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1  | INTRODUC TION

Coronaviruses, as members of the Orthocoronavirinae, carry 
positive- sense single- stranded RNA. Their genomes range from 
27 to 32 kilobases in size, which are the largest among RNA vi-
ruses. Coronaviruses can infect a wide variety of hosts, and many 

vertebrates are susceptible to these viruses (Kindler et al., 2016). 
Three coronaviruses, namely, severe acute respiratory syndrome- 
related coronavirus (SARS- CoV), Middle East respiratory syndrome- 
related coronavirus (MERS- CoV) and severe acute respiratory 
syndrome- related coronavirus- 2 (SARS- CoV- 2), have caused pan-
demics in the first two decades of this century. In 2002– 2003, 
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Abstract
The novel coronavirus disease (COVID- 19) caused by severe acute respiratory syn-
drome coronavirus 2 (SARS- CoV- 2) has resulted in an unprecedented public health 
crisis and economic losses. Although several cases of cats and dogs infected with 
SARS- CoV- 2 have been reported during this outbreak, the prevalence of SARS- 
CoV- 2 in dog and its transmission among other companion animals are still unknown. 
Here, we report an extensive serological study of SARS- CoV- 2 infection in dogs in 
Wuhan and analyse the infection rates at different stages of the pandemic outbreak. 
A total of 946 dogs serum samples were collected from Wuhan, of which 36 samples 
were obtained prior to the pandemic outbreak. Indirect enzyme- linked immunosorb-
ent assay (ELISA) showed that 16 sera collected during the outbreak were detected 
as positive through the receptor- binding domain (RBD) of SARS- CoV- 2. Of these 16 
sera, 10 exhibited measurable SARS- CoV- 2- specific neutralizing antibodies whose 
titres ranged from 1/20 to 1/180. No serological cross- reactivity was detected be-
tween SARS- CoV- 2 and canine coronavirus (CCV). Furthermore, with the effective 
control of the outbreak, a decrease in the SARS- CoV- 2 seropositive dog number was 
observed. Our results suggest that SARS- CoV- 2 has infected companion dogs during 
the outbreak, and that COVID- 19 patient families have a higher risk of dog infection. 
Our findings deepen our understanding of the infection of SARS- CoV- 2 in dogs and 
provide an important reference for prevention of COVID- 19.
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SARS- CoV infected 8,000 people worldwide with a mortality rate 
of 10%. This was followed by MERS- CoV pandemics, which in-
fected 2,500 people with a mortality rate of 36% since 2012 (de Wit 
et al., 2016). The first SARS- CoV- 2 outbreak occurred in a local sea-
food market in Wuhan city, Hubei province, China (Liu et al., 2020; 
Lu et al., 2020). Subsequently, it turned into a global pandemic out-
break within a few months. The virus is considered to be one of the 
most virulent pathogens to threaten the public health across the 
globe (Hu et al., 2020).

SARS- CoV- 2 uses the SARS- CoV receptor (angiotensin- 
converting enzyme 2, ACE2) and the serine protease (TMPRSS2) 
for S protein priming to gain entry into the host cell (Hoffmann 
et al., 2020). SARS- CoV- 2 primarily targets lung epithelium cells, 
causing respiratory infection. The patients mainly exhibited such 
symptoms as fever, cough and shortness of breath (Chen et al., 2020). 
Severe cases develop acute respiratory distress syndrome and acute 
lung injury. By15 December 2020, the number of confirmed cases 
has grown up to 71,581,532 around the world including 1,618,374 
deaths. Based on genome- wide alignment analysis, the isolated 
SARS- CoV- 2 strain is closest to the Bat- CoV RaTG13 strain, isolated 
in Yunnan, China, with a nucleic acid identity of 96.2%. This finding 
suggests that SARS- CoV- 2 might be evolved from bat coronavirus 
(Zhou et al., 2020). Furthermore, Malayan Pangolin- CoV strains 
with high amino acid identity with SARS- CoV- 2 S protein were also 
isolated. Although bats and Malayan pangolin may be the reservoir 
host for SARS- CoV- 2, it remains unclear whether SARS- CoV- 2 has 
other host species (Xiao et al., 2020). A series of animal models of 
SARS- CoV- 2 infection have revealed that SARS- CoV- 2 exhibits tis-
sue tropism in cats and ferrets, and can replicate in their respiratory 
tract, but dogs show low susceptibility (Feng et al., 2011; Halfmann 
et al., 2020; Shi et al., 2020), implying that companion animals might 
get infected through contact with individuals carrying SARS- CoV- 2. 
In our previous study, we conducted an extensive serology survey 
on cats in Wuhan and reported the prevalence and transmission of 
SARS- CoV- 2 in cats(Q. Zhang et al., 2020). In this study, we inves-
tigated the SARS- CoV- 2 infection in dogs by analysing the serum 
samples collected from dogs in Wuhan throughout outbreak and af-
terwards. The results provide a comprehensive serological evidence 
for the SARS- CoV- 2 infection in dogs.

