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A B S T R A C T

Following the emergence of SARS-CoV-2 in late 2019, several species of domestic and wild animals have been 
found to be susceptible to SARS-CoV-2 infection through experimental inoculation and animal surveillance ac-
tivities. Detection of SARS-CoV-2 specific antibodies in animals is an important surveillance tool since viral 
shedding in animals can only be detected for a short period of time. In this study, convenience serum samples 
were collected from 691 cattle, 698 sheep, and 707 goats from several regions in the United States, between 2019 
and 2022. The samples were evaluated for the presence of SARS-CoV-2 specific antibodies using two commercial 
enzyme-linked immunosorbent assays (ELISA); one based on the inhibition of the SARS-CoV-2 receptor-binding 
domain (sVNT) and the other based on the nucleocapsid protein (N-ELISA) of SARS-CoV-2. Positive samples from 
the sVNT were additionally evaluated using a conventional virus neutralization test (VNT) employing the 
Wuhan-like SARS-CoV-2 USA/WA1/2020 isolate. Our results indicate that ~1 % (6/691) of cattle, ~2 % (13/ 
698) of sheep, and ~2.5 % (18/707) of goat serum samples were positive when using the sVNT, whereas ~4 % of 
cattle (25/691) and sheep (27/698), and 2.5 % (18/707) of goat serum samples tested positive with the N-ELISA. 
None of the sVNT positive cattle, sheep, or goat serum samples had detectable neutralizing antibody activity 
(<1:8) against the SARS-CoV-2 USA/WA1/2020 isolate by the VNT. Our results indicate low seropositivity in 
cattle, sheep, and goats in the U.S., indicating the importance to continue monitoring for SARS-CoV-2 prevalence 
in animal species that are in close contact with humans.

1. Introduction

Several anthropogenic factors have been associated with an increase 
in the incidence of emerging zoonotic infectious diseases originating 
from animals, specifically wildlife (Frazzini et al., 2022; Jones et al., 
2008). The increase in cross-species transmission may be attributed to 
several activities that promote human-animal interaction, such as 
changes in land use (deforestation), live animal wet markets, exotic pet 
trade, hunting, and close contact with domesticated livestock (Bengis 
et al., 2004; Piret & Boivin, 2021). In the last two decades, there have 
been three major outbreaks of coronaviruses that affected humans. The 
first of which was severe acute respiratory syndrome (SARS) coronavirus 
in 2002, followed by Middle Eastern respiratory syndrome (MERS) 
coronavirus in 2013, and most recently, the emergence of severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) in 2019 (Cerino 
et al., 2021; da Costa et al., 2020). SARS-CoV-2, the causative agent of 
coronavirus disease 2019 (COVID-19), was first identified in December 

2019 in the city of Wuhan, Hubei province, China (Cui et al., 2022). 
SARS-CoV-2 spread rapidly through human-to-human transmission, 
resulting in the global COVID-19 pandemic, initiating a prolonged 
public health crisis and interruptions to global economics. According to 
the World Health Organization (WHO), COVID-19 has affected over 775 
million people, resulting in approximately 7 million deaths as of March 
31, 2024 (WHO, 2024). A distinctive characteristic of SARS-CoV-2 that 
has contributed to its persistence is the rapid evolution and emergence 
of SARS-CoV-2 variants of concern (VOCs). Some VOCs have been 
associated with changes in host range, warranting extensive surveillance 
of SARS-CoV-2 in animal populations to identify potential reservoir 
hosts (Su et al., 2016). The latest epidemiological data from the World 
Organization for Animal Health (WOAH, 2023) reports 775 outbreaks in 
animals globally, impacting 29 animal species across 36 countries 
(WOAH, 2023). Impacted species include companion animals (dog, cat, 
ferret, and hamster), zoo animals (large cats, otters, and gorillas), 
farmed animals (mink), and wildlife (white-tailed deer) (WOAH, 2023). 
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The broad host range of SARS-CoV-2 poses concern for the establishment 
of reservoir species that could serve as a source for future outbreaks of 
animal adapted variants that could circumvent current mitigation stra-
tegies. The potential establishment of SARS-CoV-2 reservoir species has 
received significant interest worldwide, promoting enhanced surveil-
lance networks that rely on rapid diagnostic methods. The susceptibility 
of animals to SARS-CoV-2 varies, and different species have different 
levels of susceptibility (Meekins et al., 2021; Ulrich et al., 2020). Several 
computational, experimental, and diagnostic methods have been 
employed to examine the susceptibility of animal species to SARS-CoV-2 
including: (i) computational modeling (in silico), (ii) in vitro experi-
ments conducted outside a living organism, (iii) in vivo studies in a 
living organism, and (iv) analysis of epidemiological data (Rutherford 
et al., 2022). Experimental infections of animals have revealed that 
several species are highly susceptible to the virus, including non-human 
primates, hamsters, ferrets, cats, and white-tailed deer, whereas dogs, 
sheep, and cattle exhibit limited susceptibility, and swine as well as 
avian species such as chickens and ducks demonstrate resistance to 
infection (Meekins et al., 2021). SARS-CoV-2 transmission has been 
observed to occur via direct contact with infected animals, aerosol and 
droplets, contaminated surfaces and objects, and environmental factors 
(water, soil, air, etc.) (Fang et al., 2023; Kwon et al., 2021, 2023a, 
2023b).

