
Received: 8March 2022 Revised: 13May 2022 Accepted: 8 June 2022

DOI: 10.1111/tbed.14625

S HORT COMMUN I C AT I ON

Detection of SARS-CoV-2 clade B.1.2 in three snow leopards

LeyiWang1 Zoltan S. Gyimesi2 Mary Lea Killian3 Mia Torchetti3

ColleenOlmstead1 Richard Fredrickson1 Karen A. Terio4

1Veterinary Diagnostic Laboratory andDepartment of Veterinary Clinical Medicine, College of VeterinaryMedicine, University of Illinois, Urbana, Illinois

2Louisville Zoological Garden, Louisville, Kentucky

3Animal and Plant Health Inspection Service, United States Department of Agriculture, National Veterinary Services Laboratories, Ames, Iowa

4Zoological Pathology Program, College of VeterinaryMedicine, University of Illinois, Brookfield, Illinois

Correspondence

LeyiWang, Veterinary Diagnostic Laboratory

andDepartment of Veterinary Clinical

Medicine, College of VeterinaryMedicine,

University of Illinois, Urbana, IL 61802.

Email: leyiwang@illinois.edu

Karen Terio, Zoological Pathology Program,

College of VeterinaryMedicine, University of

Illinois, Brookfield, IL.

Email: kterio@illinois.edu

Funding information

Food andDrug Administration Veterinary

Laboratory Investigation and Response

Network (FOA PAR-17-141), Grant/Award

Number: 1U18FD006673-01

Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is one of seven coro-

naviruses known to infect humans. Different from other concerned coronavirus and

influenza viruses, SARS-CoV-2 has a higher basic reproduction number and thus trans-

mits more efficiently among hosts. Testing animals for SARS-CoV-2 may help decipher

virus reservoirs, transmission and pathogenesis. Here, we report the first detection of

SARS-CoV-2 in three snow leopards (Panthera uncia) in a zoo in Kentucky in 2020, the

first year of the pandemic. Sequence analysis revealed that snow leopard SARS-CoV-2

strains were non-variant B.1.2 lineage and closely correlated with human strains. One

snow leopard shedSARS-CoV-2 in faecesup to4weeks.Basedonclinical signs andviral

shedding periods and levels in the three snow leopards, animal-to-animal transmission

events could not be excluded. Further testing of SARS-CoV-2 in animals is needed.
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1 INTRODUCTION

Coronavirus disease 2019 (COVID-19) was first described in Decem-

ber 2019 in Wuhan, China, and subsequently was confirmed to be

caused by severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) (Zhou et al., 2020). Since 2020, SARS-CoV-2has caused a global

pandemic and resulted in millions of infections and deaths worldwide.

In addition to humans, SARS-CoV-2 has also been detected in a variety

of animal species including pets, farmed animals, and captive and

free-ranging wildlife.
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In the case of captive animals, tigers (Panthera tigris) and lions (Pan-

thera leo) were first detected SARS-CoV-2 positive at the Bronx Zoo

in April of 2020 and sequence analysis of SARS-CoV-2 strains from

animals and animal keepers revealed human-to-tiger transmission

(McAloose et al., 2020;Wang et al., 2020). Following that, SARS-CoV-2

was detected in many other zoos in the United States and other coun-

tries, such as Spain and India (Fernandez-Bellon et al., 2021; Karikalan

et al., 2021; USDA, 2020). As of January 2022, a total of 14 captive

animal species have tested positive for SARS-CoV-2 infection (Elbe &

Buckland-Merrett, 2017; USDA, 2020). The present study reports the
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TABLE 1 Five sets of primers used for amplification of spike and
ORF3a genes

Gene Primer Sequence (5′ to 3′)

Spike Covid19-S1-F CCAATTCAGTTGTCTTCCTATTC

Covid19-S1515-R TTAGAATTCCAAGCTATAACGCA

Covid19-S-1177-F gacACTAATGTCTATGCAGATTCATa

Covid19-S-2104-R CTGCACCAAGTGACATAGTGTAG

Covid19-S2168-F AACAACTCATATGAGTGTGACATACC

Covid19-S3207-R TGAAGTCTGCCTGTGATCAACCT

Covid19-S3019-F CACAGCAAGTGCACTTGGAA

Covid19-S4145-R GCTTGTATCGGTATCGTTGCAGT

ORF3a ORF3a-F CCAGTTGCTGTAGTTGTCTCAAG

ORF3a-R AGCGCAGTAAGGATGGCTAGT

aLowercase nucleotides are non-specific sequence used to increase GC

contents of the primers.

first detection of SARS-CoV-2 in snow leopards in a zoo in the United

States in December of 2020.

