
RESEARCH ARTICLE

Experimental co-infection of calves with SARS-CoV-2 Delta and Omicron
variants of concern
Konner Coola, Natasha N. Gaudreaulta, Jessie D. Trujilloa, Igor Morozova, Chester D. McDowella,
Dashzeveg Bolda, Taeyong Kwona, Velmurugan Balaraman a, Patricia Assatoa, Daniel W. Maddena,
Emily Mantloa, Jayme Souza-Netoa, Franco Matias-Ferreyraa, Jaime Retallicka, Gagandeep Singhd,e,
Michael Schotsaertd,e, Mariano Carossinob, Udeni B. R. Balasuriyab, William C. Wilson c, Roman
M. Pogranichniya, Adolfo García-Sastred,e,f,g,h and Juergen A. Richta

aDepartment of Diagnostic Medicine/Pathobiology, College of Veterinary Medicine, Kansas State University, Manhattan, KS, USA;
bLouisiana Animal Disease Diagnostic Laboratory and Department of Pathobiological Sciences, School of Veterinary Medicine, Louisiana
State University, Baton Rouge, LA, USA; cForeign Arthropod-Borne Animal Diseases Research Unit, National Bio and Agro-Defense Facility,
United States Department of Agriculture, Manhattan, KS, USA; dDepartment of Microbiology, Icahn School of Medicine at Mount Sinai,
New York, NY, USA; eGlobal Health and Emerging Pathogens Institute, Icahn School of Medicine at Mount Sinai, New York, NY, USA;
fDepartment of Medicine, Division of Infectious Diseases, Icahn School of Medicine at Mount Sinai, New York, NY, USA; gThe Tisch Cancer
Institute, Icahn School of Medicine at Mount Sinai, New York, NY, USA; hDepartment of Pathology, Molecular and Cell-Based Medicine,
Icahn School of Medicine at Mount Sinai, New York, NY, USA

ABSTRACT
Since emerging in late 2019, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has repeatedly crossed the
species barrier with natural infections reported in various domestic and wild animal species. The emergence and global
spread of SARS-CoV-2 variants of concern (VOCs) has expanded the range of susceptible host species. Previous
experimental infection studies in cattle using Wuhan-like SARS-CoV-2 isolates suggested that cattle were not likely
amplifying hosts for SARS-CoV-2. However, SARS-CoV-2 sero- and RNA-positive cattle have since been identified in
Europe, India, and Africa. Here, we investigated the susceptibility and transmission of the Delta and Omicron SARS-
CoV-2 VOCs in cattle. Eight Holstein calves were co-infected orally and intranasally with a mixed inoculum of SARS-
CoV-2 VOCs Delta and Omicron BA.2. Twenty-four hours post-challenge, two sentinel calves were introduced to
evaluate virus transmission. The co-infection resulted in a high proportion of calves shedding SARS-CoV-2 RNA at 1-
and 2-days post-challenge (DPC). Extensive tissue distribution of SARS-CoV-2 RNA was observed at 3 and 7 DPC and
infectious virus was recovered from two calves at 3 DPC. Next-generation sequencing revealed that only the SARS-
CoV-2 Delta variant was detected in clinical samples and tissues. Similar to previous experimental infection studies in
cattle, we observed only limited seroconversion and no clear evidence of transmission to sentinel calves. Together,
our findings suggest that cattle are more permissive to infection with SARS-CoV-2 Delta than Omicron BA.2 and
Wuhan-like isolates but, in the absence of horizontal transmission, are not likely to be reservoir hosts for currently
circulating SARS-CoV-2 variants.
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Introduction

Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has been circulating in the human
population since its emergence in 2019. SARS-CoV-
2 has repeatedly spilled back from humans into ani-
mals, occasionally establishing sustained transmission
in felids, hamsters, mustelids, and white-tailed deer,
and developing host-adapted mutations [1–6]. Epide-
miological investigations of these outbreaks have
revealed subsequent secondary spillover events
where animal-adapted variants were found into
humans. This has led to mass culling of mink and

hamsters, resulting in significant economic losses
and trade restrictions [7,8]. The threat of additional
animal reservoirs being established has prompted
increased surveillance efforts in companion, farmed,
and wild animal populations. To date, nearly 700
outbreaks in 26 species have been reported by the
WOAH [9].

Several in silico and in vitro methods have been
applied to evaluate animal species for their suscepti-
bility to SARS-CoV-2, however these predictions do
not always translate when tested in vivo [10–16].
The emergence of SARS-CoV-2 variants of concern

© 2023 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group, on behalf of Shanghai Shangyixun Cultural Communication Co., Ltd
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrest-
ricted use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the posting of the
Accepted Manuscript in a repository by the author(s) or with their consent.

CONTACT Juergen A. Richt jricht@ksu.edu Department of Diagnostic Medicine/Pathobiology, College of Veterinary Medicine, Kansas State
University, 1800 Denison Ave., Manhattan, KS, 66506, USA

Supplemental data for this article can be accessed online at https://doi.org/10.1080/22221751.2023.2281356.

Emerging Microbes & Infections
2024, VOL. 13, 2281356 (16 pages)
https://doi.org/10.1080/22221751.2023.2281356

http://crossmark.crossref.org/dialog/?doi=10.1080/22221751.2023.2281356&domain=pdf&date_stamp=2023-12-26
http://orcid.org/0000-0003-1671-5572
http://orcid.org/0000-0002-7877-9224
http://creativecommons.org/licenses/by/4.0/
mailto:jricht@ksu.edu
https://doi.org/10.1080/22221751.2023.2281356
http://www.iom3.org/
http://www.tandfonline.com


(VOCs) has made it necessary to re-evaluate the host–
pathogen interaction, since many animal species have
not been evaluated in vivo for their susceptibility to
SARS-CoV-2 VOCs [17-19]. VOCs are characterized
by mutations in the Spike (S) protein, particularly in
the Receptor-Binding Domain (RBD), and are associ-
ated with enhanced transmissibility, changes in patho-
genicity, evasion of pre-existing immunity from
previous infections or vaccination, and/or decreased
effectiveness of vaccines, therapies, and/or diagnostics
[20,21]. Importantly, changes in host range have been
described for SARS-CoV-2 VOCs, most notably in
mice, that can be infected by alpha, beta, gamma
and Omicron VOCs, but not by the ancestral or
delta VOCs [18–20,22]. The expansion of host range
for VOCs is largely attributed to key amino acid sub-
stitutions in the RBD of the S protein. These substi-
tutions alter the binding affinity between SARS-
CoV-2 Spike protein and the host ACE-2 protein,
which serves as the cellular receptor for SARS-CoV-2.

Cattle (Bos taurus) have been evaluated for their
susceptibility to Wuhan-like SARS-CoV-2 isolates
using various methods, including in silico predictions,
receptor-binding/affinity assays, replication kinetics in
primary cell cultures and tissue explants, as well as by
in vivo experimental infection [11,13,15,23–26].
Together, these data suggested that cattle were unli-
kely to support sufficient viral replication to contrib-
ute or sustain transmission of SARS-CoV-2 within
cattle herds. However, seropositive cattle have since
been identified in Italy and Germany, and SARS-
CoV-2 RNA has been isolated from cattle in India
and Nigeria, all coinciding with the Delta wave of
SARS-CoV-2 transmission in humans, warranting
further investigation into the susceptibility of this
species to SARS-CoV-2 VOCs [27–30].

Here, we present our findings on the susceptibility
and transmission of SARS-CoV-2 VOCs in calves after
co-infection with the Delta and Omicron BA.2 VOCs.
Our analysis includes clinical evaluations, viral RNA
shedding and RNA distribution in respiratory and
other tissues, virus isolation, pathological findings, and
virus-specific antibody responses. Furthermore, RNA
isolated from clinical and tissue samples was analyzed
by next-generation sequencing to examine virus evol-
ution and competition of these two VOCs in vivo.

Materials and methods

Ethics statement

All animal studies and experiments were approved and
performed under the Kansas State University (KSU)
Institutional Biosafety Committee (IBC, Protocol
#1460) and the Institutional Animal Care and Use
Committee (IACUC, Protocol #4508) in compliance
with theAnimalWelfareAct. All animal and laboratory

work were performed in biosafety level-3 + and −3Ag
laboratories and facilities in the Biosecurity Research
Institute (BRI) at KSU in Manhattan, KS, USA.

Cells and virus propagation

Vero E6 cells stably expressing transmembrane serine
protease 2 (Vero-E6/TMPRSS2; [31]) obtained from
Creative Biogene (Shirley, NY) via Kyeong-Ok
Chang at KSU were used for SARS-CoV-2/Omicron
BA.2 VOC propagation, titration, and isolation. Cells
were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM, Corning, New York, N.Y, USA), sup-
plemented with 10% fetal bovine serum (FBS, R&D
Systems, Minneapolis, MN, USA) and antibiotics/
antimycotics (ThermoFisher Scientific, Waltham,
MA, USA), and maintained at 37°C under 5% CO2

atmosphere. To maintain TMPRSS2 expression, a
selection antibiotic, G418, was added to cell culture
medium at 0.5 mg/mL but was not used during virus
cultivation or virus assays. The SARS-CoV-2/Delta
(hCoV-19/USA/NYMSHPSP-PV29995/2021; lineage
B.1.617.2, clade GK) VOC is a clinical isolate provided
by the Mount Sinai Pathogen Surveillance program
(directed by Drs. van Bakel, Sordillo and Simon).
Delta virus stock was propagated in a single passage
on Calu3 cells. The SARS-CoV-2 Omicron BA.2 strain
(Lineage B.1.1.529, BA.2; clade GRA) was acquired
from BEI Resources (NR-56520; Manassas, VA,
USA). Virus stock was produced by a single passage
on Vero-E6/TMPRSS2 cells.