SARS-CoV-2 is a single-stranded, positive sense, enveloped RNA 
virus belonging to the Coronaviridae family, genus Betacoronavirus 
(White & Razgour, 2020). Coronaviruses (CoVs) are divided into four 
genera: Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Del-
tacoronavirus (Kirtipal et al., 2020). Alpha and Beta CoV mainly infect 
mammals and originate from bats, while Gamma and Delta CoV have 
been identified in birds and infect both birds and mammals (Woo et al., 
2012). Four major structural proteins, common to all coronaviruses, 
have been described: spike protein (S), membrane protein (M), envelope 
protein (E), and nucleocapsid protein (N). The E protein helps in the 
assembly and release of the virions, and the M protein plays a crucial 
role in the structural integrity of the virus, stabilization of the N proteins, 
and in virus budding and assembly (Astuti & Ysrafil, 2020; Naqvi et al., 
2020).

The receptor binding domain (RBD) of the S protein is involved in 
viral attachment and entry into host cells (Naqvi et al., 2020). 
SARS-CoV-2 entry is facilitated through the interaction between the 
receptor-binding domain (RBD) on the S1 subunit and the peptidase 
domain (PD) of the angiotensin-converting enzyme 2 (ACE2) receptor 
on the surface of host cells (Jackson et al., 2022). Accordingly, RBD is 
the primary target for neutralizing antibodies and used as an immu-
nogen to induce immunity against SARS-CoV-2 due to its high immu-
nogenicity (Zost et al., 2020). Mutations in the RBD are associated with 
immune escape, as observed in newly emerging virus variants (Jackson 
et al., 2022), and have also been implicated with increased trans-
missibility and/or changes in virulence (pathogenicity) (Rodrigues 
et al., 2023). The interaction between the spike protein and ACE2 is the 
main factor in determining the host range of SARS-CoV-2 (Lean et al., 
2022).

The nucleocapsid (N) is a highly conserved structural protein of 
SARS-CoV-2 involved in packaging the viral RNA genome into aribo-
nucleoprotein (RNP) complex, facilitating viral assembly (Song et al., 
2023; Wu et al., 2023). The nucleocapsid protein is one of the most 
abundant viral proteins during infection (He et al., 2004) and induces a 
specific immune response in the host which makes for an ideal diag-
nostic target in infected animals.

To effectively monitor SARS-CoV-2 infections in domestic and wild 
animal species, rapid and accurate diagnostic methods must be avail-
able. The plaque reduction neutralization test (PRNT) or a conventional 
virus neutralization test (cVNT) are considered the gold standard for 
identifying neutralizing antibodies for SARS-CoV-2. Alternatively, the 
enzyme-linked immunosorbent assay (ELISA) serves as a rapid and cost- 
effective serological test (Cordero-Ortiz et al., 2023). The variability in 

diagnostic test performance among ELISAs can be attributed to the type 
of target antigen used, e.g., SARS-CoV-2 S, RBD, M or N proteins, or the 
whole virus (Villanueva-Saz et al., 2022). False positives may occur 
when conserved antigens present in related pathogens are targeted 
(Caradonna & Schmidt, 2021). Accurate detection of SARS-CoV-2 spe-
cific antibodies after an immune response is important for surveillance, 
epidemiological studies, and for understanding the protective effector 
molecules of the immune response. Therefore, effective and rapid 
serological assays for SARS-CoV-2 and its variants, which have high 
sensitivity and specificity, are necessary to identify outbreaks of 
SARS-CoV-2 and guide public health interventions.