2  | MATERIAL S AND METHODS

2.1 | Sample collection

The serum samples were collected from a total of 910 dogs in 
Wuhan between January and September 2020. The dogs belonged 
to the following four categories: (1) 31 abandoned dogs from animal 
shelters, (2) 851 dogs from pet hospitals, (3) 16 dogs from families 
with at least one COVID- 19 patient and (4) 12 dogs from the police 
dog base. The blood samples were collected via forelimb venipunc-
ture, and sera were separated and stored at − 20°C until further de-
tection. Nasopharyngeal and anal swabs were collected and put in 

tubes containing viral transport medium- VTM (Copan Diagnostics, 
Brescia, Italy)(Haagmans et al., 2014). All samples were collected 
by personnel wearing full personal protective equipment, including 
head covers, goggles, N95 masks, gloves and disposable gowns.

2.2 | Virus and cells

SARS- CoV- 2 (IVCAS 6.7512) was isolated from a COVID- 19 patient 
as previously described (Zhou et al., 2020). Vero E6 was purchased 
from ATCC (ATCC® CRL- 1586™). All virus infection experiments 
were performed under animal biosafety level 3 (ABSL3) conditions.

2.3 | Enzyme- linked immunosorbent assay (ELISA)

Antibody was tested using indirect ELISA with the SARS- CoV- 2 RBD 
protein (Sino Biological Inc, China) and peroxidase conjugated goat 
anti- dog IgG (Sigma- Aldrich, USA). Briefly, ELISA plates were coated 
overnight with RBD protein (1 μg/ml, 100 μl per well) at 4℃. After 
being blocked with PBS containing 5% skim milk for 2 hr at 37℃, the 
resultant ELISA plates were added with sera at a dilution of 1:40 and 
incubated. After 30- min incubation at 37°C, the plates were washed 
5 times with PBS buffer containing 0.05% Tween- 20. These plates 
were added with the diluted (1:8,000) peroxidase conjugated goat 
anti- dog IgG and incubated for an additional 30 min. After another 
5 times washes, the plates were added with Tetramethylbenzidine 
(TMB) substrate (Sigma- Aldrich, USA) and incubated for 10 min. 
Then, the reaction was stopped, and optical density (OD) was meas-
ured at 450 nm. The sera were defined as positive if the OD values 
were twice ≥ the mean OD of the negative serum samples collected 
prior to outbreak.

2.4 | Canine Coronavirus antibody ELISA

The kit was prepared by double- resistant one- step sandwich 
method. The canine coronavirus antigen was precoated onto the mi-
cropore plates. The plates were added successively with serum sam-
ples and HRP- labelled detection antigen and incubated, and washed 
thoroughly. TMB substrate was added into the plates for rendering 
colour. The optical density (OD) value at the wavelength of 450 nm 
was measured with an enzyme marker and compared with the cut- 
off value (negative control value + 0.15) to determine the presence 
or absence of coronavirus- Ab in the serum samples.