To determine infectious titers of virus stocks and
inoculum, 10-fold serial dilutions were performed
using Vero-E6/TMPRSS2 cells on 96-well cell culture
plates. Cells were observed under a light microscope
for the presence or absence of cytopathic effect
(CPE) after at least 96 h of incubation at 37°C under
5% CO2 atmosphere. Tissue culture infective dose
50% (TCID50)/mL was calculated using the Spear-
man-Kaerber method [32].

Virus challenge of animals

Ten male Holstein calves, approximately 4 months
old, were purchased and transported from a South
Dakota feedlot to KSU and held outdoors for an
acclimation period of 2 weeks prior to challenge
with SARS-CoV-2. Prior vaccinations included Nal-
salgen, Virashield 6, Covexin 8, and Endovac; the ani-
mals also received Draxxin and Ivermectin. Upon
arrival, the calves were examined by a KSU veterinar-
ian. Several calves had enlarged prescapular lymph
nodes (#673, 88, T7477), likely associated with recent
vaccinations. Additionally, a mild cough was noted in
calf #678 and mild respiratory signs in calf HT9.

After the acclimation period, all calves were trans-
ported to one large BSL-3Ag room at the BRI. A 50/
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50 mixture of SARS-CoV-2 Delta and Omicron BA.2
VOCs was administered to eight calves intranasally
(IN), using a MAD Nasal™ atomization device (Tel-
eflex, Morrisville, NC, USA), and orally (PO), admi-
nistered with a micropipette, simultaneously for a
total volume of 4 mL containing a total of 1 × 106

TCID50 (2.5 × 105 TCID50/mL; 0.5 × 106 TCID50 for
each VOC). The infected 8 calves are considered the
principal-infected animals. Two sentinel calves were
isolated in a separate pen, physically distant and up-
current of directional airflow from the SARS-CoV-2
challenged animals. The sentinel calves were intro-
duced to the eight principal-infected calves after
sampling at 1 DPC, approximately 24 h post-challenge
(Figure 1).

Clinical evaluations and sample collection

Calves were observed daily and evaluated for clinical
symptoms including respiratory distress, gastrointesti-
nal irregularities, appetite, activity levels, and elevated
body temperatures. Nasal, oral, and rectal swabs were
collected on days −1, 1 through 5, 7, 10, 14, 18, and
20 post-challenge. Samples were collected with
FLOQSwabs® (Copan Diagnostics, Murrieta, CA) in
1 mL DMEM supplemented with 1% antibiotics/anti-
mycotics (ThermoFisher Scientific, Waltham, MA,
USA), placed directly on ice, and transported to the
BSL-3 + lab for processing. Whole blood (EDTA) was
collected on days −1, 3, 7, 10, 14, 18, and 20 post-chal-
lenge. Serum was collected on days−1, 3 (# HT1, HT8,
678 only), 7, 10, 14, 18, and 20 post-challenge.

At 3 days post-challenge (3 DPC) three principal-
infected calves were euthanized (HT1, HT8, 678)
and full postmortem examinations were performed.

Two additional principal-infected calves (# 673 and
T7478) were euthanized, and postmortem examin-
ations performed at 7 DPC. The remaining 5 calves
(3 principal-infected and 2 sentinels) were euthanized,
and postmortem examinations performed at the end
of the study (20 DPC). During postmortem examin-
ation, the head including the entire upper respiratory
tract and central nervous system (brain), trachea and
lower respiratory tract, lymphatic and cardiovascular
systems, gastrointestinal (GI) tract, urogenital system,
and integument were grossly evaluated. Lungs were
evaluated for gross alterations such as edema, conges-
tion, discoloration, atelectasis, and consolidation/
pneumonia. Cerebrospinal fluid (CSF) was collected
by syringe and needle via the atlanto-occipital (C0-
C1) joint, and bronchoalveolar lavage fluid (BALF),
nasal wash and urine were collected and stored at
−80°C until processed for virus isolation/RNA detec-
tion. Tissue samples from the respiratory tract, nasal
turbinate (rostral and ethmoturbinates), trachea at
multiple levels, all lung lobes, gastrointestinal tract
and visceral organs (spleen, kidney, liver, heart), ton-
sils and lymph nodes (retropharyngeal, mandibular,
tracheo-bronchial and mesenteric), brain including
olfactory bulb, and bone marrow were collected and
either fixed in 10% neutral-buffered formalin (Fisher
Scientific, Waltham, MA, USA) for histopathologic
examination or frozen for reverse transcriptase quan-
titative PCR (RT-qPCR) and virus isolation.

RNA extraction and reverse transcriptase
quantitative PCR (RT-qPCR)

To detect SARS-CoV-2 specific RNA, nucleic acids
were extracted from swab samples, whole blood, and

Figure 1. Experimental design. Eight male Holstein calves, approximately 4 months old, were administered a 50/50 mixture of
SARS-CoV-2 Delta (B.1.617.2, clade GK) and Omicron BA.2 (lineage B.1.1.529; clade GRA) intranasally (IN) using a MAD Nasal™
atomization device (Teleflex, Morrisville, NC, USA), and orally (PO) by a micropipette, with a total dose of 1 × 106 TCID50 in
4 mL (2.5 × 105 TCID50/mL). Two sentinel calves were isolated in a separate pen, physically distant and up-current of directional
airflow from the challenged animals. The sentinel calves were co-mingled with the eight principal-infected calves after sampling at
1 DPC, 24 h post-challenge. Whole blood (EDTA) was collected on −1, 3, 7, 10, 14, 18, and 20 days post-challenge (DPC). Serum
was collected on −1, 3 (calves HT1, HT8, 678 only), 7, 10, 14, 18, and 20 DPC. Nasal, oral, and rectal swabs were collected on −1, 1
through 5, 7, 10, 14, 18, and 20 DPC. Calves were humanely euthanized and postmortem examinations were performed at 3 (n = 3
principal-infected), 7 (n = 2 principal-infected), and 20 DPC (n = 5; 3 principal-infected, and 2 sentinels).
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tissue homogenates using a magnetic bead based total
nucleic acid extraction system and quantified using
the N2 primer/probe set from the CDC COVID-19-
novel coronavirus real-time RT–PCR diagnostic
panel as described previously [33]. Briefly, swabs in
DMEM or 20% weight:volume tissue homogenates
in DMEM were combined in equal amounts with
RNA stabilization/lysis Buffer RLT (Qiagen, German-
town, MD, USA) and vortexed. Sample lysates were
transferred into Taco extraction plates (GeneReach,
USA) loaded with GeneReach reagents and extracted
following the manufacturer’s instructions with minor
modifications as previously described [33]. Addition-
ally, an exogenous internal positive control was added
to the extraction to monitor extraction efficiency and
consistency, and downstream inhibition of the RT-
qPCR reaction [34].

Following extraction, duplicate RT-qPCR reactions
were set up as follows: 5 µL of eluent was combined
with qScript XLT One-Step RT-qPCR Tough Mix
(Quanta BioSsciences, Beverly, MA, USA) and N2 tar-
geted primers/probes (CDC COVID-19-novel corona-
virus real-time RT–PCR diagnostic panel) and run as
20 µL reactions on a 96-well PCR plate (BioRad, Her-
cules, CA, USA). RT-qPCR reactions were carried out
on a CFX96 Real-Time thermocycler (BioRad, Her-
cules, CA, USA) using a 20-minute reverse transcrip-
tion step and a 45 cycle PCR. A quantitated PCR
positive control (IDT, IA, USA; 2019-nCoV_N_Posi-
tive Control, diluted 1:100) and four non-template
control (NTC) samples were included on every plate.
A reference standard curve method using a 10-point
standard curve of quantitated viral RNA (USA-
WA1/2020 Wuhan-like isolate) was used to quantify
RNA copy numbers. A positive Ct cut-off of 38 cycles
was used. Data are presented as the mean of the calcu-
lated N gene copy number per mL of liquid sample or
per gram of a 20% tissue homogenate.

Next-generation sequencing

Virus stocks were sequenced by next-generation sequen-
cing (NGS) using the Illumina NextSeq platform (Illu-
mina, San Diego, CA, USA). The consensus sequence of
the SARS-CoV-2 Delta variant (B.1.617.2) was found to
have 100% sequence similarity to the reference sequence
in GISAID (accession number: EPI_ISL_2290769). The
Omicron BA.2 virus stock sequence was obtained by
mapping reads to the reference sequence for SARS-
CoV-2 Omicron BA.2 on GISAID (accession number:
EPI_ISL_8643930), followed by extraction of the consen-
sus sequence. One mutation in ORF1ab (NSP6) was pre-
sent at 54% (A3694 V).

Data generated from NGS on the Illumina NextSeq
platform (Illumina) was used in conjunction with the
VirStrain [35] analysis package to determine the gen-
etic composition (% lineage) of SARS-CoV-2 RNA

present in virus stocks, clinical swab samples, and tis-
sue homogenates. SARS-CoV-2 DNA amplicons were
generated from viral RNA using the Midnight V.6
protocol (dx.doi.org/10.17504/protocols.io.b-
wyppfvn), a tiled primer amplification protocol.
Library preparation of amplified SARS-CoV-2 DNA
for sequencing was performed using a Nextera XT
library prep kit (Illumina) following the manufac-
turer’s protocol. The libraries were sequenced on the
Illumina NextSeq using 150 bp paired end reads
with a mid-output kit. Reads were de-multiplexed
and parsed into individual sample files that were
imported into CLC Genomic Workbench version 21
(Qiagen) for analysis. Reads were trimmed to remove
primer sequences and filtered to remove any short and
low-quality reads (Q-score < 25). FASTQ files of the
filtered and trimmed reads were exported for down-
stream analysis (Supplementary Table 3). Reads were
then analyzed on VirStrain (Version 1.12) to deter-
mine SARS-CoV-2 lineage/strain. The genome
sequences from the virus stocks used for animal chal-
lenge were used to construct the reference database for
VirStrain lineage assignment used for this study. The
VirStrain software was used to build a library of
sample sequence SNPs based on the inoculum used
as the reference sequences.