Historically, domestic ruminants such as cattle, sheep, and goats 
have been an important resource for food production and have devel-
oped into a significant component of global economics. In order to 
maintain herds of cattle, sheep, and goats, intensive human care is 
required. In silico modeling has predicted that the SARS-CoV-2 RBD is 
capable of interacting with the sheep ACE2 receptor, suggesting sheep 
are susceptible to SARS-CoV-2 infection (Damas et al., 2020). Di Teo-
doro et al. (2021) demonstrated that ex vivo respiratory organ cultures of 
sheep and cattle respiratory tissues (tracheal and lung) were permissible 
to infection with SARS-CoV-2. Importantly, when sheep were experi-
mentally infected with SARS-CoV-2, RNA was detectable throughout the 
respiratory tract and lymphoid tissues, but only low levels of virus were 
shed for a short period of time, suggesting that sheep are unlikely to 
maintain SARS-CoV-2 transmission within herds (Gaudreault et al., 
2022). Furthermore, Bae et al. (2023) found that domesticated Korean 
native cattle and native black goats are susceptible to SARS-CoV-2, and 
they can contract the virus from humans. In a recent experimental study 
by Cool et al. (2024) cattle were found to be more susceptible to 
infection with SARS-CoV-2 Delta VOC compared to Omicron BA.2. 
Additionally, the study revealed limited seroconversion and no evidence 
of transmission to sentinel calves, suggesting that cattle may not act as 
reservoir hosts for currently circulating SARS-CoV-2 variants. Other 
experimental and natural infection studies show cattle can seroconvert 
but have low SARS-CoV-2 antibody titers (Falkenberg et al., 2021; 
Fiorito et al., 2022; Ulrich et al., 2020; Wernike et al., 2022). Overall, 
experimental and natural infection studies in cattle, sheep, and goats 
indicate that these animals are unlikely to serve as reservoir species for 
SARS-CoV-2, since they show limited susceptibility to the virus (Cool 
et al., 2024; Fernandez-Bastit et al., 2022; Fusco et al., 2023; Gaudreault 
et al., 2022; Villanueva-Saz et al., 2021). However, there has been very 
limited evidence of natural infections with SARS-CoV-2 in these animals.

As the epidemiological role and susceptibility of cattle, sheep, and 
goats to different variants of SARS-CoV-2 infection are still not fully 
understood and remain unclear, it is important to investigate these 
matters due to their constant contact with humans and other susceptible 
animal species. Therefore, the main objectives of this study were to 
investigate the seroprevalence of SARS-CoV-2 specific antibodies in 
cattle, sheep, and goats from several geographically distinct regions in 
the United States using two commercially available ELISAs targeting the 
nucleocapsid (N) and spike (S) proteins of SARS-CoV-2. Additionally, we 
provide an assessment of the performance of these serological detection 
methods for antibodies against SARS-CoV-2 in these animal species.

2. Materials and methods

2.1. Sample collection

Serum samples, provided by the Virology and Serology section of 
Kansas State Veterinary Diagnostic Laboratory, were collected from 691 
bovines across fifteen states [Oregon (OR), Kansas (KS), Nebraska (NE), 
Arizona (AZ), Kentucky (KY), Texas (TX), Minnesota (MN), Pennsylva-
nia (PA), Tennessee (TN), Indiana (IN), Illinois (IL), West Virginia (WV), 
Montana (MT), Missouri (MO), and Colorado (CO)], 698 sheep across 
fourteen states [Kansas (KS), Massachusetts (MA), California (CA), 
Missouri (MO), Texas (TX), Georgia (GA), Oregon (OR), Tennessee (TN), 
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Colorado (CO), Indiana (IN), North Dakota (ND), New Jersey (NJ), 
Oklahoma (OK), and Nebraska (NE)], and 707 goats across fifteen states 
[Kansas (KS), Nebraska (NE), Iowa (IA), Illinois (IL), Missouri (MO), 
Florida (FL), Oklahoma (OK), California (CA), Georgia (GA), Indiana 
(IN), Virginia (VA), Massachusetts (MA), Tennessee (TN), Montana 
(MT), and Minnesota (MN)] between 2019 and 2022 in the United 
States, with the majority of samples originating from Kansas (Fig. 1). 
Upon arrival at the laboratory, aliquots of the serum were frozen at 
-80◦C until analysis. All samples were initially registered based on the 
owner’s location. However, some samples were not associated with an 
owner’s location information and were subsequently registered based on 
their clinical location.

