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First cases of SARS-CoV-2 infection in dogs and cats in Thailand
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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused the coron-
avirus disease 2019 (COVID-19) pandemic in humans since late 2019. Here, we inves-
tigated SARS-CoV-2 infection in dogs and cats during COVID-19 quarantine at private
veterinary hospitals in Thailand. From April to May 2021, we detected SARS-CoV-2
in three out of 35 dogs and one out of nine cats from four out of 17 households with
confirmed COVID-19 patients. SARS-CoV-2 RNA was detected from one of the nasal,
oral, rectal and environmental swabs of dog-A (15 years old, mixed breed, male dog),
cat-B (1 year old, domestic shorthair, male cat), dog-C (2 years old, mixed breed, female
dog) and dog-D (4 years old, Pomeranian, female dog). The animals tested positive for
SARS-CoV-2 RNA from 4 to 30 days after pet owners were confirmed to be COVID-
19 positive. The animals consecutively tested positive for SARS-CoV-2 RNA for 4 to
10 days. One dog (dog-A) showed mild clinical signs, while the other dogs and a cat
remained asymptomatic during quarantine at the hospitals. SARS-CoV-2 specific neu-
tralizing antibodies were detected in both the dogs and cat by surrogate virus neutral-
ization tests. Phylogenetic and genomic mutation analyses of whole genome sequences
of three SARS-CoV-2 strains from the dogs and cat revealed SARS-CoV-2 of the Alpha
variant (B.1.1.7 lineage). Our findings are suggestive of human-to-animal transmission
of SARS-CoV-2 in COVID-19-positive households and contamination of viral RNA in
the environment. Public awareness of SARS-CoV-2 infection in pet dogs and cats in
close contact with COVID-19 patients should be raised.

KEYWORDS
cat, dog, infection, SARS-CoV-2, Thailand

Transbound Emerg Dis. 2022;69:€979-e991.

wileyonlinelibrary.com/journal/tbed © 2021 Wiley-VCH GmbH e979


https://orcid.org/0000-0001-6769-4906
mailto:alongkorn.a@chula.ac.th
https://wileyonlinelibrary.com/journal/tbed

0 | WILEY [
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Coronavirus disease 2019 (COVID-19), caused by severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2), is a pandemic disease.
As of 16 June 2021, more than 175 million confirmed human cases have
been reported, with over 3.81 million deaths (WHO, 2021c). Evidence
of SARS-CoV-2 spillover from humans to animals has been reported in
dogs, cats, tigers, lions, gorillas and minks (McAloose et al., 2020; New-
man et al., 2020; Sit et al., 2020). SARS-CoV-2 infection in domestic
dogs and cats has been reported in 22 countries in America, Europe
and Asia (Decaro, Balboni et al., 2021; OIE, 2021b). Cats are suscep-
tible to SARS-CoV-2 infection and can show mild-to-moderate respi-
ratory symptoms, while dogs developed no or mild respiratory symp-
toms (McAloose et al., 2020; Sailleau et al., 2020; Segalés et al., 2020).
In Thailand, the current outbreak (3rd wave) of COVID-19 started in
late March 2021, and the number of confirmed human cases of SARS-
CoV-2 infection is still rising (WHO, 2021a). During the outbreak, pet
dogs and cats of COVID-19-positive patients were optionally quaran-
tined at university and private veterinary hospitals. In this study, we
collected swab samples (nasal, oral and rectal swabs) from 35 dogs
and nine cats from COVID-19-positive households and examined them
for SARS-CoV-2 infection in those animals. We identified SARS-CoV-
2 infection in three dogs and one cat by virological testing, serological
testing and viral genome analysis. This study is the first to report dogs
and cats infected with SARS-CoV-2 in Thailand.