Virus isolation

Samples taken from calves post-challenge with Ct
values <30 were subjected to a single passage on
Vero-E6/TMPRSS2 cells and subsequent indirect
immunofluorescence assay (IFA) using SARS-CoV-
2-specific monoclonal antibodies to confirm the
absence/presence of infectious virus. Virus isolation
was performed on 24-well cell culture plates seeded
at a density of 1 × 105 cells/well with low passage
Vero-E6/TMPRSS2 cells 24 h prior to infection. Tis-
sue homogenates were diluted 1:10 in DMEM, syringe
filtered through a 0.22 µm filter, and 150 µL was added
per well in 12 replicates. Diluted homogenates were
incubated on cells for 1 h at 37°C under 5% CO2

atmosphere, then removed, washed with phosphate
buffered saline (PBS), and replaced with 500 µL of
fresh DMEM supplemented with 5% FBS and 1% anti-
biotics/antimycotics. Plates were then incubated as
described above and observed daily for CPE. After
72 h, the media was removed, and wells were washed
with 1x PBS and then fixed with cold 100% methanol
and incubated at −20°C for 10 min. Plates were then
washed three times with 1x PBS. A mixture of
SARS-CoV-2 N- and RBD-specific monoclonal anti-
bodies, produced in-house, were diluted 1:5 in 1x
PBS + 1% BSA, added to the wells and incubated at
room temperature for 1 h. Following three washes
with 1x PBS + Tween-20 (0.05%), Alexa Flour™ 488
Goat anti-mouse IgG (ThermoFisher Scientific,
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Waltham, MA, USA) secondary antibody, diluted
1:1000 in 1x PBS + 1% BSA, was added to all wells
and incubated for 1 h at room temperature. All wells
were then washed and dried and observed with an
EVOS fluorescent microscope (ThermoFisher Scien-
tific, Waltham, MA, USA). Mock-infected and
SARS-CoV-2-infected Vero-E6/TMPRSS2 cells were
used as negative and positive controls, respectively.

Virus neutralizing antibodies

A microneutralization assay was used to determine
SARS-CoV-2 virus neutralizing antibody titers from
cattle sera as previously described [36]. Briefly, cattle
serum was diluted 1:4 and heat-inactivated at 56°C
for 30 min while shaking. In duplicate wells, 100 µL
of serum was combined with 100 µL of culture
media and subjected to 2-fold serial dilutions starting
at 1:8 through 1:1024. Separately, SARS-CoV-2 Delta
and Omicron BA.2 virus stocks were diluted to 1000
TCID50/mL and 100 µl added to 100 µl of the sera
dilutions and incubated for 1 h at 37°C. Following
incubation, 200 µl of the virus/serum mixture was
transferred to 96-well cell culture plates seeded at
approximately 2 × 105 cells/mL with low passage
Vero-E6/TMPRSS2 cells. Serum with known SARS-
CoV-2 neutralizing antibody titer was used as a posi-
tive control. Virus only and media only wells were also
included. The highest serum dilution at which at least
50% of wells showed virus neutralization (NT50) based
on the appearance of CPE observed under a light
microscope at 96-hours was recorded as the final neu-
tralizing antibody titer.

In a similar manner, serum samples were assayed for
neutralizing antibodies against the bovine coronavirus
(BCV) Mebus strain (GenBank: U00735.2). Since CPE
is not clearly visible with this virus, IFA was used to
visualize the presence or absence of neutralizing
activity. The IFA procedure was performed as described
above for SARS-CoV-2, with the substitution of a BCV
specific primary antibody, Z3A5, a monoclonal anti-
body that targets the spike protein subunit of BCV,
kindly provided by Roman Pogranichniy of KSU.

Further analysis of cattle serum was carried out
using a commercial SARS-CoV-2 surrogate virus neu-
tralization test kit following the manufacturer’s
instructions (GenScript, Piscataway, NJ).

Detection of antibodies by ELISA

Indirect ELISAs using in-house produced recombi-
nant SARS-CoV-2/Delta receptor-binding domain
(RBD) of the spike protein and SARS-CoV-2/
Wuhan-like nucleocapsid (N) proteins were used to
detect SARS-CoV-2 specific antibodies in cattle sera,
as described previously [37]. Briefly, wells were coated
with 100 ng of the RBD or N proteins in 100 µL per

well coating buffer and incubated overnight at 4°C.
Plates were washed twice with PBS-T (0.5% Tween-
20 in PBS), blocked with 200 µL per well casein block-
ing buffer (Sigma-Aldrich) and incubated for 1 h at
room temperature followed by a wash with PBS-T.
Serum was diluted 1:400 in casein blocking buffer
and 100 µL was added to the ELISA plate and incu-
bated for 1 h at room temperature. Wells were then
washed three times with PBS-T. An HRP-labelled
goat anti-bovine IgG (H + L) secondary antibody
was diluted 1:10,000 and 100 µL was added to each
well and incubated 1 h at room temperature. Follow-
ing five washes with PBS-T, 100 µL of TMB ELISA
Substrate Solution (Abcam, Cambridge, MA, USA)
was added to all wells. After incubation at room temp-
erature for 5 min, the reaction was stopped with
100 µL of stop solution. The optical density (OD) of
the ELISA plates was read at 450 nm on an ELx808
BioTek plate reader (BioTek, Winooski, VT, USA).
Bovine serum collected in 2014 was used as negative
control to determine the positive cut-off value for
these assays. The cut-off value was defined by the aver-
age OD of the negative serum + 3X standard deviation.
Everything above this cut-off was considered positive.

Further analysis of cattle serum was carried out
using the commercial ID-Vet ID Screen SARS-CoV-
2 Double Antigen Multi-Species Test Kit (Innovative
Diagnostics), targeting the N protein, per manufac-
turer’s instructions.

Histopathology (H&E)

After 7 days in 10% neutral-buffered formalin, tissues
were transferred to 70% ethanol (ThermoFisher) prior
to trimming for paraffin embedding. Bony tissues
from the respiratory tract (i.e. nasal cavity, rostral,
middle and ethmo turbinates) were decalcified with
Immunocal™ Decalcifier (StatLab, McKinney, TX),
diluted 1:2 in nanopure water, for 5 days at room
temperature with agitation prior to trimming and
paraffin embedding. Tissues were routinely processed
and stained with hematoxylin and eosin (H&E) fol-
lowing standard procedures at the Kansas State Veter-
inary Diagnostic Laboratory (KSVDL). Veterinary
pathologists (unbiased to the treatment groups) exam-
ined the slides and provided pathological descriptions.
Tissues from naïve calves were used as negative con-
trols for histopathological analysis including immuno-
histochemistry (IHC) and RNAscope® in situ
hybridization (ISH), performed at the Louisiana Ani-
mal Disease Diagnostic Laboratory (LADDL).

SARS-CoV-2 specific immunohistochemistry
(IHC)

IHC was performed as previously described [33] on
four-micron sections of formalin-fixed paraffin-
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embedded (FFPE) tissuemounted on positively charged
Superfrost® Plus slides and subjected to IHC using a
SARS-CoV-2-specific anti-nucleocapsid rabbit polyclo-
nal antibody. Lung sections from a SARS-CoV-2-
infected hamster were used as positive assay controls.

SARS-CoV-2-specific RNAscope® in situ
hybridization (RNAscope® ISH)

For RNAscope® ISH, an anti-sense probe targeting
the spike protein gene (S; nucleotide sequence:
21,563–25,384) of SARS-CoV-2, USA-WA1/2020 iso-
late (GenBank accession number MN985325.1) was
used as previously described (Advanced Cell Diag-
nostics [ACD], Newark, CA, USA). Five-micron sec-
tions of FFPE tissue were mounted on positively
charged Superfrost® Plus Slides (VWR, Radnor, PA).
The RNAscope® ISH assay was performed using the
RNAscope 2.5 LS Duplex Reagent Kit (Advanced
Cell Diagnostics, Newark, CA) on the automated
BOND RXm platform (Leica Biosystems, Buffalo
Grove, IL) with modifications for single-plex detec-
tion. Tissue sections were subjected to automated
baking and deparaffinization followed by heat-
induced epitope retrieval (HIER) using a ready-to-
use EDTA-based solution (pH 9.0; Leica Biosystems)
at 95 °C for 15 min. Subsequently, tissue sections
were treated with a ready-to-use protease (RNA-
scope® 2.5 LS Protease) for 15 min at 40 °C followed
by a ready-to-use hydrogen peroxide solution for
10 min at room temperature. Slides were then incu-
bated with the SARS-CoV-2 S-specific probe mixture
for 2 h at 40 °C. The signal was amplified using
amplifiers 1 through 3 (AMP1 through AMP3) fol-
lowed by AMP8 through AMP10 as recommended
by the manufacturer. The signal was subsequently
detected by incubating with 3,3’-diaminobenzidine
(DAB) for 20 min and the BOND DAB Enhancer
(Leica Biosystems) for an additional 20 min at room
temperature. Slides were counterstained with a
ready-to-use hematoxylin for 5 min, followed by a
ready to use bluing solution for 2 min. Slides were
finally rinsed in deionized water, dried in a 60 °C
oven for 30 min, and mounted with Ecomount® (Bio-
care, Concord, CA, USA). Lung tissue from a SARS-
CoV-2-infected Syrian hamster was used as a positive
assay control.

Results

Clinical evaluations and detection of common
bovine pathogens

Prior to the challenge with SARS-CoV-2, calves were
examined by a veterinarian. One calf, HT9, was sus-
pected to have mild respiratory signs, and elevated
body temperature, cough, and nasal discharge were

noted. Coughing was also noted in calf 678 during
the acclimation period. Therefore, nasal swabs col-
lected at −1 DPC, were submitted to the KSVDL for
the Bovine Respiratory Bacterial and Viral Panel
PCR testing (Supplementary Table 1). The results
revealed that all calves were negative for bovine coro-
navirus but were positive for influenza D virus (IDV),
Mannheimia haemolytica, and Pasteurella multocida.
Based on this information, RNA extracted from res-
piratory and lymphoid tissues at 3 DPC was pooled
and tested via RT-qPCR for the presence of IDV.
RNA from both SARS-CoV-2 and IDV were detected
in the nasal turbinate and trachea/bronchi of calf HT1
and the mandibular lymph node of calves HT1 and
678 (Supplementary Table 2); the IDV positive animal
678 was showing respiratory signs before SARS-CoV-
2 challenge.