2.5 | Plaque reduction neutralization test (PRNT)

For virus neutralization test, serum samples were heat- inactivated 
through incubation at 56°C for 30 min. Each serum sample was 
serially diluted with Dulbecco's Modified Eagle Medium (DMEM) 
by twofolds or threefolds according to the OD value. The diluted 
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sample was mixed with equal volume of diluted virus and incubated 
at 37°C for 1 hr. Vero E6 cells in 24- well plates were inoculated with 
the sera- virus mixture at 37°C for 1 hr. Subsequently, the mixture 
was replaced with DMEM containing 2.5% FBS and 0.8% carboxy-
methylcellulose. After 3- day culture, the plates were fixed with 8% 
paraformaldehyde and stained with 0.5% crystal violet. All the sam-
ples were tested in duplicate, and serum dilution titre that resulted 
in a plaque reduction by at least 50% was defined as neutralization 
titre (Davies et al., 2005).

2.6 | Western blotting assay

The total protein concentration of purified and inactivated 
SARS- CoV- 2 was determined using Bradford protein assay (Su 
et al., 2018). Four micrograms of protein was subjected to 12.5% 
sodium dodecyl sulphate- polyacrylamide gel electrophoresis 
(SDS- PAGE) and was transferred on to 0.45 μ m nitrocellulose 
membrane. Then, the viral proteins were incubated with dog sera. 
After subsequent incubation with a peroxidase conjugated goat 
anti- dog IgG, the protein bands were visualized and detected using 
the ECL System (Amersham Life Science, Arlington Heights, IL, 
USA).

3  | RESULTS

3.1 | Detection of anti- SARS- CoV- 2 antibody in dog 
sera

SARS- CoV- 2- RBD- specific IgG titres of 946 dog sera were deter-
mined using ELISA, as described previously (Zhang et al., 2020). 
Among these 946 dog serum samples, 36 negative serum samples 
were collected prior to the pandemic outbreak, and their average OD 
value was set as cut- off value (0.36). In terms of this cut- off value, 
sera of 16 dog (1.75%) collected from January to September were 
detected as positive (Table 1 and Figure 1). One serum sample was 
strongly positive and showed an OD of 0.554, and the dog turned 
out to be in close contact with the COVID- 19 patients. In addition, 
the antibody specificity was confirmed by performing cross- reaction 
test between SARS- CoV- 2 positive dog sera and inactivated canine 
coronavirus (CCV) using ELISA (Figure 2).

3.2 | Changes in serum antibody against SARS- 
CoV- 2 in dogs with time

The ratio of SARS- CoV- RBD positive serum sample number to the 
total sample number per month from January to September was 
calculated. The positive rate was 7.14% (1/14), 7.89% (3/38), 7.37% 
(9/122) and 3.52% (3/85) in February, March, April and May, respec-
tively. The results indicated that with passing time, the SARS- CoV- 
RBD positive serum rate peaked in Mar and April, and then decreased 

gradually, eventually disappeared by June. In the meanwhile, the 
outbreak in Wuhan was effectively under control (Figure 1).

3.3 | Detected low neutralization titres and N 
protein- specific binding in serum positive dogs

In order to verify the neutralization efficiency of ELISA positive 
sera, PRNT assay for SARS- CoV- 2 was performed. Of the serum 
positive samples, 10 samples showed neutralization activity with 
titres ranging from 1:20 to 1:180 (Table 1 and Figure 3a), and 
most samples showed low neutralization titre of 1:20. Sample 1 
and sample 2 collected from the dogs in COVID- 19 patient fami-
lies showed relatively high titre of 1:180 and 1:80, respective. 
Neutralization activity was not detected in 6 samples, which 
might be attributed to the lack of specific neutralizing epitopes. 
Moreover, dogs with neutralization activity showed no respiratory 
symptoms. Furthermore, to verify the presence of SARS- CoV- 2- 
specific IgG in dog serum, Western blot assay was performed. The 
N protein of the purified inactivated SARS- CoV- 2 was detected 
with positive dog serum diluted at 1:100 (Figure 3b). Positive and 
negative serum samples from human with the same dilution gradi-
ent were used as control.

