IL-8
significantly increased at 9, 12, and 15 dpi compared to
1 dpi (Figure 3). Although MCP-1, MIP-1p, and VEGEF-
A demonstrated differences over time, there were not
statistically significant in the post-hoc analysis. A one-
way RMANOVA was conducted to assess differences
between groups, revealing that IL-10 (P=0.020), IL-8
(P=0.006), and MCP-1 (P=0.024) levels differed signifi-
cantly in the oral group, whereas only MIP-1f3 showed a
significant difference in the intranasal group (P=0.005)
(Additional file 2).
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Table 2 Amplification of BCoV RNAs in blood samples by digital RT-PCR.

Inoculation routes Calves Days post-infection  Concentration No. of partitions Negative
Positive
Intranasal 1 1 0.000 0 25450
3 0.000 0 25456
5 0.000 0 25336
7 0.000 0 25382
9 0.000 0 25434
12 0.000 0 25433
15 0.000 0 25436
2 1 0.000 0 23708
3 0.000 0 25449
5 0.000 0 25322
7 0.000 0 25451
9 0.000 0 25146
12 0.000 0 25430
15 0.000 0 25407
3 1 0.000 0 25440
3 0.000 0 25446
5 0.000 0 25407
7 0.000 0 25435
9 0.000 0 23868
12 0.000 0 25442
15 0.000 0 25437
Oral 1 1 0.000 0 25438
3 0.000 0 25408
5 0.000 0 25380
7 0.048 1 25387
9 0.000 0 23947
12 0.000 0 24785
15 0.048 1 25453
2 1 0.000 0 25448
3 0.000 0 25453
5 0.000 0 25480
7 0.000 0 23364
9 0.000 0 25473
12 0.000 0 25217
15 0.000 0 25463
3 1 0.000 0 25371
3 0.000 0 25478
5 0.000 0 25439
7 0.000 0 25418
9 0.048 1 25451
12 0.000 0 25448
15 0.000 0 25403
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and oral groups are indicated by white and black boxes, respectively.
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chemokine concentrations in BCoV-infected calves
exposed via different inoculation routes. Our results
revealed that, regardless of the inoculation route, the
onset of clinical symptoms varied among calves, starting
at 3 dpi and lasting up to 9 dpi. Only two calves showed
both mild nasal discharge and diarrhea; however, these
symptoms did not persist for long. In particular, the
clinical symptoms observed in BCoV-infected calves
were generally mild, and most animals exhibited nasal
discharge rather than diarrhea. This observation was in
accordance with a previous study, which showed nasal
discharge in all groups [24]. Because the virus used for
inoculation was isolated from the fecal samples of a calf
with diarrhea, we assumed that this virus would cause
diarrhea in infected calves; however, contrary to our
expectations, diarrhea was not observed in most calves.
Furthermore, clinical symptoms were more noticeable
in the intranasal group than in the oral group. The small
sample size constrains our conclusions, yet the findings
suggest that the primary manifestations in BCoV-infected
calves might be nasal discharge. Several studies have
reported that BCoV can cause respiratory symptoms,

C IL-6
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IL-36RA

-
E
i=J
Q
21 57 91215 21 5 7 9 1215 21 5 7 9 1215
Days post-infection
MIP-18 J VEGF-A

180

120

pg/mL

21 57 91215 1579
Days post-infection

21 5 7 91215 21 57 9 1215
Days post-infection

Figure 3 Cytokine/chemokine concentrations of IL-8 (A), IFN-y (B), IL-6 (C), IL-10 (D), IL-17A (E), IL-36RA (F), IP-10 (G), MCP-1 (H), MIP-1j3
(), and VEGF-A (J) in the serum of calves after bovine coronavirus infection between the IN (intranasal; white box) and oral (black

box) groups. Data are presented as the mean + SD of each time point. Statistical analyses were performed using two-way ANOVA with repeated
measures. Significance levels are indicated by *p <0.05, **p <0.01, and *** p<0.001.
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Table 3 Results of the cytokine/chemokines levels after
BCoV infection between the intranasal and oral groups.

Factors Two-way RMANOVA Post-hoc
analysis
Infection time  Inoculation Interaction
route of variables

IFN-y 0.222 0611 0.392
IL-6 0620 0.581 0.861
IL-10 0.039" 0.235 0.584 0.020"
IL-17A 0691 0.943 0.341
IL-36RA 0121 0.188 0.542
IL-8 0.000™" 0.166 0.659 0.006"
IP-10 0.154 0491 0.584
MCP-1 0014 0.167 0.501 0.024"
MIP-1 0.044" 0.834 0.062 0.005"
VEGF-A 0018 0517 0.712

*p<0.05, **p<0.01, and ***p < 0.001.