Following SARS-CoV-2 challenge, health checks
and rectal temperatures were recorded daily. Cough-
ing was documented in calf HT6 at 4 and 14 DPC,
and coughing and nasal discharge were noted in calf
HT9 at 5 and 18 DPC. Rectal temperatures did not
exceed 103.4°F during the study period in any of the
animals enrolled in the study (data not shown).

Detection of SARS-CoV-2 RNA in clinical
samples and tissues

Clinical samples, including nasal, oral, and rectal
swabs, and whole blood were tested for the presence
of SARS-CoV-2 RNA by RT-qPCR assay (Figure
2A). Samples which were collected prior to challenge
(−1 DPC) were negative for SARS-CoV-2 RNA. Six
of the eight challenged calves shed SARS-CoV-2
RNA during the first 2 DPC (Figure 2A). At 1 DPC,
three out of eight challenged calves (673, 678, 88)
had SARS-CoV-2 RNA present in nasal swabs; all
oral swabs and rectal swabs were negative. At 2
DPC, three calves (HT1, HT9, HT6) from the primary
challenge group, had SARS-CoV-2 RNA present in
nasal swabs. One calf (HT1) shed SARS-CoV-2 RNA
from the oral cavity at 2 DPC. Whole blood and all
swabs collected after 2 DPC (3, 4, 5, 7, 10, 14, 18, 20
DPC) were negative for the presence of SARS-CoV-2
RNA. No SARS-CoV-2 RNA was detected in swabs
or blood collected from sentinel calves (n = 2; T7477
and HT2) at any time point.

Three calves from the principal-infected group
(HT1, HT8, 678) were euthanized at 3 DPC, and
another two calves (673, T7478) from this group
were euthanized at 7 DPC to evaluate SARS-CoV-2
distribution in tissues and pathological alterations
during different stages of infection. At 3 DPC,
SARS-CoV-2 RNA was present in upper respiratory
tissues of two calves (HT1 and HT8) (Figure 2B).
The spleen, mandibular, cranial mediastinal, and ret-
ropharyngeal lymph nodes were also positive for
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SARS-CoV-2 RNA in some animals at 3 DPC. At 7
DPC, SARS-CoV-2 RNA was present in the nasal tur-
binates, as well as tracheo-bronchial, and retropharyn-
geal lymph nodes of calves 673 and T7478 (Figure 2C).
The tonsil of calf 673 was also positive at 7 DPC.
Additionally, three lung lobes (right middle, right cau-
dal, and accessory) and the bronchi of calf T7478 had
SARS-CoV-2 RNA present at 7 DPC.

The five remaining calves (three principal-infected
animals and two sentinels) were euthanized at 20
DPC. Of the principal-infected group, two calves (88,
HT6) had SARS-CoV-2 RNA present in the retrophar-
yngeal lymph node (Figure 2D). The nasopharynx and
trachea of principal-infected calf HT9 were also posi-
tive for SARS-CoV-2 RNA at 20 DPC. There was no
SARS-CoV-2 RNA detected in any tissues of the two
sentinel calves (HT2, T7477) evaluated at 20 DPC.

Competition between SARS-CoV-2 Delta and
Omicron BA.2 VOCs in co-infected calves

Calves were challenged with a 50/50 mixture of SARS-
CoV-2 Delta and Omicron BA.2 VOCs. To evaluate
the in vivo competition between these two strains,
next-generation sequencing (NGS) was used in con-
junction with the VirStrain software package to ident-
ify the proportion of each virus strain present in the
inoculum as well as clinical samples, and tissues
which contained SARS-CoV-2 RNA (Figure 3). The
inoculum contained 53.2% Omicron BA.2 VOC and
46.8% Delta VOC. Of the seven nasal/oral swabs
which were positive on 1 and 2 DPC, only one nasal
swab at 2 DPC from calf HT9 had sufficient sequen-
cing coverage and depth to provide reliable results;
the nasal swab of calf HT9 at 2 DPC was 100% Delta
VOC (Supplementary Table 3). Trachea samples

Figure 2. Detection of SARS-CoV-2 RNA in clinical samples and tissues. RT-qPCR was performed on nasal, oral, and rectal swabs
collected from principal-infected and sentinel calves (A), and on various tissues homogenates of calves euthanized at 3 (B), 7 (C),
and 20 (D) days post-challenge (DPC) to detect the presence of SARS-CoV-2 specific RNA. Mean (n = 2) viral RNA copy number (CN)
per mL (A) or per gram of tissue (B, C, D) is reported based on the detection of SARS-CoV-2 nucleocapsid gene in individual ani-
mals. Only a subset of tissues which were collected and tested are represented in this figure. Asterisks (*) indicate samples with
one of two RT-qPCR reactions positive. The limit of detection for this RT-qPCR assay is indicated by the dotted lines.
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collected at 3 DPC from calves HT1 and HT8 were
also analyzed by NGS and found to be 100% Delta
VOC (Figure 3). Additionally, one retropharyngeal
lymph node collected at 7 DPC from calf 673 was
also found to be 100% Delta VOC.

Isolation of virus from tissues

The presence of SARS-CoV-2 RNA in clinical samples
and tissues collected from the calves warranted further
evaluation for the presence of infectious virus.
Samples with Ct values < 30 were selected as candidate
samples for virus isolation. This included tissue hom-
ogenates produced from the rostral trachea sections of
calves HT1 and HT8 at 3 DPC, the mandibular lymph
node from calf 678 at 3 DPC, and the retropharyngeal
lymph node from calf 673 at 7 DPC. Homogenates
were divided among 12 replicate wells for each sample.
Of the twelve replicates, two wells of the rostral tra-
chea from calf HT1 showed CPE, and three wells of
the mandibular lymph node from calf 678 showed
CPE after a single passage on Vero-E6/TMPRSS2
cells. All wells were fixed and subjected to IFA for
confirmation of SARS-CoV-2 antigen presence (Sup-
plementary Figure 1). The wells with CPE were IFA
positive; none of the wells without CPE, or negative
control wells, were fluorescence positive, suggesting

there was no SARS-CoV-2 replication in these wells.
NGS analysis of the Delta VOC virus isolated from
the rostral trachea of calf HT1 showed no changes in
the RBD region of the S gene sequence compared to
the sequence of the SARS-CoV-2 Delta inoculum.
The sequence obtained from the mandibular lymph
node of calf 678 had insufficient coverage to make a
detailed assessment.

ELISAs

Indirect ELISAs, developed in-house, targeting the
SARS-CoV-2/Delta RBD and SARS-CoV-2/Wuhan-
like N were used to screen cattle serum for SARS-
CoV-2-specific antibodies. All serum was negative
for antibodies against the SARS-CoV-2 RBD and N
protein prior to challenge. SARS-CoV-2/Delta RBD-
specific antibodies SARS-CoV-2 were detected at 14
and 20 DPC in calf HT9 (Figure 4A). Surprisingly,
antibodies against the SARS-CoV-2 N protein were
not detected by ELISA in any cattle during the study
period of 20 days, although calf HT9 had elevated
OD readings at 14 DPC; however it was below the
positive cut-off value (Figure 4B). The above results
were confirmed with the ID-Vet ID Screen SARS-
CoV-2 Double Antigen Multi-Species Test Kit target-
ing the SARS-CoV-2 N protein (data not shown). The

Figure 3. Identification of SARS-CoV-2 variants of concern in nasal swab and tissues. Next-generation sequencing was used to
determine the percent composition of the SARS-CoV-2 variants of concern Delta and Omicron BA.2, present in the inoculum,
swab samples and tissues collected from the co-infected calves. Reads were analyzed using the VirStrain (Version 1.12) software
package to determine the genetic composition (% of each lineage) of SARS-CoV-2 RNA present in samples. The genome sequences
from the virus stocks used in our challenge experiment were used to construct the reference database for VirStrain lineage
assignment.
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sentinel calves did not produce ELISA-positive RBD-
or N-specific antibodies during the entire study
period.

Virus neutralizing antibodies

Serum was tested for the presence of neutralizing anti-
bodies against both, SARS-CoV-2 Delta and Omicron
BA.2, as well as bovine coronavirus. No SARS-CoV-2
neutralizing antibodies were present prior to chal-
lenge. At 10 DPC, one of three remaining principal-
infected calves, animal HT9, had developed neutraliz-
ing antibodies against SARS-CoV-2 Delta, but not
against the Omicron BA.2 virus; the neutralizing anti-
body titer was maintained until the termination of the
study at 20 DPC (Figure 4C). The sentinel calves did
not produce neutralizing antibodies against either
SARS-CoV-2 VOC during the entire study period.
These results were confirmed using a commercial
SARS-CoV-2 surrogate virus neutralization test kit
(GenScript; data not shown). All calves (principal-
infected and sentinels) had neutralizing antibody titers
against bovine coronavirus prior to challenge, which
persisted through the study period; no significant
increase was observed during the study period (Figure
4D).

Gross pathology

On postmortem examination at 3 DPC, the only sig-
nificant gross lesions observed were present in the
lung of principal-infected calf HT1 and consisted of
mild multifocal consolidation of the right cranial
and right and left middle lung lobes, affecting less
than 5% of the total lung parenchyma. No significant
gross lesions were observed for either of the calves
euthanized at 7 DPC. At 20 DPC, one principal chal-
lenged calf, animal HT9, had mild to moderate multi-
focal consolidation of the right cranial lobe affecting
less than 5% of the total lung parenchyma; no signifi-
cant gross lesions were observed for the other two
principal-infected or the two sentinel calves.