4  | DISCUSSION

In this study, we collected a large number of serum samples from 
dogs in Wuhan, China, and conducted an extensive investigation 
of SARS- CoV- 2- specific antibodies. To the best of our knowledge, 

TA B L E  1   Detection of the antibodies against SARS- CoV- 2 in 
dogs

Dog 
NO.

ELISA 
(OD450)

Neutralization 
Titre Background of dogs

1# 0.55 1/180 COVID−19 patient owner

2# 0.38 1/80 COVID−19 patient owner

3# 0.44 None Stray dog

4# 0.38 1/20 From pet hospital

5# 0.4 1/40 From pet hospital

6# 0.42 1/20 From pet hospital

7# 0.45 1/20 COVID−19 patient owner

8# 0.45 1/20 From pet hospital

9# 0.49 1/20 From pet hospital

10# 0.4 1/20 From pet hospital

11# 0.4 None From pet hospital

12# 0.37 None From pet hospital

13# 0.42 1/20 From pet hospital

14# 0.38 None From pet hospital

15# 0.38 None From pet hospital

16# 0.39 None From pet hospital
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this is first serum investigation of dog SARS- CoV- 2 infection with 
a large number of samples over a large time span. Of 910 samples, 
16 (1.75%) were detected to be positive using ELISA. Importantly, 
10 (1.09%) serum samples were further confirmed to be positive by 
PRNT. Analysis of the background of all samples indicated that the 
dogs from relatively closed environments and healthy keepers, such 
as dogs from animal shelters or the police dog base, failed to test 
positive. On the contrary, the two dogs with the highest neutrali-
zation titres (1/80 and 1/180, respectively) were found to be from 
families with COVID- 19 patients. Our results suggested that the 
health status of the owner plays an important role in the serocon-
version of the dogs.

Neutralizing antibodies are produced by B lymphocytes and play 
an important role in blocking new infection and virus clearance. 
Previous studies have indicated that neutralizing antibody titre of 
most patients exhibited a gradual decline two or three months after 
infection (Long et al., 2020). The present study revealed that the 
proportion of SARS- CoV- 2 seropositive dogs peaked in March and 

then decreased gradually, and no positive serum was detected in 
June. Considering that the number of COVID- 19 patients in Wuhan 
gradually decreased to zero on 24th April, the reasons for the grad-
ual decrease in the number of SARS- CoV- 2 seropositive dogs could 
be the following: (1) the decrease in the infection source; (2) the life-
time of antibody in positive dogs is relatively short.

The SARS- CoV- 2 was probably bat originated (Zhou et al., 2020). 
Although the intermediate host of SARS- CoV- 2 remains unknown, 
a series of laboratory investigations of animal susceptibility such as 
cats, dogs and ferrets to SARS- CoV- 2 were performed (Halfmann 
et al., 2020; Shi et al., 2020). The pet SARS- CoV- 2 infection under 
natural conditions has drawn great concerns. Our data indicated 
that dogs could be infected with SARS- CoV- 2 under natural con-
ditions, but neutralizing antibody titres of seropositive dogs were 
relatively low, suggesting that dogs were less susceptible to SARS- 
CoV- 2. Our results are consistent with serological studies of dogs in 
Italy reported earlier (Patterson et al., 2020). In addition, one previ-
ous study demonstrated that the positive dogs in Hong Kong were 

F I G U R E  1   ELISA of dog serum samples 
against the recombinant receptor- binding 
domain (RBD) of SARS- CoV- 2 spike 
protein. The dashed line indicates the 
cut- off. Each dot represents one individual 
sample within each antigen panel. Before: 
serum samples collected between June 
and December 2019 prior to COVID- 19 
outbreak. After: serum samples collected 
between January to September 2020 
after COVID- 19 outbreak