2 | METHODS

2.1 | Sample collection from dogs and cats

In this study, we investigated SARS-CoV-2 infection in domestic dogs
and cats quarantined at private animal hospitals during the third wave
of the COVID-19 outbreak reported by Thailand’s Centre for COVID-
19 Situation Administration (CCSA) (WHO, 2021a). From March to
May 2021, we collected samples from dogs (n = 35) and cats (n = 9)
from 17 households located in Bangkok and the vicinity (Table S1).
It is noted that all animals lived indoor. The sample collection was
conducted under the approval of the Institutional Animal Care and
Use Committee (IACUC) of the Faculty of Veterinary Science, Chula-
longkorn University, Thailand (approval No. 2031035). The sampling of
dogs and cats was conducted according to the convenience or willing-
ness for COVID-19 testing of owners and animal hospital staff. In total,
nasal swabs (n = 58), oral swabs (n = 61) and rectal swabs (n = 93) from
35 dogs and nine cats were collected. Serum samples (n = 9) were col-
lected from SARS-CoV-2-positive animals. Nasal, oral and rectal swabs
were collected by using flocked nylon swabs (Copan, California, USA).
Environmental samples including hair/body swabs (n = 11), water con-
tainer swabs (n = 11) and floor swabs (n = 11) were collected from
cages of COVID-19 positive pets at the animal hospitals. Environmen-
tal sampling was conducted before animal sampling and daily cleaning
with disinfectant. Each swab was placed in 1 ml of RNAprotect® Tis-
sue Reagent (Qiagen, Hilden, Germany). Blood samples (1-2 ml) were
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collected from the cephalic or saphenous vein. The samples were trans-
ported to the laboratory of the Center of Excellence for Emerging and
Re-emerging Infectious Diseases in Animals (CUEIDAs), Chulalongkorn
University, within 24 h.

2.2 | Detection of SARS-CoV-2 RNA by real-time
RT-PCR

The swab samples, including nasal swabs (n = 58), oral swabs (n = 61)
and rectal swabs (n = 93), were subjected to RNA extraction by
using the magnetic bead-based automatic purification equipment of a
GENTi™ 32 - Automated Nucleic Acid Extraction System (GeneAll®,
Seoul, South Korea). In brief, the swab sample was vigorously vortexed
for at least 15 s before removing the swab. Next 200 ul of supernatant
was mixed with 7 ul of RNA carrier and then added to an extraction
tube. The RNA extraction process was performed according to the
manufacturer’s instructions. Finally, 50 ul of viral RNA was obtained
from the RNA extraction process.

For the detection of SARS-CoV-2, real-time RT-PCR based on
primers and probes specific to the E and RdRp genes following WHO
recommendations was used (Corman et al., 2020), and primers and
probes specific to the N1 and N2 genes following the Centers for Dis-
ease Control and Prevention recommendations were also used (CDC,
2020) (Table S2). A one-step real-time RT-PCR assay was performed
by using a Superscript Il One-Step RT-PCR System with Platinum
Taq Polymerase (Invitrogen™, California, USA). In brief, a total 25 ul
reaction contained 2 ul of RNA, 12.5 ul of 2X reaction buffer of the
SuperScript® Il Platinum® One-Step Quantitative RT-PCR System
(Invitrogen™, California, USA), 1 ul of reverse transcriptase/Platinum
Taqg, 0.8 mM MgS0O4, 0.8 uM each primer and probe and RNase-free
water. Thermal cycling was performed at 50°C for 15 min for reverse
transcription, followed by 95°C for 2 min and then 45 cycles of 95°C
for 15's,and 60°C for 30 s for the N1 and N2 genes. For the E and RdRP
genes, thermal cycling was performed at 55°C for 10 min for reverse
transcription, followed by 95°C for 3 min and then 45 cycles of 95°C for
15sand 58°C for 30 s. Samples with a Ct value of <36 were considered
positive, while samples with a Ct value of 36-40 were considered sus-
pected and those with a Ct value > 40 were considered negative (CDC,
2020). In this study, we used the World Organisation for Animal Health
(OIE) definition for a confirmed case of animal SARS-CoV-2 infection,
in which at least two specific targets (genomic regions) tested positive,
indicating SARS-CoV-2 positivity (OIE, 2021a).

2.3 | Detection of SARS-CoV-2 antibodies by
indirect enzyme-linked immunosorbent assay
(indirect ELISA) and virus neutralization test (VNT)

We used an ID Screen® SARS-CoV-2 Double Antigen Multispecies
ELISAKit (ID VET, Montpellier, France) to detect SARS-CoV-2 antibod-
ies in serum samples. This indirect ELISA was based on the detection
of anti-SARS-CoV-2 nucleocapsid antibodies (IgG) in the tested animal
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serum and was performed according to the manufacturer’s instructions
(Sailleau et al., 2020). Briefly, 25 ul of each serum sample and posi-
tive and negative control samples were transferred to separate wells,
diluted with 25 ul of dilution buffer, incubated at 37°C for 45 min and
washed five times with 300 ul of washing buffer. After washing, 100 ul
of horseradish peroxidase (HRP)-conjugated N protein recombinant
antigen was added and incubated at 25°C for 30 min. Then, the wells
were washed five times with 300 ul of washing buffer. After washing,
100 ul of the substrate was added to each well and incubated at 25°C
for 20 min. Then, 100 ul of stop solution was added to stop the reaction.
The optical density (OD) at 450 nm of each sample was read. The OD of
each sample was calculated as the S/P percentage (S/P%). Serum with
S/P% > 60% was defined as positive, while serum with S/P% 50%—60%
was considered suspected.