Histopathology

Histological evaluation was performed on tissue sec-
tions from all organs collected during postmortem
examination at 3, 7 and 20 DPC for all animals in
the study. IHC for viral antigen and RNAscope® ISH
for viral RNA was performed on selected tissues
(nasal turbinates, nasopharynx, trachea, lung and
selected lymph nodes) from all animals at 3, 7 and
20 DPC. Histological lesions were characterized by
mild to moderate, multifocal, non-suppurative

Figure 4. Serology of SARS-CoV-2 infected calves. Indirect ELISAs using in-house produced recombinant SARS-CoV-2/Delta recep-
tor-binding domain (RBD) of the spike protein (A) and SARS-CoV-2/Wuhan-like nucleocapsid (N) protein (B), for detection of SARS-
CoV-2 specific antibodies in cattle sera (Bold et al. 2022). The cut-off (dotted line) was determined by the average OD value of
negative serum samples (n = 12) collected from cattle in 2014 + 3X the standard deviation. Serum was also tested for the presence
of SARS-CoV-2 neutralizing antibodies using a classic virus neutralization assay employing the Delta VOC (C) or Omicron BA.2 VOC
(data not shown) with serum dilutions starting at 1:8 (dotted line). Data is represented as log2 of the reciprocal of the dilution
where one of two replicates exhibited 100% neutralization of the input virus (1000 TCID50/mL). Likewise, serum was tested for
the presence of neutralizing antibodies for bovine coronavirus (D) using the Mebus strain of Bovine Coronavirus.
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inflammation with mild to severe lymphoid hyperpla-
sia in the upper respiratory tract including the nasal
turbinates, oropharynx, trachea, and bronchi. Repre-
sentative histological lesions at 3, 7, and 20 DPC are
provided in Figure 5, Figure 6, and Supplementary
Figure 2, respectively. Histological changes in calves
HT1 and 678 at 3 DPC and calves T47478 and 673
at 7 DPC were the most prominent and represent
active inflammatory lesions. Overall, lymphoid hyper-
plasia was present in the form of dense aggregates of
lymphocytes, plasma cells, and macrophages

commonly arranged as immature follicular structures
in the submucosa at 3 DPC throughout the respiratory
tract; they became more organized and mature and
occurred among, and extended deeper up to, the sub-
mucosal glands by 7 DPC. Turbinate sections and
nearly all tracheal sections had mild to moderate seg-
mental inflammation in the respiratory epithelium
and submucosa that was most prominent at 3 and 7
DPC (Figure 5 and Figure 6). Inflammation was
observed predominantly within the superficial submu-
cosa, as loose aggregates or dense sheets of

Figure 5. Histopathology of 3 DPC respiratory tissues from calf HT1. At 3 DPC, (A) in the trachea, there was mild and segmental
attenuation of the respiratory epithelium with loss of cilia, lymphocyte and/or neutrophil transmigration through the epithelium,
individual cellular degeneration and necrosis, and occasional accumulation of cellular debris on the epithelial surface (arrowhead).
Dense sheets of mononuclear inflammatory cells expanded into the lamina propria and commonly follicular aggregates of lym-
phocytes, plasma cells and macrophages arranged into loose aggregates or partially organized follicular structures; SARS-CoV-2
antigen was not detected by IHC (insert). (B) Similar segmental attenuation of the respiratory epithelium was noted in the bronchi
with cellular degeneration/necrosis of individual epithelial cells, lymphocytic and neutrophilic transmigration. Loose infiltrates of
lymphocytes and a lesser number of neutrophils were observed in the superficial mucosa and mixed lymphocytic and histiocytic
infiltrates, many arranged in follicular aggregates expanding into the superficial and deep lamina propria; SARS-CoV-2 viral anti-
gen was not detected (insert). (C) The rostral turbinates were characterized by lymphoplasmacytic or neutrophilic rhinitis with
epithelial transmigration of inflammatory cells (arrowhead) and segmental loss of cilia. Mixed lymphocytic and histiocytic inflam-
mation multifocally expanded the subjacent lamina propria and the interstitium separating submucosal glands. IHC for SARS-CoV-
2 viral antigen was negative (insert). (D) The olfactory mucosa contained similar lymphoplasmacytic or histiocytic inflammation
within the lamina propria and the interstitum separating submucosal glands; SARS-CoV-2 viral antigen was not detected (insert).
H&E and Fast Red, 40× total magnification.
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mononuclear cells. Submucosal edema was infrequent,
occurring segmentally in regions where inflammatory
cells infiltrated the epithelium. Cellular infiltrates in
the respiratory epithelium were observed as individual
or small clusters of primarily mononuclear cells. Neu-
trophilic infiltrates were infrequent and observed scat-
tered in the respiratory epithelium and subjacent
submucosa commonly in foci where epithelial changes
and submucosa edema were noted. The epithelial
changes were characterized by mild to moderate
attenuation of the epithelium with disorganization,
thinning and flattening of the epithelium with
occasional segmental loss of cilia (Figure 5, Figure
6A and inserts). Epithelial necrosis, when present,
was observed as shrunken or vacuolated cells with
karyorrectic and pyknotic nuclei. Occasionally,

inflammation and cellular degradation was observed
in the glandular epithelium. Similar inflammation,
albeit less severe, was observed in sections of the
nasal turbinates and ethmoturbinates (Figure 5 and
Figure 6; panels C and D). Cellular debris and inflam-
matory cells were infrequently found in small clusters
and as individual cells within the airway lumen and
commonly attached to the cilia (Figure 6B and insert,
and 6C).

Inflammation in primary and secondary bronchi
was most pronounced at 3 DPC and was characterized
by loose infiltrates of lymphocytes, macrophages and
plasma cells in the submucosa that was markedly
expanded by multifocal to coalescing lymphoid fol-
licles (follicular hyperplasia), similar to the changes
seen in the trachea. Occasional clusters of individual

Figure 6. Histopathology of 7 DPC respiratory tissues from calf 673. (A) There was moderate, segmental attenuation and disor-
ganization of the respiratory epithelium with loss of cilia, moderate lymphocyte and/or neutrophil transmigration and individual
cellular degeneration and necrosis (Insert). Mononuclear inflammatory cells expanded the lamina propria and were arranged in
dense follicular aggregates. Inflammatory cells (lymphocytes and plasma cells) also infiltrated the interstitium between submu-
cosal glands (arrowhead). (B) Mild segmental attenuation of the respiratory epithelium in the bronchi with infrequent cellular
degeneration/necrosis. Cellular debris and degenerate neutrophils sporadically accumulated in the lumen or on the epithelial sur-
face (arrowhead and insert). Lymphocytes, plasma cells, macrophages, and lesser numbers of neutrophils expanded the submu-
cosa and extended between submucosal glands. (C) The rostral turbinates had lymphoplasmacytic and neutrophilic infiltrates with
epithelial transmigration of inflammatory cells onto the epithelial surface with segmental loss of cilia (Insert). Loose and dense
sheets of mixed lymphocytes, histiocytes, and neutrophils infiltrated the subjacent lamina propria and between glands. (D)
The olfactory mucosa of the ethmoturbinates was normal. H&E, 40-400× total magnification.
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neutrophils were observed scattered within the epi-
thelium and submucosa. Loose, less severe inflam-
mation was observed in the submucosa,
accompanied by mild follicular hyperplasia at 7 DPC
(Figure 6) and 20 DPC (Supplementary Figure 2).

By 20 DPC, the microscopic alterations were most
consistent as lymphoid hyperplasia with minimal epi-
thelial changes (Supplementary Figure 2). IHC and
ISH performed on selected tissue sections with lesions
(turbinates, trachea, nasopharynx, lung and lymph
nodes) from cattle at 3, 7 and 20 DPC failed to identify
viral antigen or viral RNA in the lesions despite these
tissues being RT-qPCR positive for viral RNA and
some being positive by virus isolation.

Lung histology

At 3 DPC, histological evaluation of calf HT1 lung sec-
tions with gross evidence of consolidation revealed
compressed and congested alveoli (atelectasis). Lung
sections from calf HT8 demonstrated several areas of
atelectasis in the right cranial lung lobe. As mentioned
above, IHC for SARS-CoV-2 antigen was negative.
Lung sections from calf 678 from the right middle
and caudal lung lobes had multiple regions of
chronic-active, purulent broncho-interstitial pneumo-
nia with abscess formation and intralesional coccoba-
cillary bacteria. These regions were characterized by
central foci of necrosis, mineralization, and large
numbers of degenerate inflammatory cells bordered
by highly vascularized granulation tissue which in
turn was bordered by dense layers of fibrosis (abscess);
adjacent lobules were compressed and had alveoli
filled with fibrin and mixed inflammatory cell infil-
trates; in some regions small coccobacilli occurred in
alveolar spaces. IHC for SARS-CoV-2 antigen was
negative as was RT-qPCR. Lung lesions were most
consistent with a chronic-active bacterial infection.

Aside from the inflammatory changes described in
bronchi (see above and Figure 6 and Supplementary
Figure 2), no significant lesions were seen in the
lungs of cattle at 7 and 20 DPC.

Discussion

Cattle are an important food source globally and criti-
cal for economic stability for a large fraction of the
world’s population. Humans have a long history of
dependency on cattle and this close relationship cre-
ates opportunities for zoonotic spillover. Human cor-
onavirus OC43, a betacoronavirus which accounts for
10-30% of common colds in humans, is believed to
have spilled over from cattle to humans relatively
recently [38,39]. Interestingly, a high seroprevalence
of influenza D virus (IDV) amongst cattle workers
has been reported which is suggestive of extensive
exposure of these workers to IDV from cattle [40].

Evidence of previous cross-species viral transmission
between cattle and humans and the close interaction
between them provides the rationale for continued
evaluation of cattle for their susceptibility to SARS-
CoV-2 and other zoonotic pathogens.