F I G U R E  2   The cross- 
reaction test between SARS- 
CoV- 2 positive dogs 
serum samples with the Canine 
coronavirus (CCV) using ELISA. All sera 
were diluted 40- folds. The dashed line 
indicates the cut- off. P, hyperimmune 
serum against canine coronavirus. N, 
negative dog serum
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infected by COVID- 19 patient (Sit et al., 2020). Consistently, our 
data also suggested the possibility of human- to- dog transmission 
of SARS- CoV- 2. However, so far, no evidence for dog- to- human 
transmission has been available. We obtained no information about 
COVID- 19- like symptoms of positive dogs by communicating with 
the dog keepers. Therefore, we could determine neither the time 
when the dogs were infected nor the duration of the antibody in 
the body.

We also extracted RNA from oropharyngeal and rectal swabs 
from the dogs and conducted SARS- CoV- 2- specific qRT- PCR using 
a commercial kit to detect ORF1ab and N genes according to the 
manufacturer's instruction with CT values less than 37 defined as 
positive. However, none of dogs were detected to be positive, which 
could be explained the results of the previous study of dog suscepti-
bility to SARS- CoV- 2 that the virus survives in dogs for no more than 
one week, even if they are infected with a high dose of the virus(Shi 
et al., 2020). Therefore, the main reasons for no detected RNA might 
be due to the low virus load and short shedding period of the virus 
in dogs. In addition, asymptomatic infection is hard to identify (Sit 
et al., 2020). Moreover, our Western blotting results indicated that 
antibody of SARS- CoV- 2- S protein in positive dog serum was less 
easily to be detected than that of SARS- CoV- 2- N protein. This may 
be due to the fact that the antibody of S protein tends to appear 
early and subside early, while the antibody of N protein has a rela-
tively higher titre and a longer decay period. One previous study has 

reported that the N protein- specific IgG is abundant in the sera of 
COVID- 19 patients (Liu et al., 2020).

Currently, there are more than million diagnosed cases of 
COVID- 19 worldwide, which greatly increases the probability of 
animals’ exposure to SARS- CoV- 2 infection. At present, nine coun-
tries including China, the United States, Russia and Germany have 
reported the cases of SARS- CoV- 2 infection in animals under natural 
conditions (Kiros et al., 2020). SARS- CoV- 2 can infect minks and be 
transmitted efficiently among minks via respiratory droplets (Shuai 
et al., 2020). Even, the mink- specific mutant strains have occurred 
under natural conditions and transmitted back to humans (Oude 
Munnink et al., 2020). In addition, recent studies have shown that 
SARS- CoV- 2 can also adapt in mice within a short period of time 
(Wang et al., 2020). These findings suggest that SARS- CoV- 2 tends 
to adapt to new host species. Therefore, it is also very necessary to 
reduce the transmission of SARS- CoV- 2 from humans to animals and 
monitor the SARS- CoV- 2 prevalence in susceptible animal species 
for controlling the COVID- 19 epidemic.

In conclusion, we carried out a long- term serological investi-
gation of SARS- CoV- 2 infection in dogs in Wuhan. Our serological 
data show that some dogs have been exposed to the virus during 
COVID- 19 outbreak. However the positive cases have completely 
disappeared with the end of the epidemic. Since the role of the dog 
in the transmission of the SARS- CoV- 2 is still unclear, the continuous 
serological monitoring in dogs is very necessary.

F I G U R E  3   Virus neutralization test 
and Western blot assay of dog serum 
samples for SARS- CoV- 2. (a) Dog#1, 
Dog#2 and Dog#5 sera were twofolds or 
threefolds serially diluted, respectively, 
and then mixed with SARS- CoV- 2, input 
control at the same time; after incubation 
at 37°C for 1 hr, the mixture was used 
to infect Vero E6 cells, and replaced 
with Plaque Liquid media 1 hr later. The 
plates were fixed and stained 72 hr later. 
All samples were tested in duplicate. (b) 
Western blot of purified SARS- CoV- 2 with 
dog or human sera. All sera were diluted 
100- fold. D- N, negative dog serum. H- P, 
human convalescent serum. H- N, healthy 
human serum
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