To detect the presence of SARS-CoV-2-neutralizing antibodies, sera
of dogs and cats were subjected to sVNTs by using a cPass™ SARS-CoV-
2 Neutralization Antibody Detection Kit (GenScript Biotech, Jiangsu,
China). The assay detects neutralizing antibodies for the interaction
between the virus receptor-binding domain (RBD) and the ACE2 cell
surface receptor (Tan et al., 2020). Briefly, 50 ul of each 1:10-diluted
serum sample was mixed with 50 ul of horseradish peroxidase conju-
gated to the SARS-CoV-2 spike RBD (HRP-RBD) and incubated at 37°C
for 30 min. After dilution, each mixture was added to each well pre-
coated with ACE2 protein and incubated at 37°C for 15 min. Then, the
wells were washed 4 times with 260 ul of washing buffer. After wash-
ing, TMB solution was added and incubated at 25°C for 15 min. Then,
50 ul of stop solution was added. The OD at 450 nm of each well was
read. The OD of each sample was calculated as the inhibition percent-
age (% inhibition); serum with % inhibition above 20% was considered
positive, and serum with % inhibition not exceeding 20% was consid-
ered negative (Meyer et al., 2020).

2.4 | Characterization and phylogenetic analysis of
SARS-CoV-2

We performed whole-genome sequencing of 3 SARS-CoV-2 strains by
Oxford Nanopore sequencing. All gene segments of SARS-CoV-2 were
amplified by ARTICS nCoV-2019 sequencing protocol V3 (LoCost).
Briefly, 8 ul of undiluted RNA was mixed with 2 ul of LunaScript® RT
SuperMix (NEB, Ipswich, MA, USA) and incubated at 25°C for 2 min,
55°C for 10 min and 95 °C for 1 min for cDNA synthesis. The SARS-
CoV-2 primer scheme was used to perform two pools of multiplex PCRs
by using Q5® Hot Start High-Fidelity DNA polymerase (NEB, MA, USA)
according to the ARTIC protocol. For the ARTIC multiplex PCR, ther-
mal cycling was set at 98°C for 30s and then 35 cycles of 98°C for
15s and 65°C for 5 min. After ARTIC multiplex PCR, library prepara-
tion was performed following the Oxford Nanopore rapid sequencing
kit (SQK-RADO04) manufacturer’s instructions and Midnight SARS-
CoV-2 genome sequencing protocol. In brief, PCR products of pools
1 and 2 were mixed (10 ul of pool 1 and 10ul of pool 2) and 7.5 ul
of the mixture was used for binding with 2.5 ul of fragmentation mix

from an Oxford Nanopore rapid sequencing kit. After incubation at
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30°C for 1 min, 80°C for 1 min and 4°C for 30 s, the product was
cleaned up by AMPure XP Bead Cleanup (Beckman Coulter, CA, USA)
in a 1:1 ratio and eluted with 10 mM Tris-HCI pH 8.0. One microliter
of rapid adapter was added, and the mixture was loaded into a flow
cell (Oxford Nanopore MinlON device) and run under MinKNOW (6)
(v19.12.5) software (Baker et al.,, 2021). The output reads from the
Oxford Nanopore MinlON device were filtered using the sequencing
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summary file under the following parameters: minimum read length
> 500 nt and read quality >7. The reads that passed the parameters
were converted from “Fast5” into “Fastq” format using the GPU ver-
sion of the Nanopore Guppy basecaller (v3.4.4) tool. Genome assembly
was conducted by using the genome detective program (Vilsker et al.,
2019). De-novo approach with CLC Genomics Workbench Bio assem-
bly software v11.0.1 (CLC Bio, 2005, Denmark) was used for nucleotide
data analysis. Whole-genome nucleotide sequences of SARS-CoV-
2 from the dogs and cat were then submitted to the GenBank
database under the accession numbers MZ396818, MZ401455 and
MZ414173.