2.2. Detection of antibodies by ELISAs

2.2.1. SARS-CoV-2 double antigen ELISA
To determine if serum samples contained SARS-CoV-2 N-specific 

antibodies, the commercially available ID Screen® SARS-CoV-2 Double 
Antigen Multi-species (Innovative Diagnostics, Grabels, France), con-
taining a purified recombinant N protein of SARS-CoV-2, referred to as 
N-ELISA below, was tested using according to the manufacturer’s in-
structions. Briefly, Serum samples were heat-inactivated at 56 ◦C for 30 
min. Each ELISA plate well received 25 μl of dilution buffer and 25 μl of 
serum, with positive and negative controls included. After 45 min of 
incubation at 37 ◦C, wells were washed 5 times with 300 μl of wash 
solution. Then, 100 μl of N protein recombinant antigen horseradish 
peroxidase (HRP) conjugate was added and incubated for 30 min at 
room temperature (RT). Wells were washed 5 times with 300 μl of wash 

solution, followed by adding 100 μl of substrate solution and incubating 
for 20 min at RT. The reaction was stopped with 100 μl of stop solution. 
The optical density (OD) was measured at 450 nm using an ELISA 
microplate reader (BioTek Cytation5; Agilent, CA, US) immediately af-
terward. The OD of each sample was calculated as the S/P percentage 
(S/P%). Serum with S/P% ≥ 60 % was considered positive, while serum 
with S/P% 50− 60 % was defined as ‘suspect,’ and serum with S/P% ≤
50 % was considered negative.

2.2.2. SARS-CoV-2 surrogate virus neutralization test (sVNT)
The SARS-CoV-2 surrogate virus neutralization test (sVNT; GenScript 

L00847, NJ, USA) was used for detection of neutralizing antibodies 
against the interaction between the virus RBD and the ACE2 cell surface 
receptor. The test was conducted according to the manufacturer’s in-
structions. Briefly, serum samples were heat-inactivated at 56 ◦C for 30 
min. Serum samples, positive and negative assay controls were each 
diluted 1:10 in sample dilution buffer. Subsequently, these diluted 
samples were mixed with an equal volume of HRP-conjugated RBD, 
which was diluted at 1:1000. The mixture was then incubated at 37 ◦C 
for 30 min. After incubation, 100 μl of each mixture was added to a plate 
that was precoated with human ACE2 protein. Following incubation at 
37 ◦C for 15 min, the plate was washed four times with 260 μl of wash 
solution. Subsequently, 100 μl of tetramethylbenzidine substrate (TMB) 
was added, incubated at room temperature for 15 minutes, and the re-
action was stopped with 50 μl stop solution.

The absorbance was read at 450 nm (OD450) using an ELISA 
microplate reader (BioTek Cytation5; Agilent, CA, US) immediately af-
terward. The OD of each sample was calculated as the inhibition 

Fig. 1. Map showing the distribution of goat, sheep, and bovine samples collected and tested across the United States. (Created with mapchart.net).
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percentage (% inhibition). For the expression of the results, % inhibition 
≥ 30 % was considered positive, and % inhibition < 30 % was consid-
ered negative.