In the present study, we evaluated the susceptibility
and transmission of two SARS-CoV-2 variants of con-
cern, Delta and Omicron BA.2, in 4-month-old male
Holstein calves. During the 20-day study period, clini-
cal samples were collected, and tissues were harvested
from principal-infected and sentinel calves which were
euthanized at 3 (n = 3 principal-infected), 7 (n = 2
principal-infected), and 20 DPC (n = 5; three principal-
infected, two sentinels). The results of this study
indicate that calves have low susceptibility to the
SARS-CoV-2 Delta VOC, which outcompeted the
Omicron BA.2 VOC; these data also suggest that
calves might not be permissive to Omicron VOC
BA.2 infection. Evidence for this is provided by
next-generation sequencing (NGS) data, which
revealed the presence of SARS-CoV-2 Delta VOC
but not the Omicron BA.2 VOC in nasal swabs and
tissues. Additionally, the neutralizing antibodies pre-
sent in the blood of principal-infected calves were gen-
erated specific for the SARS-CoV-2 Delta VOC, but
not the Omicron BA.2 VOC. Virus isolated from tra-
cheal and lymphoid tissues from two calves at 3 DPC
confirmed the presence of an active infection with the
Delta VOC.

Previous SARS-CoV-2 challenge studies in cattle,
which used Wuhan-like SARS-CoV-2 isolates includ-
ing the TGR1/NY/20 tiger isolate, with a similar
administration route and dose range as in our study,
resulted in very limited infection and only transient
serological responses [23–25]. Several findings from
our study with the Delta and Omicron BA.2 VOCs
are different from previous experiments. First,
SARS-CoV-2 RNA was detected in nasal and/or oral
swabs in our study from the majority of principal-
infected animals (six out of eight challenged calves,
i.e. 75%) within the first 2 DPC, compared to only
33% of calves in the other studies [23–25]. Second,
we observed that out of the 31 fresh tissue samples
which were collected during postmortem examination
at 3 DPC from principal-infected calves, 12 tissues
(36%) were positive for SARS-CoV-2 RNA. In
addition, infectious virus was isolated from the rostral
trachea section of one calf and the mandibular lymph
node of another one at 3 DPC. Furthermore, at 7 DPC,
SARS-CoV-2 RNA was still detectable in 8/26 tissues
(31%) collected from two principal-infected calves.
SARS-CoV-2 RNA was also detected in 3/26 tissues
(12%) which were collected at 20 DPC from the
remaining principal-infected calves. In contrast, Falk-
enberg et al. [24] reported detection of SARS-CoV-2
RNA only in the tracheo-bronchial lymph node of
one calf at 9 DPC and did not isolate any virus from
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swabs or tissues during the entire study; however,
SARS-CoV-2 RNA was detected using in situ hybrid-
ization. Bosco-Lauth et al. also isolated SARS-CoV-2
from the trachea of 1/3 challenged cattle at 3 DPC,
although 9 other tissues, including those of the respir-
atory tract, systemic organs and lymph nodes, were
negative for infectious virus as well as SARS-CoV-2
RNA. Previous studies reported only transient serolo-
gical responses in SARS-CoV-2 challenged cattle. In
contrast, one out of three principal-infected calves
which were maintained beyond 7 DPC in our study,
seroconverted and maintained neutralizing antibody
titers until the study termination on 20 DPC. Overall,
the present study resulted in a greater proportion of
calves shedding SARS-CoV-2 RNA and harboring
viral RNA in tissues, with one of the three principal-
infected calves remaining beyond 7 DPC developing
and maintaining a neutralizing antibody response.
These findings may indicate that cattle are more sus-
ceptible to SARS-CoV-2 Delta VOC than the
Wuhan-like SARS-CoV-2 isolates which have been
used for cattle infection in previous studies [23–25].

Similar to the study by Ulrich et al. [25], all calves
enrolled in our study had varied levels of neutralizing
antibody titers against bovine coronavirus (BCV),
although we did not detect any BCV-specific RNA in
nasal swabs collected prior to challenge; this suggests
that there was no active BCV infection in the animals
enrolled in the study. Consistent with what has been
previously reported by Ulrich and colleagues [25],
we did not see any cross-protection provided from
prior BCV infection [25]. One calf (HT9) in our
study had clinical symptoms consistent with mild
Bovine Respiratory Disease (BRD) complex prior to
SARS-CoV-2 challenge. Interestingly, this calf was
the only animal that seroconverted and had low levels
of SARS-CoV-2 RNA present in upper respiratory tis-
sues at 20 DPC. This may suggest that the health and
immune status of this animal at the time of SARS-
CoV-2 challenge might have influenced the course of
disease. Previous studies have determined that health
status can affect expression and distribution of host
ACE2 receptors [41,42]; this may have contributed
to different disease progression in this calf. Addition-
ally, all calves were found to have an underlying infec-
tion with influenza D virus (IDV), evident by positive
RT-qPCR from nasal swabs collected pre-challenge.
Influenza D virus (IDV) is a newly described virus
of cattle, not commonly associated with the BRD com-
plex but was included in this diagnostic panel as IDV
has recently been detected in approximately 12% of
clinical samples submitted for BRD testing at
KSVDL. Further testing revealed the presence of
IDV RNA and SARS-CoV-2 RNA in the same respir-
atory and lymphoid tissues collected at 3 DPC (Sup-
plementary Table 2). IDV can be an incidental
finding in cattle or occasionally may present as

tracheitis [43,44]. Histological evidence of acute
inflammation in the turbinates, trachea and bronchi
at 3 DPC with continuation and maturation of the
inflammation and lymphoid hyperplasia at 7 and 20
DPC in these animals are consistent with previous
SARS-CoV-2 lesions in permissive species as well as
those that are less permissive [14,33]. Although
attempts were made to localize SARS-CoV-2 antigen
or viral RNA within tissues using IHC and ISH,
respectively, this testing was negative. However, RT-
qPCR did confirm the presence of SARS-CoV-2
RNA in the tissues with lesions. The discrepancy in
these results may be attributed to variability in
sampling of tissue that was collected for formalin
fixation and fresh tissue processing, and the fact that
a low number of cells were infected and not present
in both sample types. SARS-CoV-2 and IDV have
similar target tissues and would be histologically indis-
tinguishable without confirmatory antigen/viral RNA
detection within the lesion [33,44]. It is not clear
whether respective IDV infection increases, reduces
yet or is neutral for the susceptibility to SARS-CoV-2.

Currently, there is no evidence that cattle serve as a
primary reservoir or amplifying host for SARS-CoV-2.
This is supported by the results of our study and
others, in which low levels of SARS-CoV-2 shedding
are present only for a short period after infection;
and under experimental conditions, there is no
onward transmission to sentinel calves. However,
there is now serological evidence of naturally infected
cattle in Germany and Italy, where sampling periods
coincided with the Delta VOC wave of transmission
in humans [28,29]. In Germany, Wernike et al. [29]
reported that 11/1,000 cattle were antibody-positive
when 83 farms were sampled, suggesting these were
individual spillover events, likely from infected
humans. However, in Italy, Fiorito et al. [28] reported
13/24 lactating cattle which were sampled on a single
farm had neutralizing antibodies against SARS-CoV-
2; the latter data are suggestive of transmission occur-
ring within the herd. Interestingly, SARS-CoV-2 RNA
was isolated from nasal and/or rectal swabs collected
from cattle during the human Delta VOC wave of
transmission in both India and Nigeria, suggesting
Delta VOC susceptibility and recent exposure
[27,30]. Together, these data support the conclusion
that during the Delta VOC wave of transmission in
humans, there were instances of spillover of SARS-
CoV-2 Delta VOC from humans into cattle. It is con-
ceivable that spillover had also occurred earlier in the
pandemic, however cattle were not included in sur-
veillance efforts at that time. Epidemiological evidence
of cattle infected with SARS-CoV-2 only became
apparent when enhanced surveillance efforts were
put into place as the SARS-CoV-2 pandemic contin-
ued and when more focus was placed on surveillance
in animals. Most importantly, the findings of our
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study in conjunction with evidence of naturally
infected cattle during the Delta VOC surge in humans,
support the conclusion that cattle are more susceptible
to SARS-CoV-2 Delta VOC than the previously
studied Wuhan-like SARS-CoV-2 viruses. Recently,
several studies have provided clear evidence that
SARS-CoV-2 VOCs have expanded their host range
due to key amino acid substitutions in the RBD of
the Spike protein which alter the binding affinity
with host ACE2 receptors [17,18,20].

While human to human transmission continues to
be the main driver for SARS-CoV-2 transmission, it
has become apparent throughout the pandemic that
One Health measures must be implemented for com-
prehensive monitoring of SARS-CoV-2 spillover
transmissions. Infection of SARS-CoV-2 in cattle,
other ruminant species, or the diverse range of mam-
malian species on the susceptible animal species list
[9] provide ample opportunities for viral evolution
via adaptive mutations and possibly recombination
with other SARS-CoV-2 strains or related animal cor-
onaviruses with the potential to affect both animal and
public health. Although cattle do not seem to be highly
susceptible to currently circulating strains of SARS-
CoV-2, there is the possibility that his might change
with future emerging virus variants. Therefore, it is
critical that agriculturally important species which
have close contact with humans, such as cattle and
other domestic and even wild ruminants, are included
in national and international surveillance efforts and
are evaluated for their susceptibility to newly emergent
SARS-CoV-2 VOCs [45].

Acknowledgements

We thank the staff of KSU Biosecurity Research Institute,
the histology laboratory at the Kansas State Veterinary
Diagnostic Laboratory (KSVDL), members of the Histology
and Immunohistochemistry sections at the Louisiana Ani-
mal Disease Diagnostic Laboratory (LADDL), the Compara-
tive Medicine Group staff at Kansas State University and
technical support from Yonghai Li and Baolin Wang. We
also thank Kyeong-Ok Chang for the Vero E6/TMPRSS2
cells used in these studies, Roman Pogranichniy for provid-
ing the bovine coronavirus antibodies. The SARS-CoV-2/
Delta (hCoV-19/USA/NYMSHPSP-PV29995/2021; lineage
B.1.617.2, clade GK) strain was obtained from Viviana
Simon (Mount Sinai Pathogen Surveillance program) via
Michael Schotsaert (Icahn School of Medicine at Mount
Sinai), and the SARS-CoV-2 Omicron BA.2 strain was
acquired from BEI Resources (NR-56520; Manassas, VA,
USA).