Phylogenetic analysis of SARS-CoV-2 was performed by comparing
with nucleotide sequences of 942 genomes (at least 29,000 base pairs
in length) isolated from Thailand from January 2020 to May 2021. The
genome sequences were selected and downloaded from the GISAID
database. The 5’ and 3’ untranslated regions were trimmed with at
least 95% reference genome coverage and retained (Wuhan-Hu-1).
The dataset was aligned using the MAFFT FFT-NS-2 algorithm and
default parameter settings (Katoh et al., 2002). A neighbour-joining
tree was constructed by using MEGA program v7.0 (Tempe, AZ, USA)
with the maximum composite likelihood substitution model and boot-
strapping with 1,000 replicates. Lineage classification was performed
by using the Pangolin tool (Rambaut et al., 2020). Genome mutation
analysis of SARS-CoV-2 was performed based on variant classifications
and definitions (CDC) (CDC, 2021; Kumar et al., 2016). Genome posi-
tions were based on the reference genome sequence of Wuhan-Hu-1
(MN908947).

2.5 | Data analysis

Descriptive statistics were used to describe demographic information,
locations and types of samples from dogs and cats in this study. Fre-
quencies and percentages were used to report SARS-CoV-2 infection
in animals and households. Phylogenetic analysis was performed by
the neighbour-joining algorithm with the maximum composite likeli-
hood substitution model and bootstrapping with 1,000 replicates by
the MEGA program.

3 | RESULTS

All nasal, oral and rectal swab samples from dogs and cats (n = 44)
from 17 households of COVID-19-positive patients were screened
for SARS-CoV-2 RNA by real-time RT-PCR with specific primers and
probes for the N1, N2, E and RdRp genes. A total of three out of 35 dogs
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Dog A (CU27042N)

15 years—old, 20 Kg, mixed breed

castrated male dog
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spayed female dog
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Cat B (CU27081N) Dog C (CU27184N)

1 year—old, 3 Kg, DSH breed

intact male cat

2 years—old, 6 Kg, mixed breed
spayed female dog

FIGURE 1 Timeline of SARS-CoV-2 detection in dogs and cats in the study

(8.6%) and one out of nine cats (11.1%) from four out of 17 (23.53%)
households were positive for SARS-CoV-2 RNA confirmed by real-time
RT-PCR. The dogs and cat were followed up for nasal, oral, rectal and
environmental (hair, water containers, floor) sample collection at quar-
antine animal hospitals until all tests were negative (Table 1, Figure 1
and Table S1).

Dog-A (CU27042) is a 15-year-old, 20 kg, mixed breed, castrated
male dog. The animal had pre-existing clinical disorders, including
degenerative mitral value disease (stage B1), multiple hepatic masses
and fibrosarcoma at the right metatarsus. The owners of dog-A were
a 50-year-old man and 45-year-old woman who were diagnosed with
CQOVID-19 on 23 April 2021 (owner A1) and 26 April 2021 (owner A2).
On 29 April 2021, dog-A visited Chulalongkorn University Small Ani-
mal Hospital for surgery for right hind limb amputation. Nasal, oral and
rectal swabs were collected, and the animal was transferred to a pri-
vate animal hospital for post-operative care. Additional sample collec-
tion for SARS-CoV-2 detection was carried out on six further occasions
at the private animal hospital. A blood sample was collected on six occa-
sions for serological testing. During quarantine, the dog developed mild
clinical signs, including nasal discharge, sneezing and laboured breath-
ing (on 5-8 May 2021) (Table S3). We detected SARS-CoV-2 RNA from
nasal and oral swabs of dog-A by real-time RT-PCR in six consecutive
sample collections between 3 and 12 May 2021. A high viral load (low
Ct value) was observed in nasal and oral swabs of the dog on 4-9 May
2021 (Ct 15.67-34.59) and in all environmental samples (hair, water

container and floor) between 4 and 12 May 2021 (Ct 26.32-35.58)
(Table 2).

Cat-B (CU27081) is a 1-year-old, 3 kg, domestic-shorthair intact
male cat. The animal was healthy and transferred to a private animal
hospital on 7 May 2021. There were three members in household B.
The owner of cat-B was a 35-year-old male (owner B1) who tested pos-
itive for SARS-CoV-2 on 8 April 2021. An additional two members, an
85-year-old male (owner B2) and 80-year-old female (owner B3), were
diagnosed with COVID-19 on 30 April 2021. Owners B1 and B2 passed
away after hospitalization in April and in May 2021, respectively. Swab
samples from cat-B were collected on four occasions between 7 and
19 May 2021. During quarantine, the cat did not show any clinical
signs. Nasal, oral and rectal swabs tested positive for SARS-CoV-2 RNA
on the first sample collection (7 May 2021) (Ct 26.69-33.60). A nasal
swab was tested positive on the next sample collection (9 May 2021)
(Ct 32.37-34.73). High Ct values (low viral loads) were detected from
water container swabs on 12 May 2021 (Ct 35.71) (Table 2).