2.3. Virus neutralizing antibodies

2.3.1. BCoV neutralization assay
A classic neutralization assay was used to determine if neutralizing 

antibodies against bovine coronavirus were present. Serum samples 
were first heat-inactivated at 56 ◦C for 30 min and were diluted 1:8 with 
Dulbecco modified Eagle medium (DMEM; Gibco™ 11965092) con-
taining Trypsin (1000) and Antibiotic-Antimycotic (100X; CORNING 
30-004-Cl, VA, USA). Subsequently, 100 μl of each serum dilution was 
combined with 100 μl of supplemented media on 96-well plates and 
subjected to 2-fold serial dilutions starting from 1:8 to 1:2560. The BCoV 
Mebus strain (Mebus CA, et al.,1973; Benfield et al.,1990) virus stock 
was diluted to 100TCID50/ 100 μl and then 100 μl of diluted virus in 
DMEM was added to 100 μl of the sera dilutions and incubated for 1 h at 
37 ◦C. Following incubation, 100 μl of the virus–serum mixtures were 
transferred to seeded 96-well plates containing confluent monolayers of 
human rectal tumor (HRT) cells and incubated for 48 h at 37 ◦C to allow 
for the infection of the cells. After incubation, the wells were washed 
two times with PBS-T and fixed with 80 % acetone for 10 min. After 
acetone fixation, the plates were left under a fume hood for 5 h to dry. 
Following fixation, samples were rehydrated with PBS-T, and 50 μl of 
BCoV-specific primary antibody, Z3A5 (developed in-house Zhang et al., 
1997 et al), a monoclonal antibody that targets the spike protein subunit 
of BCoV, diluted 1:10, was added to each well and incubated for 1 h at 
37 ◦C. After 1 h, plates were washed two times with PBS-T, and 50 μl of 
Anti-Mouse IgG (H + L) secondary antibody (Jackson ImmunoResearch, 
Code: 115-095-003), diluted 1:75, was added to each well and incubated 
for 1 h at 37 ◦C. Following incubation, plates were washed two times 
with PBS-T and observed under a fluorescence microscope (Nikon 
ECLIPSE TE2000-U) to determine endpoint titer to BCV based on the 
presence or absence of viral replication. Samples with known 
BCoV-neutralizing antibodies were used as a positive control and to 
monitor consistency between assays.

2.3.2. SARS-CoV-2 neutralization assay (VNT)
The purpose of the SARS-CoV-2 neutralization assay was to confirm 

the presence or absence of SARS-CoV-2 neutralizing antibodies in sam-
ples that were positive or were chosen as negative (pre-pandemic) tested 
using the sVNT.

SARS-CoVCoV-2 neutralizing antibodies in sera were determined 
using a microneutralization assay as previously described (Gaudreault 
et al., 2020). Briefly, heat-inactivated (56 ◦C/30 min) serum samples 
were diluted and then subjected to 2-fold serial dilutions starting at 1:8 
and tested in duplicate. SARS-CoV-2 virus stocks (USA/WA1/2020; BEI 
NR: 52281) were diluted to 100 TCID50 in 100 μl DMEM culture media 
(1000 TCID50/mL) and added 1:1 to 100 μl of the sera dilutions. The 
virus/sera dilutions were then incubated for 1 h at 37 ◦C. The mixture 
was subsequently transferred to 96-well plates seeded with a confluent 
monolayer of Vero-E6 cells stably expressing the transmembrane serine 
protease 2 (Vero-E6/TMPRSS2). The neutralizing antibody titer was 
recorded as the highest serum dilution at which at least one of the wells 
showed complete virus neutralization based on the absence of CPE 
observed under a light microscope at 96 h post infection. Positive con-
trol sera and back-titrations of diluted virus stock were used to monitor 
assay performance and consistency.

3. Results

3.1. Seroprevalence using different methods

Out of 691 bovine sera screened, 4.5 % (15/330) and 2.8 % (10/361) 
tested positive for N-ELISA (ID.Vet) in 2020 and 2021. However, the 

sVNT ELISA targeting the RBD (GenScript) resulted in lower seroposi-
tivity of 0.3 % (1/330) and 1.4 % (5/361) in 2020 and 2021, respec-
tively (Fig. 2A). Of the 707 goat serum samples, N-ELISA results 
indicated 1.3 % (1/76) in 2019, 2.7 % (15/566) in 2020, 2 % (1/50) in 
2021, 6.7 % (1/15) in 2022 tested positive. When assayed with the sVNT 
assay, SARS-CoV-2 positivity rates in goats were 3.9 % (3/76) in 2019, 
2.1 % (12/566) in 2020, 4 % (2/50) in 2021, 6.7 % (1/15) in 2022 
(Fig. 2B). Of the 698 sheep serum samples, 3.9 % (2/51) in 2019, 3.8 % 
(5/131) in 2020, 2.5 % (6/239) in 2021, and 5.1 % (14/277) in 2022 
showed antibodies for SARS-CoV-2 nucleocapsid protein (N-ELISA). The 
sVNT assay indicated that antibodies against the RBD were detected in 
3.9 % (2/51) in 2019, 3.1 % (4/131) in 2020, 1.3 % (3/239) in 2021, 
and 1.4 % (4/277) in 2022 (Fig. 2C). These results demonstrate weak 
agreement between anti-S and anti-N antibodies, as detailed in Table 1.