IFNy: interferon gamma, IL: interleukin, IL-36RA: IL-36 receptor antagonist, IP-10
(CXCL10): IFNy inducible protein 10, MCP-1 (CCL2): monocyte chemoattractant
protein-1, MIP-1f (CCL4): macrophage inflammatory protein-1 beta, VEFG-A:
vascular endothelial growth factor A.

such as nasal discharge, sneezing, and coughing in calves
aged 2-16 weeks [40-42] and may contribute to out-
breaks of respiratory disease [39, 43, 44]. BCoV infec-
tions are also implicated in predisposing calves to severe
secondary lower respiratory tract infections [40]. While
the virulence of field strains of BCoV in causing respira-
tory tract diseases varies, the role of BCoV as a primary
disease agent remains under debate [46]. However, our
results suggest that BCoV predominantly affects the res-
piratory tract, not the gastrointestinal system, underscor-
ing the need for further research to elucidate the link
between BCoV infection and respiratory diseases.

We further compared the pattern of viral shedding
between the nasal and feces according to the inoculation
route. In the oral group, the pattern of virus shedding in
the nasal secretions was similar to that of the intranasal
group; however, BCoV shedding in the feces was detected
slightly later in the oral group compared with that in the
intranasal group, thus demonstrating the differences in
the shedding patterns (Table 2). However, regardless of
the inoculation route, the present results revealed that
virus shedding from nasal swabs was observed 4 days
earlier than that from feces in all calves, which was con-
sistent with other studies, which revealed that nasal shed-
ding preceded fecal shedding [24, 39]. Previous results
showed that in intranasally inoculated calves, BCoV
was first detected in the nasal discharge and then in the
feces; however, when calves were orally inoculated, BCoV
was first detected in feces and later in nasal discharge
[37], suggesting that shedding patterns were dependent
on the route of inoculation. Nonetheless, the findings
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from this study contrast with these earlier reports. The
calves used in this study were tested for BCoV infection
a week prior to the experiment, and it remains uncertain
whether they had prior exposure to BCoV. Given that
the calves intended for oral inoculation were 12 +2 days
old at the start of the experiment, there is possibility that
these animals were previously infected with BCoV and
had developed diarrhea, potentially leading to delayed
fecal shedding. However, there was no recorded his-
tory of intestinal diseases, such as diarrhea, among the
calves used in this study. Therefore, our results suggest
that virus shedding does not appear to be affected by
the route of inoculation but may be more closely associ-
ated with the sequential continuity of infection (via the
respiratory tract and then the gastrointestinal tract) of
viral replication due to virus entry. In the natural envi-
ronment, BCoV is transmitted via nasal secretions or the
fecal-oral route [40]. After entering the host, the virus
initially replicates in the upper respiratory tract, shielded
by the mucous membrane. It then migrates through the
nasal discharge to the gastrointestinal tract, resulting in
a secondary infection that leads to intestinal replication
and fecal shedding. These observations indicate that the
respiratory pathway is a significant, and potentially domi-
nant, route of BCoV infection under field conditions [24,
39, 41]. The pattern of shedding can be explained by the
important role of BCoV as a pneumoenteric pathogen.

A recent study indicated that the nasal and fecal
shedding periods lasted approximately 1-12 days and
2-17 days, respectively [24]. However, our results
showed that in all BCoV-infected calves, the nasal shed-
ding period was 3-9 days, whereas the fecal shedding
period was 7-9 days, which was much shorter than
previously reported results, especially in the feces [24,
42, 47]. The primary cause of this variation likely stems
from the differences in the inoculation doses. Specifi-
cally, fecal shedding was shorter in the oral group, pos-
sibly because of the lower dose inoculated. Moreover, in
this study, BCoV RNA in the nasal and fecal samples was
intermittently detected up to 15 and 22 dpi, respectively.
These findings are consistent with those of previous stud-
ies, in which viral shedding persisted longer in feces [24,
39]. This may be related to the viral transmission route,
fecal-oral transmission. A notable limitation of this
study is the absence of quantitative virus analysis in the
nasal and fecal samples from the BCoV-infected calves.
According to real-time RT-PCR analysis, Ct values, indi-
cating viral presence, were generally lower (positivity)
in nasal samples than in fecal samples, regardless of the
route of inoculation. This suggests that the amount of
virus shed differs between nasal secretions and feces fol-
lowing viral replication. However, the current data do not
confirm whether the virus is active or infectious based on
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the obtained Ct value. Therefore, additional research is
essential to quantify the viral load and ascertain the rela-
tionship between viral shedding and its transmissibility.