Dog-C (CU27184) is a 2-year-old, 6 kg, mixed breed spayed female
dog. The dog was transferred to a private animal hospital on 19 May
2021, after the owner (owner C1), a 26-year-old male, tested positive
for COVID-19 on 15 May 2021. Other members of household C, two
adult females (owners C2 and C3), were diagnosed with COVID-19 on
17 May 2021. Patient C1 was hospitalized and died in May 2021. Spec-
imens were collected from dog-C on three occasions between 19 and
25 May 2021. Dog-C was healthy during the quarantine period. Nasal
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TABLE 2 SARS-CoV-2 detection in the dogs and cat by realtime RT-PCR specific to N1, N2, E and RdRp

Dog-A

Realtime RT-PCR (Ct value)

Nasal swab Oral swab Rectal swab
Date N12 N2 R RdRp® N1 N2 E RdRp N1 N2 E RdRp
29 Apr 21 - - - - s(37.30) - - - s(37.18) - - -
3May 21 +(32.39) s(38.14) - - +(27.88) +(33.11) +(32.02) +(33.05) - = = =
4May 21 +(15.67)* +(18.45)* +(18.87)" +(22.19)* +(25.56) +(31.04) +(28.77) +(31.41) - - - -
5May 21 +(15.59) +(16.77) +(19.10) +(21.67) +(28.39) +(33.30) +(33.20) +(33.44) - - - -
6 May 21 +(26.61) +(30.68) +(29.01) +(28.04) +(29.73) +(34.54) +(31.59) +(31.25) - - - -
9 May 21 +(30.66) s(36.09) +(32.62) +(33.06) +(34.59) - +(34.44) - - - - -
12May21  +(31.93) s(38.82) - - - - - - - - - -

Hair/body swab Water container swab Floor swab

N1 N2 E RdRp N1 N2 E RdRp N1 N2 E RdRp
29 Apr 21 NA NA NA NA NA NA NA NA NA NA NA NA
3May 21 NA NA NA NA NA NA NA NA NA NA NA NA
4May 21 +(29.11) s(38.20) +(31.81) +(34.37) +(33.44) - +(33.97) - +(27.95) +(33.38) +(31.81) +(34.01)
5May 21 +(29.29) s(38.33) +(3248) +(33.87) +(30.27) +(34.72) +(33.08) +(34.86) +(26.32) +(32.45) +(30.64) +(32.57)
6May 21 +(29.86) s(37.35) +(32.17) - s(36.13) - - - s(38.73) - - -
9 May 21 +(34.04) s(39.47) +(34.43) - - - - - +(35.58) - +(35.13) -
12May21  +(31.99) - - - - - - - s(37.19) - - -
Cat-B

Realtime RT-PCR (Ct value)

Nasal swab Oral swab Rectal swab
Date N12 N22 E® RdRp” N1 N2 E RdRp N1 N2 E RdRp
7 May 21 +(26.69) +(31.06) +(28.86) +(29.75) +(33.60) s(38.95) +(32.71) - +(30.90) - - -
9 May 21 +(32.37) - +(34.0) +(34.73) s(37.80) s(39.72) - - - - - -
12May21  s(36.39) - - - - - - - - - - -
19 May 21 - - - - - - - - - - - -

Hair/body swab Water container swab Floor swab

N1 N2 E RdRp N1 N2 E RdRp N1 N2 E RdRp
7 May 21 NA NA NA NA NA NA NA NA NA NA NA NA
9 May 21 - - - - s(37.28) - - - - - s(36.73) -
12May21  s(37.38) - - - +(35.71) - - - - - - -
19 May 21 - - - - - - - - - - - -
Dog-C

Realtime RT-PCR (Ct value)

Nasal swab Oral swab Rectal swab
Date N12 N22 Eb RdRp " N1 N2 E RdRp N1 N2 E RdRp
19May 2021 +(28.46) s(38.03) +(31.85) +(35.05) - - - - - - - -
22 May 2021 +(28.18) s(39.21) s(36.02) s(36.38) +(31.22) - - - - - - -
25May 2021 - - - - - - - - - - - -

Hair/body swab Water container swab Floor swab

N1 N2 E RdRp N1 N2 E RdRp N1 N2 E RdRp
19 May 2021 NA NA NA NA NA NA NA NA NA NA NA NA
22 May 2021 +(34.01) - - - - - - - +(32.88) - = =
25May 2021 - - - - - - - - - - - -