3.2. Concordance among sVNT, VNT, and BCoV

Neutralizing activity (<1:8) was not observed in any of the sVNT 
positive cattle, sheep, or goat serum samples when assayed via VNT 
using the USA/WA1/2020 isolate. Our results from sVNT (GenScript) 
and VNT assays indicated a lack of agreement between GenScript and 
VNT. Of the 6 bovine serum samples that were positive for sVNT, 
neutralization activity against the BCoV was also observed, with titers 
ranging between 1:256 and 1:4096. The sera from goats and sheep that 
tested positive for antibodies to the RBD were not further examined to 
determine the presence of neutralizing antibodies against BCoV.

4. Discussion

The global epidemiology of SARS-CoV-2, along with its associated 
symptoms, morbidity, and mortality, exhibits significant variability 
across different regions. In the context of outbreaks involving novel 
zoonotic pathogens, the development, validation, and widespread 
dissemination of rapid diagnostic tools are crucial for informed policy 
decisions concerning both animal and public health. Although there are 
several techniques available to evaluate the exposure of animals to 
SARS-CoV-2, such as the detection of antibodies, antigens, and molec-
ular detection methods, the use of broad serological detection assays are 
considered the most effective method for surveillance. Traditional 
virology (culturing) and molecular diagnostic methods alone may not be 
sufficient to determine the full extent and spread amongst animal pop-
ulations due to the narrow window of time to capture animals when 
actively shedding virus, as reported by WOAH (Fusco et al., 2023). It is 
important to note that there exists a range of diagnostic sensitivity and 
specificity in commercial assays, occasionally resulting in undetected 
cases and ineffective responses (Taylor et al., 2021). This inconsistency 
highlights the need for careful selection and validation of testing 
methods to ensure reliable detection and timely intervention, which are 
essential to preventing the further transmission of the disease. Deter-
mining the levels of virus-specific antibodies are crucial measurements 
for estimating population and herd immunity against SARS-CoV-2 
(Jiang et al., 2022). Infection with SARS-CoV-2 stimulates the host’s 
immune system to produce detectable levels of IgG antibodies, which 
are critical for establishing protective immune responses. This process is 
crucial for the development of long-term immunity, primarily through 
the activation and maturation of a robust B cell response (Li et al., 2023). 
It should be considered that the antibody levels can be influenced by 
various factors, including previous infections, the severity of infection, 
and the time point of sample collection (Dhar, 2022; Wei et al., 2021).

SARS-CoV-2 and bovine coronavirus (BCoV) belong to the betacor-
onavirus family. Phylogenetically, BCoV is closely related to human 
coronavirus (HCoV) OC43, classified under Betacoronavirus 1 
(Wensman & Stokstad, 2020). This may provide opportunity for po-
tential for cross-reactivity with the similar antigens present in these 
betacoronaviruses, resulting in false positives.

A majority of information regarding the susceptibility of bovine, 
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sheep, and goats to SARS-CoV-2 originates from experimental infections 
and suggests these ruminant species are mostly resistant to SARS-CoV-2 
infection. It is important to note that most cattle, sheep, and goats 
included in these studies were infected with a high dose of SARS-CoV-2 
through intranasal and oral inoculation, which is not a perfect model for 
potential exposure to SARS-CoV-2 in natural conditions. To date, there 
has been limited research on natural infection to SARS-CoV-2 in cattle, 
sheep, and goats, likely due to their lower susceptibility to this infectious 
disease. The present study evaluated the diagnostic performance of two 
different commercial ELISA in detecting antibodies against N and S 
proteins of SARS-CoV-2. A VNT was used as a reference test to confirm 
results of ELISA assay in cattle, sheep, and goat serum samples. A second 
aim of this study was to report on the seroprevalence of SARS-CoV-2 
antibodies in sheep, goats, and cattle from several geographically 
distinct regions in the United States.

There have been reports of natural SARS-CoV-2 infection in cattle, 
but studies suggest that they have a low susceptibility to the virus and 
are unlikely to serve as reservoirs. In Germany, a study was conducted 