Disclosure statement

The J.A.R. laboratory received support from Tonix Pharma-
ceuticals, Xing Technologies and Zoetis, outside of the
reported work. J.A.R. is inventor on patents and patent
applications on the use of antivirals and vaccines for the
treatment and prevention of virus infections, owned by

Kansas State University, Manhattan, KS, USA. The M.S. lab-
oratory has received unrelated research funding in spon-
sored research agreements from ArgenX BV, Moderna,
7Hills Pharma and Phio Pharmaceuticals, which has no
competing interest with this work. The A.G.-S. laboratory
has received research support from GSK, Pfizer, Senhwa
Biosciences, Kenall Manufacturing, Blade Therapeutics,
Avimex, Johnson & Johnson, Dynavax, 7Hills Pharma,
Pharmamar, ImmunityBio, Accurius, Nanocomposix, Hex-
amer, N-fold LLC, Model Medicines, Atea Pharma, Applied
Biological Laboratories and Merck, outside of the reported
work. A.G.-S. has consulting agreements for the following
companies involving cash and/or stock: Castlevax, Amovir,
Vivaldi Biosciences, Contrafect, 7Hills Pharma, Avimex,
Pagoda, Accurius, Esperovax, Farmak, Applied Biological
Laboratories, Pharmamar, CureLab Oncology, CureLab
Veterinary, Synairgen, Paratus and Pfizer, outside of the
reported work. A.G.-S. has been an invited speaker in meet-
ing events organized by Seqirus, Janssen, Abbott and Astra-
zeneca. A.G.-S. is inventor on patents and patent
applications on the use of antivirals and vaccines for the
treatment and prevention of virus infections and cancer,
owned by the Icahn School of Medicine at Mount Sinai,
New York, outside of the reported work. Mention of trade
names or commercial products in this publication is solely
for the purpose of providing specific information and does
not imply recommendation or endorsement by the U.S.
Department of Agriculture. The conclusions in this report
are those of the authors and do not necessarily represent
the views of the USDA. USDA is an equal opportunity pro-
vider and employer.

Funding

Funding for this study was partially provided through grants
from the National Bio and Agro-Defense Facility (NBAF)
Transition Fund from the State of Kansas (JAR), the AMP
Core of the Center of Emerging and Zoonotic Infectious
Diseases (CEZID) from National Institute of General Medi-
cal Sciences (NIGMS) under award number P20GM130448
(JAR, IM), the NIAID Centers of Excellence for Influenza
Research and Surveillance under contract number HHSN
272201400006C (JAR), the United States Department of
Agriculture (USDA)-NIFA (A1711 Program) under award
number 2020-67015-33157, the German Federal Ministry
of Health (BMG) COVID-19 Research and development
funding to WHO R&D Blueprint (JAR), the NIAID sup-
ported Centers of Excellence for Influenza Research and
Response (CEIRR, contract number 75N93021C00016 to
JAR), and the USDA Animal Plant Health Inspection Ser-
vice’s National Bio- and Agro-defense Facility Scientist
Training Program (KC, CM). This study was also partially
supported by a subproject award to M. Carossino from
the Center for Lung Biology and Disease (CLBD), Center
of Biomedical Research Excellence, an Institutional Devel-
opment Award (IDeA) from the National Institute of Gen-
eral Medical Sciences of the National Institutes of Health
under grant number P20GM130555, start-up funds from
the Louisiana State University, School of Veterinary Medi-
cine under award number PG 009641 (MC) and self-gener-
ated funds from UBRB and MC (PG008671), the USDA-
Agricultural Research Service (WCW), and the Center for
Research for Influenza Pathogenesis and Transmission
(CRIPT), a NIAID supported Centers of Excellence for
Influenza Research and Response (CEIRR, contract #
75N93021C00014 to AG-S), and by the generous support

14 K. Cool et al.



of the JPB Foundation, the Open Philanthropy Project
(research grant 2020-215611 [5384]) and anonymous
donors to AG-S. SARS-CoV-2 work in the M.S. laboratory
is supported by NIH/NIAID R01AI160706 and NIH/
NIDDK R01DK130425.

ORCID

Velmurugan Balaraman http://orcid.org/0000-0003-
1671-5572
William C. Wilson http://orcid.org/0000-0002-7877-9224

References

[1] Meekins DA, Gaudreault NN, Richt JA. Natural and
experimental SARS-CoV-2 infection in domestic and
wild animals. Viruses. 2021;13(10):1993), doi:10.
3390/v13101993

[2] Tan CCS, Lam SD, Richard D, et al. Transmission of
SARS-CoV-2 from humans to animals and potential
host adaptation. Nat Commun. 2022;13(1.

[3] Lu L, Sikkema RS, Velkers FC, et al. Adaptation,
spread and transmission of SARS-CoV-2 in farmed
minks and associated humans in The Netherlands.
Nat Commun. 2021;12(1.

[4] Kuchipudi SV, Surendran-Nair M, Ruden RM, et al.
Multiple spillovers from humans and onward trans-
mission of SARS-CoV-2 in white-tailed deer. Proc
Natl Acad Sci USA. 2022;119(6):e2121644119),
doi:10.1073/pnas.2121644119

[5] Goldberg AR, Langwig KE, Marano J, et al. Wildlife
exposure to SARS-CoV-2 across a human use gradi-
ent. Cold Spring Harbor Laboratory; 2022.

[6] Braun KM, Moreno GK, Halfmann PJ, et al.
Transmission of SARS-CoV-2 in domestic cats
imposes a narrow bottleneck. PLoS Pathog 2021;17
(2):e1009373), doi:10.1371/journal.ppat.1009373

[7] Munnink O, Sikkema BB, Nieuwenhuijse RS, et al.
Transmission of SARS-CoV-2 on mink farms between
humans and mink and back to humans. Science.
2021;371(6525):172–177. doi:10.1126/science.abe5901

[8] Yen HL, Sit THC, Brackman CJ, et al. Transmission of
SARS-CoV-2 delta variant (AY.127) from pet ham-
sters to humans, leading to onward human-to-
human transmission: a case study. Lancet. 2022;399
(10329):1070–1078. doi:10.1016/S0140-6736
(22)00326-9

[9] WOAH. SARS-CoV-2 in Animals - Situation Report
20. SARS-CoV-2 in Animals. https://www.woah.org/
en/document/sars-cov-2-in-animals-situation-report-
20/2022.

[10] Meekins DA, Morozov I, Trujillo JD, et al.
Susceptibility of swine cells and domestic pigs to
SARS-CoV-2. Emerg Microb Infect. 2020;9(1):2278–
2288.

[11] Luan J, Jin X, Lu Y, et al. SARS-CoV-2 spike protein
favors ACE2 from Bovidae and Cricetidae. J Med
Virol. 2020;92(9):1649–1656. doi:10.1002/jmv.25817

[12] Lean FZX, Núñez A, Spiro S, et al. Differential suscep-
tibility of SARS-CoV-2 in animals: Evidence of ACE2
host receptor distribution in companion animals, live-
stock and wildlife by immunohistochemical character-
isation. Transbound Emerg Dis. 2022;69(4):2275–
2286. doi:10.1111/tbed.14232

[13] Kumar A, Panwar A, Batra K, et al. In-silico analysis of
angiotensin-converting enzyme 2 (ACE2) of livestock,

Pet and poultry animals to determine its susceptibility
to SARS–CoV-2 infection. Comb Chem High
Throughput Screen. 2021;24(10):1769–1783. doi:10.
2174/1386207323666201110144542

[14] Gaudreault NN, Cool K, Trujillo JD, et al. Susceptibility
of sheep to experimental co-infectionwith the ancestral
lineage of SARS-CoV-2 and its alpha variant. Emerg
Microb Infect. 2022;11(1):662–675.

[15] Di Teodoro G, Valleriani F, Puglia I, et al. SARS-CoV-
2 replicates in respiratory ex vivo organ cultures of
domestic ruminant species. Vet Microbiol.
2021;252:108933), doi:10.1016/j.vetmic.2020.108933

[16] Damas J, Hughes GM, Keough KC, et al. Broad host
range of SARS-CoV-2 predicted by comparative and
structural analysis of ACE2 in vertebrates. Proc Natl
Acad Sci. 2020;117(36):22311–22322. doi:10.1073/
pnas.2010146117

[17] Thakur N, Gallo G, Newman J, et al. SARS-CoV-2 var-
iants of concern alpha, beta, gamma and delta have
extended ACE2 receptor host ranges. J Gener Virol.
2022;103(4). doi:10.1099/jgv.0.001735

[18] Kim Y, Gaudreault NN, Meekins DA, et al. Effects of
spike mutations in SARS-CoV-2 variants of concern
on human or animal ACE2-mediated virus entry and
neutralization. Microbiol Spectr. 2022;10(3):e0178921.