Previous studies have reported that nasal swab speci-
mens appear to be more advantageous for virus detec-
tion in calves with suspected BCoV-associated diseases
than fecal samples [24]. This is because, as shown in our
results, viral RNA was more frequently positive in nasal
swabs. In the intranasal group, viral RNA was consist-
ently detected in nasal swabs but not in their feces. In
contrast, the oral group showed a similar pattern of
viral RNA detection in both nasal and fecal samples.
Importantly, the sensitivity and specificity of these sam-
ples have not been assessed at this point; therefore, it is
not possible to conclude which sample type is the most
appropriate for diagnosis. However, considering the
shedding pattern of the virus, it is deemed suitable to use
both nasal and fecal samples simultaneously for BCoV
diagnosis since detection time can vary depending on the
sample.

Our results also showed no association between clinical
signs and the detection of viral RNA. Several studies have
reported that the virus is commonly detected in clinically
healthy adults and calves [47-51], as well as in sick cattle.
Furthermore, in this study, there was no direct correla-
tion between the viral load (Ct value) and clinical symp-
toms, and the presence of BCoV RNA in animals does
not necessarily mean that it is active or infectious [52].
In general, clinically healthy cattle can shed the virus via
nasal secretions or feces for quite a long time [53], and it
is assumed that when these cattle are subjected to envi-
ronmental stresses, they may develop clinical signs and
act as potential carriers. Given that, active surveillance
of animals is required as the best strategy to control and
prevent BCoV. Therefore, further studies should be aimed
at establishing guidelines for viral load monitoring in cat-
tle with the disease to provide exact information for the
detection of BCoV in clinical samples.

Viral RNA was not detected in the blood using the real-
time RT-PCR method, whereas it was identified in two
calves of the oral group by RT-dPCR analysis between
7 and 15 dpi. Interestingly, one calf did not develop any
clinical symptoms during the experiment, and the rest
exhibited nasal discharge. These RT-PCR results were in
accordance with those of a previous study [24] but were
different from those reported by another study [25]. This
discrepancy is because they used serum samples and
nested PCR assays for BCoV detection [25]. In general,
nested PCR is more sensitive than RT-qPCR but is also
prone to contamination and more cumbersome [24, 47].
Although the viral load in the blood (the number of posi-
tive partitions) was low in this study, RT-dPCR results
indicated that the oral route of infection could induce
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viremia. Previous studies have demonstrated that dPCR
is a sensitive and accurate method for detecting low viral
copy numbers [54]. Our findings suggest that RT-dPCR
is appropriate for diagnosing viremia even when the viral
RNA quantity is minimal. It remains uncertain whether
the limited detection of viremia is due to the low virus
dose used in inoculation or the low viral presence in the
blood. We propose the latter scenario, as many viruses
cause viremia, during which the virus circulates in the
blood or blood cells and can disseminate to the target
organs, initiating infection [55]. However, the mechanism
by which BCoV reaches its target sites after infection is
not well understood. One hypothesis is that only a por-
tion of the virus circulates briefly in the blood during
replication before entering the circulatory system. Con-
sequently, highly sensitive detection methods are neces-
sary for identifying BCoV. Similar to feline CoV, which
utilizes monocyte-associated viremia for systemic spread
[56]. BCoV might also move from the respiratory tract to
the intestines or vice versa through a similar mechanism.
Therefore, additional research is essential to elucidate
how BCoV induces viremia.

Our findings revealed that the abundance of BCoV
antibodies did not correlate with viral shedding. The
ELISA test used in this study measured the total reac-
tive rather than neutralizing antibodies. The dams of
these calves were vaccinated before calving, and the
calves therefore received passive immunity by ingest-
ing colostrum, thereby obtaining antibodies against
BCoV. Notably, nasal discharge rather than diarrhea was
the primary symptom observed in these calves, despite
their high antibody levels. This discrepancy may stem
from variations in seroreactivity between the respira-
tory strains and the enteric reference strains used in the
vaccines [44], potentially explaining the clinical signs
observed in this study. Furthermore, considering the
duration for which these calves were used in the experi-
ment, the age of the calves in the intranasal group was
approximately 42+5 days (5-7 weeks), a time frame
that might coincide with the declining levels of maternal
antibodies, as opposed to the oral group, whose age was
approximately 33 +2 days. We observed a more frequent
alteration in BCoV antibody levels in the serum of the
intranasal group, which correlated with onset of clinical
symptoms. In contrast, calves in the oral group showed
fewer clinical signs, suggesting that high levels of pas-
sive immunity could mitigate the severity or delay the
onset of BCoV infection. The results indicate that passive
immunity transferred from their dams would have pro-
tective effects against BCoV infection but a weak protec-
tive effect on viral replication. This is consistent with the
results described in other studies [41, 57]. Although the
amount of BCoV antibodies increased at 15 dpi in both
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groups compared with that before the experiment, viral
shedding in the nasal and feces was still detected at this
time point. Despite the high abundance of antibodies in
serum, the amount of BCoV antibodies generated in this
study may not be sufficient to contend with virus replica-
tion and shedding. Additionally, this may be because of a
lack of a cell-mediated immune response to BCoV infec-
tion. Currently, data on T-cell immunity in relation to
BCoV infection are scant [58]. Thus, further studies are
necessary to elucidate the appropriate immune response
that can prevent viral replication, shedding, and trans-
mission during BCoV infection.