2 MATERIALS AND METHODS

2.1 Specimens

Three snow leopards (S1, S2 and S3 were 9, 3 and 5 years old, respec-

tively) at the Louisville Zoo in Louisville, Kentucky, USA, were housed

individually in adjacent pens but sharing the same air space and exhibit.

Faeces from these three snow leopards were collected, initially in

response to respiratory signs, and then daily thereafter for up to 4

weeks and shipped to the University of Illinois Veterinary Diagnostic

Laboratory.

2.2 SARS-CoV-2 real-time RT-PCR

Real-time RT-PCR was performed using the N1 and N2 primers and

probes as described previously (Lu et al., 2020) and AgPath-ID One-

Step RT-PCRKit (ThermoFisher). Real-time RT-PCRwas performed on

ABI7500 with 1 cycle of 48◦C for 10 min and 95◦C for 10 min and 40

cycles of 95◦C for 15 s and 60◦C for 45 s.

2.3 SARS-CoV-2 sequencing and analysis

Sequencing of spike and ORF3a region of SARS-CoV-2 was con-

ducted on MiSeq for the amplicons generated using five sets of

primers (Table 1). The complete genome was obtained on MiSeq at

the National Veterinary Services Laboratories as previously described

(Hale et al., 2021). Sequences were deposited into GISAID (Elbe &

Buckland-Merrett, 2017). Sequence alignment and construction of

maximum likelihood tree were performed using MEGA 7.0.26 (Kumar

et al., 2016).

3 RESULTS

On 22–23 November 2020, wheezing was reported from one (S1) of

three snow leopards housed at the Louisville Zoo. A second snow leop-

ard (S2) exhibited a dry hacking cough in the following days, while a

third cat (S3) presented with similar minor and infrequent respiratory

symptoms the following week. Faecal samples from these three ani-

mals were collected on 4 December 2020 and sent to the University

of Illinois Veterinary Diagnostic Laboratory for SARS-CoV-2 PCR test-

ing following approval by the state veterinarian. All three sampleswere

positive for SARS-CoV-2 by the 2019-nCoV real-time RT-PCR (N1 Ct

values 34.00, 29.04 and 28.13 of S1, S2 and S3, respectively). The pre-

sumptive positive results of the three snow leopards were confirmed

by the US Department of Agriculture National Veterinary Services

Laboratories (Ames, IA, USA).

One sample of S2was sequencedbybothwhole genome sequencing

(KY-20-035685-003, GISAID accession number: EPI_ISL_2928447)

and spike as well as ORF3a sequencing (KY-20-43641, GISAID

accession number: EPI_ISL_8144424) and another sample of S3 was

sequenced by spike and ORF3a sequencing (KY-20-43642, GISAID

accession number: EPI_ISL_8365447). Due to the relatively low viral

load, the complete genome sequence was not obtained for KY-20-

035685-003 containing a total of six gaps with one gap located in

the spike gene. KY-20-035685-003 was classified as B.1.2 by the soft-

ware Pangolin v.3.1.17 at GISAID (O’Toole et al., 2021). Both spike

and ORF3a gene sequences of two samples (KY-20-43641 and KY-

20-43642) were successfully obtained, and blast analysis showed that

KY-20-43641 and KY-20-43642 shared 100% identities with human

strains circulating in different US states during October to December

2020. A phylogenetic tree shows the snow leopard viruses clustered

with several human strains collected during the time period (Figure 1).

One week prior to observing symptoms in the first snow leopard,

a zookeeper who cared for these animals tested positive for SARS-

CoV-2. Unfortunately, the sample collected from the infected keeper

was discarded and lost to follow up before any sequencing and com-

parison could be performed. Nevertheless, these data support that a

human-to-animal transmission event occurred.

The snow leopards were quarantined off-exhibit, and faeces were

collected daily for non-invasive monitoring of viral shedding by real-

timeRT-PCRbetween10December 2020 to 10 January 2021. S3 shed

for 11 consecutive days and then tested negative for 9 days, subse-

quently testing positive again for 2 more days. In contrast, the other

two snow leopards (S1 and S2) had intermittent sheddingwith positive

PCR results for 2 days and 7 days, respectively (Table 2 and Figure 2).