[19] Kant R, Kareinen L, Smura T, et al. Common labora-
tory mice Are susceptible to infection with the SARS-
CoV-2 beta variant. Viruses. 2021;13(11):2263),
doi:10.3390/v13112263

[20] Escalera A, Gonzalez-Reiche AS, Aslam S, et al.
Mutations in SARS-CoV-2 variants of concern link
to increased spike cleavage and virus transmission.
Cell Host Microbe. 2022;30(3):373–387.e7. doi:10.
1016/j.chom.2022.01.006

[21] Zhou B, Thao TTN, Hoffmann D, et al. SARS-CoV-2
spike D614G change enhances replication and trans-
mission. Nature. 2021;592(7852):122–127. doi:10.
1038/s41586-021-03361-1

[22] Shuai HP, Chan JFW, Yuen TTT, et al. Emerging
SARS-CoV-2 variants expand species tropism to mur-
ines. EBioMedicine. 2021;73:103643), doi:10.1016/j.
ebiom.2021.103643

[23] Bosco-Lauth AM, Walker A, Guilbert L, et al.
Susceptibility of livestock to SARS-CoV-2 infection.
Emerg Microbes Infect. 2021;10(1):2199–2201.
doi:10.1080/22221751.2021.2003724

[24] Falkenberg S, Buckley A, Laverack M, et al.
Experimental inoculation of young calves with
SARS-CoV-2. Viruses. 2021;13(3):441), doi:10.3390/
v13030441

[25] Ulrich L, Wernike K, Hoffmann D, et al. Experimental
infection of cattle with SARS-CoV-2. Emerg Infect
Dis. 2020;26(12):2979–2981. doi:10.3201/eid2612.
203799

[26] Low-Gan J, Huang R, Kelley A, et al. Diversity of
ACE2 and its interaction with SARS-CoV-2 receptor
binding domain. Biochem J. 2021;478(19):3671–
3684. doi:10.1042/BCJ20200908

[27] Kumar D, Antiya SP, Patel SS, et al. Surveillance and
molecular characterization of SARS-CoV-2 infection
in Non-human hosts in gujarat, India. Int J Environ
Res Public Health. 2022;19(21.

[28] Fiorito F, Iovane V, Pagnini U, et al. First description
of serological evidence for SARS-CoV-2 in lactating
cows. Animals (Basel). 2022;12(11.

[29] Wernike K, Böttcher J, Amelung S, et al.
Antibodies against SARS-CoV-2 suggestive of single

Emerging Microbes & Infections 15

http://orcid.org/0000-0003-1671-5572
http://orcid.org/0000-0003-1671-5572
http://orcid.org/0000-0002-7877-9224
https://doi.org/10.3390/v13101993
https://doi.org/10.3390/v13101993
https://doi.org/10.1073/pnas.2121644119
https://doi.org/10.1371/journal.ppat.1009373
https://doi.org/10.1126/science.abe5901
https://doi.org/10.1016/S0140-6736(22)00326-9
https://doi.org/10.1016/S0140-6736(22)00326-9
https://www.woah.org/en/document/sars-cov-2-in-animals-situation-report-20/2022
https://www.woah.org/en/document/sars-cov-2-in-animals-situation-report-20/2022
https://www.woah.org/en/document/sars-cov-2-in-animals-situation-report-20/2022
https://doi.org/10.1002/jmv.25817
https://doi.org/10.1111/tbed.14232
https://doi.org/10.2174/1386207323666201110144542
https://doi.org/10.2174/1386207323666201110144542
https://doi.org/10.1016/j.vetmic.2020.108933
https://doi.org/10.1073/pnas.2010146117
https://doi.org/10.1073/pnas.2010146117
https://doi.org/10.1099/jgv.0.001735
https://doi.org/10.3390/v13112263
https://doi.org/10.1016/j.chom.2022.01.006
https://doi.org/10.1016/j.chom.2022.01.006
https://doi.org/10.1038/s41586-021-03361-1
https://doi.org/10.1038/s41586-021-03361-1
https://doi.org/10.1016/j.ebiom.2021.103643
https://doi.org/10.1016/j.ebiom.2021.103643
https://doi.org/10.1080/22221751.2021.2003724
https://doi.org/10.3390/v13030441
https://doi.org/10.3390/v13030441
https://doi.org/10.3201/eid2612.203799
https://doi.org/10.3201/eid2612.203799
https://doi.org/10.1042/BCJ20200908


events of spillover to cattle, Germany. Emerg Infect
Dis. 2022;28(9):1916–1918. doi:10.3201/eid2809.
220125

[30] Happi AN, Ayinla AO, Ogunsanya OA, et al.
Detection of SARS-CoV-2 in terrestrial animals in
southern Nigeria. Potent Cases Rev Zoonos Viruses.
2023;15(5):1187.

[31] Matsuyama S, Nao N, Shirato K, et al. Enhanced iso-
lation of SARS-CoV-2 by TMPRSS2-expressing cells.
Proc Natl Acad Sci. 2020;117(13):7001–7003. doi:10.
1073/pnas.2002589117

[32] Hierholzer JC, Killington RA. 2 - Virus isolation and
quantitation. In: Mahy BWJ, Kangro HO, editor.
Virology methods manual. London: Academic Press;
1996. p. 25–46.

[33] Cool K, Gaudreault NN, Morozov I, et al. Infection
and transmission of ancestral SARS-CoV-2 and its
alpha variant in pregnant white-tailed deer. Emerg
Microbes Infect. 2022;11(1):95–112. doi:10.1080/
22221751.2021.2012528

[34] Schroeder ME, Bounpheng MA, Rodgers S, et al.
Development and performance evaluation of calf diar-
rhea pathogen nucleic acid purification and detection
workflow. J Vet Diagn Invest. 2012;24(5):945–953.
doi:10.1177/1040638712456976

[35] Liao H, Cai D, Sun Y. VirStrain: a strain identification
tool for RNA viruses. Genome Biol. 2022;23(1). doi:10.
1186/s13059-022-02609-x

[36] Gaudreault NN, Trujillo JD, Carossino M, et al. SARS-
CoV-2 infection, disease and transmission in domestic
cats. Emerg Microbes Infect. 2020;9(1):2322–2332.
doi:10.1080/22221751.2020.1833687

[37] Bold D, Roman-Sosa G, Gaudreault NN, et al.
Development of an indirect ELISA for the detection
of SARS-CoV-2 antibodies in cats. Front Vet Sci.
2022;9:11), doi:10.3389/fvets.2022.864884

[38] Vijgen L, Keyaerts E, Moës E, et al. Complete
genomic sequence of human coronavirus OC43: mol-
ecular clock analysis suggests a relatively recent zoo-
notic coronavirus transmission event. J Virol.
2005;79(3):1595–1604. doi:10.1128/JVI.79.3.1595-
1604.2005

[39] Kenney SP, Wang Q, Vlasova A, et al. Naturally occur-
ring animal coronaviruses as models for studying highly
pathogenic human coronaviral disease. Vet Pathol.
2021;58(3):438–452. doi:10.1177/0300985820980842

[40] White SK, Ma W, McDaniel CJ, et al. Serologic evi-
dence of exposure to influenza D virus among persons
with occupational contact with cattle. J Clin Virol.
2016;81:31–33. doi:10.1016/j.jcv.2016.05.017

[41] Pinto BGG, Oliveira AER, Singh Y, et al. Ace2
expression Is increased in the lungs of patients With
comorbidities associated With severe COVID-19. J
Infect Dis. 2020;222(4):556–563. doi:10.1093/infdis/
jiaa332

[42] Kaur N, Oskotsky B, Butte AJ, et al. Systematic
identification of ACE2 expression modulators reveals
cardiomyopathy as a risk factor for mortality in
COVID-19 patients. Genome Biol. 2022;23(1).
doi:10.1186/s13059-021-02589-4

[43] Ferguson L, Olivier AK, Genova S, et al. Pathogenesis
of influenza D virus in cattle. J Virol. 2016;90
(12):5636–5642. doi:10.1128/JVI.03122-15

[44] Ruiz M, Puig A, Bassols M, et al. Influenza D virus: A
review and update of Its role in bovine respiratory syn-
drome. Viruses. 2022;14(12):2717), doi:10.3390/
v14122717

[45] McNamara T, Richt JA, Glickman L. A critical needs
assessment for research in companion animals and
livestock following the pandemic of COVID-19 in
humans. Vector Borne Zoonotic Dis. 2020;20
(6):393–405. doi:10.1089/vbz.2020.2650

16 K. Cool et al.

https://doi.org/10.3201/eid2809.220125
https://doi.org/10.3201/eid2809.220125
https://doi.org/10.1073/pnas.2002589117
https://doi.org/10.1073/pnas.2002589117
https://doi.org/10.1080/22221751.2021.2012528
https://doi.org/10.1080/22221751.2021.2012528
https://doi.org/10.1177/1040638712456976
https://doi.org/10.1186/s13059-022-02609-x
https://doi.org/10.1186/s13059-022-02609-x
https://doi.org/10.1080/22221751.2020.1833687
https://doi.org/10.3389/fvets.2022.864884
https://doi.org/10.1128/JVI.79.3.1595-1604.2005
https://doi.org/10.1128/JVI.79.3.1595-1604.2005
https://doi.org/10.1177/0300985820980842
https://doi.org/10.1016/j.jcv.2016.05.017
https://doi.org/10.1093/infdis/jiaa332
https://doi.org/10.1093/infdis/jiaa332
https://doi.org/10.1186/s13059-021-02589-4
https://doi.org/10.1128/JVI.03122-15
https://doi.org/10.3390/v14122717
https://doi.org/10.3390/v14122717
https://doi.org/10.1089/vbz.2020.2650

	Abstract
	Introduction
	Materials and methods
	Ethics statement
	Cells and virus propagation
	Virus challenge of animals
	Clinical evaluations and sample collection
	RNA extraction and reverse transcriptase quantitative PCR (RT-qPCR)
	Next-generation sequencing
	Virus isolation
	Virus neutralizing antibodies
	Detection of antibodies by ELISA
	Histopathology (HE)
	SARS-CoV-2 specific immunohistochemistry (IHC)
	SARS-CoV-2-specific RNAscope® in situ hybridization (RNAscope® ISH)

	Results
	Clinical evaluations and detection of common bovine pathogens
	Detection of SARS-CoV-2 RNA in clinical samples and tissues
	Competition between SARS-CoV-2 Delta and Omicron BA.2 VOCs in co-infected calves
	Isolation of virus from tissues
	ELISAs
	Virus neutralizing antibodies
	Gross pathology
	Histopathology
	Lung histology

	Discussion
	Acknowledgements
	Disclosure statement
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.245 841.846]
>> setpagedevice