Among the cytokines and chemokines examined in this
study, a significant increase in IL-8 was observed exclu-
sively in the oral group (P=0.006), with levels notably
rising from 9 dpi until the conclusion of the experiment.
IL-8 levels are similarly elevated in patients infected with
SARS-CoV-2 [59-61]. The mechanism behind the ele-
vated IL-8 levels in BCoV-infected calve remains unclear.
In cases of SARS-CoV-2 infection, a surge in proin-
flammatory cytokines, including IL-1, IL-6, TNFa, and
IFNy, along with IL-8, is considered a major contribu-
tor to mortality [62, 63]. Conversely, in BCoV-infected
calves, IL-1 and TNFa were undetectable, and IL-6 and
IFNY were present only in low quantities, with no signifi-
cant variances observed. This could be attributed to the
administration of a low BCoV dose used for inoculation,
which did not cause a systemic infection in these animals.
Furthermore, our findings indicate a statistically signifi-
cant change in IL-10 levels in the oral group (2=0.020),
which displayed a marked decrease at 9 dpi relative to 7
dpi. The temporal increase in IL-10 may be linked to a
regulatory effect by IL-8. Another noteworthy observa-
tion was the declining trend in VEGE-A levels over time
in the oral group. Although changes in VEGF-A were not
statistically significant in one-way RMANOVA, two-way
RMANOVA results revealed a consistent decrease asso-
ciated with the duration of infection after oral inocu-
lation. VEGEF-A is known for its varied biological roles,
particularly in promoting angiogenesis. Several studies
have shown that VEGF-A levels increases during viral
infections [64—66]. However, our results were inconsist-
ent with those of other studies, suggesting that BCoV
infection may not trigger immune activation as indicated
by the absence of proinflammatory cytokines induc-
tion. Notably, the duration of infection in calves signifi-
cantly affected the levels of MCP-1 and MIP-1. MCP-1,
a chemokine that attracts monocytes and dendritic cells
to infection sites [67, 68] was elevated in the oral group
and consistent with that observed in patients with SARS-
CoV-2 [69]. This elevation may be linked to an increase
in monocytes after BCoV infection, a phenomenon sup-
ported by several studies [3, 7]. Although hematological
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results were not presented, our data indicated monocyto-
sis in BCoV-infected calves (data not published). Further-
more, Alhetheel et al. reported that MCP-1 is the only
chemokine associated with increased mortality risk in
MERS-CoV infections [70]. MIP-1 elevation occurred in
the intranasal group and is known for its role in recruit-
ing and activating monocytes, lymphocytes, and natural
killer cells [71]. This increase might also relate to mono-
cytosis. Our data suggest that the chemokine profiles
in BCoV-infected calves vary with the route of inocula-
tion, particularly in the oral group. The similar patterns
of IL-8, MCP-1, and MIP-1p elevation observed in both
BCoV-infected calves and SARS-CoV-2 patients highlight
this finding [72]. Given the lack of supporting data on the
link between BCoV infection and cytokine/chemokine
responses, additional research is required to clarify the
immune mechanisms involved in BCoV infection.

The primary limitations of this study stem from the dif-
ferent volumes used for inoculation and the varying ages
of calves across the two groups. It is challenging to deter-
mine whether these variations influenced the clinical
signs and fecal shedding observed in the orally inoculated
group, yet their potential impact cannot be dismissed.
Although the inoculation dose and animal age are cru-
cial factors in in vivo experiments, they seemingly did
not substantially affect the outcomes of this study. Nota-
bly, the reasons for the significant alterations in cytokine/
chemokine levels in the oral group remain unexplained.
Despite these limitations, our results contribute impor-
tant insights into the pathogenesis of BCoV.

In conclusion, this study demonstrated that nasal
shedding of the virus preceded fecal shedding, and viral
shedding persisted longer in feces than in nasal swabs,
regardless of the inoculation route. Given that nasal dis-
charge is a frequent symptom in BCoV-infected calves,
these findings highlight the role of BCoV as a respiratory
pathogen. Based on the shedding patterns observed, it
is advisable to concurrently collect both nasal and fecal
samples for accurate BCoV diagnosis. We found no direct
correlation between clinical signs and the extent of virus
shedding. Additionally, passive antibodies from the dam
appeared to offer limited protection against viral repli-
cation. These results indicate that serum levels of IL-8,
MCP-1, and MIP-1p may serve as viable and reliable bio-
markers for predicting BCoV infection.
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