on 1000 cattle from 83 farms using RBD-based multispecies ELISA and 
surrogate Virus Neutralization Test (sVNT) (Wernike et al., 2022). The 
results indicated that 11 samples tested positive by the RBD-ELISA and 4 
samples tested positive by the sVNT (GenScript Kit), suggesting that low 
number of seropositive cattle may be become virus-infected through 
exposure to SARS-CoV-2-positive keepers (Wernike et al., 2022). 
Another study conducted on 24 lactating cows from a farm in Italy 
discovered that 11/24 and 14/24 cows showed antibodies for 
SARS-CoV-2 nucleocapsid protein and SARS-CoV-2 spike protein, 
respectively. Neutralizing antibodies against SARS-CoV-2 were also 
detected in 13/24 tested cows (Fiorito et al., 2022). In Brazil, a recent 
report of natural SARS-CoV-2 infection in bovine indicated that 4/367 
were antibody-positive using ID Screen® SARS-CoV-2 Double Antigen 
(N-ELISA) (Dias et al., 2023). In a study infecting six cattle intranasally, 
only one showed low SARS-CoV-2 antibody levels from day 12 onward 
via indirect ELISA. However, significant neutralizing antibodies and 
cross-reactivity between bovine coronavirus and SARS-CoV-2 were not 
detected (Ulrich et al., 2020). The results obtained by Ulrich et al. 
(2020) were in line with those reported by Falkenberg et al. (2021), who 
inoculated bull calves with the SARS-CoV-2 strain, TGR1/NY/20 via 
intratracheal or intravenous routes. All calves exhibited neutralizing 
antibodies at 7 days post challenge (DPC) but were not detectable by 21 
DPC (Falkenberg et al., 2021). Cool et al. (2024) also reported detection 
of SARS-CoV-2/Delta RBD specific antibodies SARS-CoV-2 at 14 DPC 
using Indirect ELISAs and neutralizing antibodies against SARS-CoV-2 
Delta, but not against the Omicron BA.2 virus, at 10 DPC in one of 
eight calves.

A systematic surveillance study was conducted using RT-qPCR on 
samples collected from various regions of Gujarat state, including nasal 
and rectal swab samples from 64 cattle, 39 buffalo, and 19 sheep (Kumar 

Fig. 2. Detection of SARS-CoV-2 specific antibodies against the N and S (RBD region) proteins in A) bovine, B) goat, and C) sheep using both N and sVNT IgG ELISA. 
The X-axis represents the year of sample collection and the number and percentage of serum samples that resulted in positive detection of the sVNT and N-ELISAs 
from various geographically distinct regions in the United States, while the Y-axis represents the percentage of SARS-CoV-2 antibody seropositivity.

Table 1 
The detection of SARS-CoV-2 positive samples among bovine, goat, and sheep 
using sVNT, N-ELISA, and their agreements.

species Total 
sera

Positivity for 
sVNT (n)*

Positivity for N- 
ELISA (n)

Positivity for sVNT 
and N-ELISAs (n)

Bovine 691 6 (0.9 %) 25 (3.6 %) ND**
Goat 707 17 (2.4 %) 18 (2.5 %) 1
Sheep 698 13 (1.9 %) 27 (3.9 %) 1

* n: number
** ND: not detected
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et al., 2022). The results showed the presence of SARS-CoV-2 RNA in 
23.43 % (15/64) of cattle and 33.33 % (13/39) of buffaloes, respec-
tively, suggesting that both cattle and buffaloes can be susceptible to 
infection by the virus (Kumar et al., 2022).

In Sheep, a recent study showed that close contact with humans 
during the pandemic period demonstrated that SARS-CoV-2 antibodies 
were not detectable in sheep when using an in-house IgG ELISA tar-
geting the RBD. This suggests that sheep may have resistance to natural 
SARS-CoV-2 infection (Villanueva-Saz et al., 2021). In contrast, when 
sheep were experimentally inoculated with a mixture of wildtype 
SARS-CoV-2 and the alpha VOC, it was observed that among 10 infected 
sheep, all exhibited detectable antibodies by Indirect RBD and N ELISAs. 
However, only one of them developed a low level of neutralizing anti-
bodies with a titer of 1:20 at 10 and 21 DPC (Gaudreault et al., 2022). An 
additional experimental inoculation study examining the susceptibility 
of cattle, sheep, and goats, low levels of neutralizing antibodies were 
observed within 14 days of infection, and the majority of animals were 
observed to be seronegative on day 28 post-infection (Bosco-Lauth et al., 
2021). In Nigeria, natural infection of SARS-CoV-2 was confirmed in 
goats (4/223), but not cattle or sheep, through the detection of anti-
bodies targeting both the S-RBD and N-Nterm SARS-CoV-2 antigens 
(Happi et al., 2023). Furthermore, Bae and colleagues (Bae et al., 2023) 
evaluated the prevalence of SARS-CoV-2 infection among Korean native 
cattle and Korean native black goats. The results indicated a 4.60 % 
(54/1174) positivity rate in Korean native cattle and 2.56 % (16/624) in 
Korean native black goats using an indirect ELISA kit (ID Screen® 
SARS-CoV-2 Double Antigen). Virus-neutralizing antibodies were 
detected in 4.34 % (51/1174) of Korean native cattle and 2.24 % 
(14/624) of goats. An additional finding of this study was that (humans) 
animal handlers on farms where seropositive cattle and goats were re-
ported had previously been infected with SARS-CoV-2, suggesting a 
potential reverse zoonotic transmission event(s) of SARS-CoV-2 from 
humans to livestock in Korea. A recent study conducted on sheep and 
goats from 24 different farms in Italy demonstrated that 3.48 % 
(17/488) of sheep and 4.83 % (6/124) of goats tested positive for ELISA 
(ID Screen SARS-CoV-2 Double Antigen Multi-Species ELISA Kit). 
Additionally, one sheep exhibited a neutralizing antibody titer of 1:20, 
suggesting that sheep and goats can naturally be infected by SARS-CoV-2 
(Fusco et al., 2023).