(Continues)
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TABLE 2 (Continued)
Dog-D
Realtime RT-PCR (Ct value)
Nasal swab Oral swab Rectal swab
Date N12 N22 E® RdRp” N1 N2 E RdRp N1 N2 E RdRp
19 May 2021 +(32.46) - +(34.42) s(36.59) - - - - - - - -
22 May 2021 - - = = +(33.94) - - - - - - -
25May 2021 - - - - - - - - - - - -
Hair/body swab Water container swab Floor swab
N1 N2 E RdRp N1 N2 E RdRp N1 N2 E RdRp
19 May 2021 NA NA NA NA NA NA NA NA NA NA NA NA
22May 2021 - - - - - - - - - - - -
25May 2021 NA NA NA NA NA NA NA NA NA NA NA NA

2Primers and probes specific to the N1 gene and N2 gene of SARS-CoV-2 following the Centers for Disease Control and Prevention recommendations (CDC,

2020).

bPrimers and probes specific to the E and RdRp genes of SARS-CoV-2 following the WHO recommendations (Corman et al., 2020).

NA; Not available.

swabs tested positive at the first two visits (19 and 22 May 2021) (Ct
28.18-35.05). Environmental samples (hair and floor) showed high Ct
values on 22 May 2021 (Ct 32.88-34.01) (Table 2).

Dog-D (CU27186) is a 4-year-old, 2.75 kg, Pomeranian, spayed
female dog. The dog was transferred to a private animal hospital on 19
May 2021. There were five members in household D. The owner of the
dog (owner D1), an 18-year-old female, tested positive for COVID-19
on 16 May 2021. All members of household D, adult males and females
(owners D2-D5) were also diagnosed with COVID-19. Swab samples
were collected from dog-D on three occasions between 19 and 25 May
2021. Nasal swabs tested positive with a high Ct value (32.46-34.42)
at the first visit (19 May 2021) and oral swab was positive (Ct 33.94)
at the second visit (22 May 2021). Rectal and environmental samples
tested negative (Table 2).

Serum samples collected from the dogs and cat positive for SARS-
CoV-2 were tested for anti-SARS-CoV-2 antibodies by indirect multi-
species ELISA (indirect ELISA) and surrogate virus neutralization test
(sVNT). Serum from dog-A was positive by indirect ELISA at 79.66%S/P
and 70.97%S/P (20-21 days after owner-A1l tested positive, respec-
tively). Dog-A developed neutralizing antibodies with 42.39%—60.55%
inhibition (17 days after owner-A1 tested positive). Serum from Cat-
B, collected on 12 May 2021, was positive by both indirect ELISA
(87.20%) and sVNT (90.15%) (35 days after owner B1 tested posi-
tive). Dog-C had neutralizing antibodies with 37.20% inhibition (20
days after owner C1 tested positive). Dog-D had neutralizing anti-
bodies with 32.17% inhibition (27 days after owner D1 tested posi-
tive). Control dog and cat sera, pre-COVID-19 sera, feline coronavirus
(FCoV)-positive sera and sera from animals positive for canine respi-
ratory coronavirus (CRCoV) and canine enteric coronavirus (CECoV)
tested negative by both indirect ELISA and sVNT (Table S4).

In this study, we characterized three SARS-CoV-2 isolates from
two dogs and a cat. Viral RNA from the nasal swabs of dog-A (Ct

15.67-22.19) on 4 May 2021, cat-B (Ct 26.69-29.75) on 7 May
2021 and dog-C (Ct 28.46-35.05) on 19 May 2021 was subjected to
whole-genome sequencing by Nanopore sequencing using the ARTIC
primer set. The RNA from dog-D (Ct 32.46-36.59) was unsuccess-
fully sequenced due to the low viral titre. The SARS-CoV-2 genome
sequences were obtained from dog-A (29,778 nt), cat-B (29,713 nt) and
dog-C (29,743 nt) and submitted to the GenBank database under the
accession numbers MZ396818, MZ401455 and MZ414173, respec-
tively (Table S5). We compared the whole genome sequences of SARS-
CoV-2 from the dogs and cat with 942 of full-length sequences of
the viruses from Thailand. The Thai-SARS-CoV-2 clustered with the
viruses of the Alpha variant (B.1.1.7 lineage) which is the predominant
lineage of the recent third wave of COVID-19 outbreaks in Thailand
(Figure 2). Analysis of genomic mutations of SARS-CoV-2 showed that
the viruses from the dogs and cat contained mutations resembling the
viruses of the B.1.1.7 lineage but differing from those of different lin-
eages (B.1.36.16, A.6 and Wuhan-Hu-1) (Table 3).

4 | DISCUSSION

We reported SARS-CoV-2 infection in three dogs and one cat in Thai-
land. One animal (dog-A) showed illness with mild respiratory signs,
but the other animals did not display any clinical symptoms and did
not show any important blood chemistry abnormalities (Table S6). Sim-
ilar to other studies, the infected dogs and cat showed non-specific
and mild respiratory signs such as nasal discharge, sneezing, coughing
and inappetence (Calvet et al., 2021; Klaus et al., 2021). During quar-
antine and follow-up visits, no animal died from viral infection, even
though dog-A had pre-existing underlying diseases. It remains unclear
whether infected dogs can transmit the virus to other animals, while

cat to cat transmission has been observed in an experimental setting
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FIGURE 2 Phylogenetic tree of 942 full-length SARS-CoV-2 isolates from Thailand retrieved from the GISAID database and three whole
genome sequences of SARS-CoV-2 from the dogs and cat. The viruses isolated during the first, second and third waves are presented as green lines
[first wave; n = 144], orange lines [second wave; n = 2550] and blue lines [third wave; n = 543]. The brackets indicate the lineages as A.6,B.1.36.16
and B.1.1.7. The tree was rooted by using the Wuhan-Hu-01 isolate. The scale bar indicates nucleotide substitutions per site
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(Bosco-Lauth et al., 2020; Shi et al., 2020). It should be noted that our
results showed a high viral load (low Ct value) in environmental sam-

(L1

ples from dog-A during quarantine at the hospital. Thus, contamination
of SARS-CoV-2 in the environment and possible transmission from con-
taminated areas should not be ignored. Contamination of SARS-CoV-2
from animals to the environment, such as the fur and floor, has been
reported in some studies (Klaus et al., 2021; Oreshkova et al., 2020).
Stability of SARS-CoV-2 on the surface have been reported that viable
virus could be detected up to 72 h on the surfaces (van Doremalenetal.,
2020). Unfortunately, in this recent study, virus isolation was not per-
formed due to the limitation of laboratory facility and the permission
on live-virus propagation. Thus, shedding of infectious or viable virus
from dogs and cats could not be confirmed.

This study is the first to report SARS-CoV-2 infection in domestic
dogs and cats in Thailand. Our results suggested that dogs and cats can
acquire viral infections from households with SARS-CoV-2-infected
humans. Similarly, in previous reports, SARS-CoV-2 infection in dogs
and cats in households with COVID-19 patients has been reported
in many countries (Barrs et al., 2020; Calvet et al., 2021; Gaudreault
et al., 2020; Musso et al., 2020; Newman et al., 2020; Ruiz-Arrondo
et al,, 2020; Sailleau et al., 2020; Segalés et al., 2020; Sit et al., 2020).
In this study, the frequency of SARS-CoV-2 positivity in dogs (8.6%),
cats (11.1%) and households (23.5%) was lower than that in previ-
ous studies in Brazil, China and the United States based on similar
diagnostic assays (Barrs et al., 2020; Calvet et al., 2021; Hamer et al,,
2020), but higher than that reported in some countries (Ruiz-Arrondo
et al., 2020; Sailleau et al., 2020; Sit et al., 2020). There was a lim-
itation that only rectal swabs could be collected from some house-
holds, which could have resulted in missing some infected animals in
our investigation. In contrast, serial sample collection from animals
provided more opportunity to detect SARS-CoV-2. For example, dog-
A showed suspected results in oral and rectal swabs at the first visit,
but after six additional visits, the nasal, oral and environmental swabs
tested positive for SARS-CoV-2. Our findings support the importance
of longitudinal sample collection for the investigation of SARS-CoV-
2 infection in pet animals. Regarding the persistence of SARS-CoV-2
RNA, the dogs consecutively tested positive for SARS-CoV-2 RNA for
4 to 10 days (dog-A, 10 days; dog-C, 4 days and dog-D, 4 days), while
cats consecutively tested positive for 6 days (cat-B, 6 days). In con-
trast, in previous studies, SARS-CoV-2 RNA has been observed for 14
to 31 days (in Brazil), 13 days (in China) and 25 days (in the United
States) after the first positive sample (Calvet et al., 2021; Hamer et al.,
2020; Shi et al., 2020; Sit et al., 2020). The dogs and cat in this study
tested positive for SARS-CoV-2 RNA from 5 to 30 days after the index
COVID-19 owner tested positive, which is comparable to that in stud-
ies in Brazil (11 to 51 days), China (28 days) and the United States
(32 days) (Calvet et al., 2021; Hamer et al., 2020; Shi et al., 2020;
Sit et al.,, 2020).