A recent experimental inoculation with B.1.351/Beta variant in do-
mestic goats indicated antibodies developed at 10 and 18 days post- 
infection (dpi) by RBD Inhibition ELISA assay (GenScript cPassTM 
kit). However, the neutralizing antibodies were observed at 7, 10, and 
18 dpi by the live virus neutralization assay (Fernandez-Bastit et al., 
2022). According to the findings, domestic goats are less prone to getting 
infected by the SARS-CoV-2 B.1.351/Beta variant due to the limited 
amount of viral genome and antigen found in their tissues. Additionally, 
evidence suggests seroconversion occurs from 7 days post-infection 
onwards. It is important to note that the challenge dose used in the 
study may exceed the natural exposure dose encountered by goats 
(Fernandez-Bastit et al., 2022).

In this study, we demonstrated that 6 cattle, 18 goats, and 13 sheep 
serum samples were positive for the sVNT, whereas 25 cattle, 18 goats, 
and 27 sheep serum samples tested positive for the N-ELISA. SARS-CoV- 
2 positivity rates were slightly higher in goats (~2.5 %) and sheep (~2 
%) than bovine (~1 %) using sVNT, while higher seropositivity was 
observed in bovine and sheep (~4 %) than goat (~2.5 %) using N-ELISA. 
Overall, these results exhibited the presence of SARS-CoV-2 antibodies 
in cattle, goat, and sheep with sVNT and N-ELISA. Additionally, we 
observed a higher rate of seropositivity against SARS-CoV-2 when 
samples were evaluated using the N-ELISA compared to the sVNT 
(Table 1). Importantly, no serum samples in our study exhibited 
neutralizing activity (<1:8) against the SARS-CoV-2 USA/WA1/2020 
isolate. In our study, the higher number of SARS-CoV-2 seropositivity 
samples by the N-ELISA may partially be attributed to the cross- 
reactivity of SARS-CoV-2 antibodies with other betacoronaviruses. The 

N protein is relatively conserved among coronaviruses that infect ani-
mals and humans, potentially leading to cross-reaction with other 
coronaviruses that may have infected these animals prior to the time of 
sampling (Di et al., 2021; Happi et al., 2023).

5. Conclusion

Our results demonstrate a low level of seropositive cattle, sheep, and 
goats in the United States when evaluated with commercially available 
ELISAs. Serum samples that were positive when evaluated with the 
sVNT did not show any neutralizing antibody response (<1:8) when 
assayed with classic VNT. The results obtained from our study align with 
observations from previously published surveillance efforts, suggesting 
that these species may occasionally become infected with SARS-CoV-2 
but are likely dead-end hosts for SARS-CoV-2 variants in circulation at 
the time this study was conducted. Despite low seropositivity levels in 
cattle, sheep, and goats across the U.S. at the time of our study, the 
dynamic situation of SARS-CoV-2 variant emergence would suggest that 
it is still important to monitor for the presence of SARS-CoV-2 viral 
infection in animal species that may be in close contact with humans. A 
limitation of this study was that samples from sheep and goats testing 
positive for antibodies to the RBD were not assessed for the presence of 
neutralizing antibodies against BCoV. This limitation could be addressed 
in future research.
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