Infected dogs and cats develop antibodies against SARS-CoV-2 as
early as 7 to 14 days post infection. The seropositivity of dogs in a pre-
vious study varied but was higher than that in cats (Barrs et al., 2020;
Hamer et al., 2020; Patterson et al., 2020). In this study, we used the
parameter of the first pet owner positive by real-time PCR as day 1
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(index case). Dog-A and cat-B developed anti-N IgG antibodies accord-
ing to indirect ELISA, and 100% of animals developed neutralizing anti-
bodies according to sVNT. Dog-A and cat-B had neutralizing antibod-
ies as early as 17 days and 35 days, respectively. For dog-C and dog-
D, serum samples were collected 20 to 27 days after the owner C1
and D1 positive for SARS-CoV-2, and we detected anti-SARS-CoV-2
antibodies in the serum as expected. Cat-B had the highest antibody
level among the animals tested (87.20% by ELISA and 90.15% by VNT),
which reflects the timing for serum sample collection in which the ani-
mal might have been exposed to COVID-19 owners since 8 April 2021
(35 days after the index case, owner B1 positive). In addition, felines
can develop high antibody titres, as demonstrated in previous stud-
ies (Barrs et al., 2020; Hamer et al., 2020; Patterson et al., 2020). It
should be noted that the discrepancy between the result of ELISA and
sVNT had been observed. It has been reported that the N-protein-
based ELISA is less correlated with the neutralization assay (Decaro,
Grassi et al., 2021; Decaro, Vaccari et al., 2021; Folegatti et al., 2020; Ni
et al., 2020; Okba et al., 2020). Therefore, it was not unexpected that
the negative serum of dog-C (35.82%) and dog-D (2.96%) based on N
protein-based ELISA had neutralizing activity (dog-C; 37.20% and dog-
D; 32.17%).

Phylogenetic analysis was performed on three whole genome
sequences from the dogs (dog-A, dog-C) and cat (cat-B). Unfortunately,
the limitation of this study is that the samples from SARS-CoV-2-
positive pet owners were not available due to limits on access of human
sample collection at state quarantine facilities. Instead, the phyloge-
netic analysis included the full-length sequences of SARS-CoV-2 from
Thailand (n = 942), which are publicly available on the Global Initiative
on Sharing All Influenza Data (GISAID) database. The whole genome
sequences of dog-A, cat-B and dog-C were clustered with human SARS-
CoV-2 of the Alpha variant (B.1.1.7 lineage). The phylogenetic tree
clearly demonstrated that the B.1.1.7 lineage was a predominant lin-
eage of the recent third wave of COVID-19 outbreaks in Thailand.
According to the genome comparison of SARS-CoV-2, the SARS-CoV-2
isolates from the dogs and cat showed all mutations in agreement with
human SARS-CoV-2 of the B.1.1.7 lineage (DMSc-00376/21, DMSc-
00181/21, DMSc-00478/21). All genomic mutations (21 positions) in
the ORF1a, ORF1b, spike, ORF8 and N genes were identical for canine,
feline and human isolates of the B.1.1.7 viruses lineage analyzed in the
study. The mutations in the spike gene conformed to the CDC clas-
sification and definitions of the B.1.1.7 lineage (alpha was proposed
for the WHO label on 15 June 2021), which is a variant of concern
(CDC, 2021; WHO, 2021b). In other studies, SARS-CoV-2 infection in
pet dogs and cats from various SARS-CoV-2 lineages has been reported
such as the B.1.1.39 lineage in cats in Switzerland (Klaus et al., 2021),
the B.1.177 lineage in a dog in Italy (Decaro, Vaccari et al., 2021) and
clades G, GH and GR in dogs and cats in the United States (Hamer et al.,
2020).

In summary, this study provides evidence of SARS-CoV-2 infection
in domestic dogs and a cat from COVID-19-positive households during
quarantine at the private animal hospitals in Thailand. The role of dogs
and cats in SARS-CoV-2 transmission among species or across species

from animals to humans is still unclear. However, SARS-CoV-2 RNA was
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observed in environmental samples, thus possible transmission from
contaminated areas should not be ignored. This study supports the role
of the One Health approach in the mitigation and control of emerging
infectious diseases, such as COVID-19, for improving human and ani-
mal health.
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