The results (Ct values) by sample for each of the two PCR targets,

2019-nCoVN1 andN2, were comparable.
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Beta
Gamma

Alpha

Delta

Lambda

Epsilon

hCoV-19/lion/USA/NY-041520/2020-2020-04-04-B

hCoV-19/lion/USA/NY-3-041520/2020-2020-04-04-B

hCoV-19/lion/USA/NY-2-041520/2020-2020-04-04-B

MT374105-SARS-CoV-2/human/TWN/CGMH-CGU-09/2020-B

MN908947-SARS-CoV-2/human/Wuhan-Hu-1-B

MW496104-SARS-CoV-2/human/USA/KY-CDC-2-3714554/2020-B.1.2

hCoV-19/tiger/USA/TN-20-031353-001/2020-2020-10-19-B.1.2

hCoV-19/tiger/USA/NY-040420/2020-2020-04-02-B.1

MT703883-SARS-CoV-2/human/USA/NY-CDC-03542326-001/2020-B.1

hCoV-19/cat/USA/TX-TAMU-013/2020-2020-06-28-B.1.234

hCoV-19/tiger/USA/TN-20-031498-003/2020-2020-10-27-B.1.2

hCoV-19/tiger/USA/NY-2-040420/2020-2020-04-04-B.1

hCoV-19/tiger/USA/NY-3-040420/2020-2020-04-04-B.1

hCoV-19/tiger/USA/MN-21-001483-001/2021-2021-01-10-B.1.564

OL891419-SARS-CoV-2/human/USA/CO-CDPHE-2100171075/2020-B.1.564

hCoV-19/cat/USA/TX-TAMU-057/2020-2020-07-17-B.1.571

hCoV-19/tiger/USA/TN-20-031353-002/2020-2020-10-19-B.1.2

MW730934-SARS-CoV-2/human/USA/NC-CDC-2-3920716/2021-B.1.2

hCoV-19/tiger/USA/NY-4-040420/2020-2020-04-04-B.1

hCoV-19/tiger/USA/NY-P3/2020-2020-04-04-B.1

hCoV-19/tiger/USA/IN-21-003442-002/2021-2021-02-02-B.1.2

MW941705-SARS-CoV-2/human/USA/NC-CDC-STM-000017191/2021-B.1.2

OU366352-SARS-CoV-2/human/Germany-B.1.177.21

hCoV-19/lion/Spain/CT-ZooBarcelona-CR-127-IrsiCaixaP002TH1G9/2020-2020-11-11-B.1.177

OL332417-SARS-CoV-2/human/USA/AZ-ASU19218/2021-B.1.177

hCoV-19/tiger/Sweden/SVA210113SZ0259-KN007616/2021-2021-01-12-B.1.177.21

hCoV-19/lion/Sweden/SVA210116SZ851937/2021-2021-01-12-B.1.177.21

hCoV-19/USA/CA-SC-252696/2021-2021-05-26-Lambda (C.37-like)

hCoV-19/USA/AL-UAB-GX361/2021-2021-06-11-Lambda (C.37-like)

hCoV-19/gorilla/USA/CA-ALSR-5742/2021-2021-01-10-B.1.232

hCoV-19/cat/USA/CA-21-003696-001/2021-2021-01-30-Epsilon (B.1.429-like)

hCoV-19/cat/USA/NJ-VSP3453/2021-2021-09-22

hCoV-19/lion/SouthAfrica/ZARV-ZRU125/2021-2021-06-22

hCoV-19/dog/USA/FL-21-025578-001/2021-2021-08-18

hCoV-19/gorilla/Netherlands/ZH-EMC-1/2021-2021-11-16

hCoV-19/gorilla/USA/GA-21-026626-003/2021-2021-09-01

hCoV-19/lion/India/TN-NIHSAD-21-0004/2021-2021-05-29

hCoV-19/otter/USA/FL-21-025190-001/2021-2021-08-24

hCoV-19/hyena/USA/CO-21-033158-002/2021-2021-10-28

hCoV-19/ferret/USA/FL-21-028281-001/2021-2021-09-18

hCoV-19/snow leopard/USA/NE-NCOV21-37807/2021-2021-10-11

hCoV-19/lion/USA/UT-21-031970-001/2021-2021-10-20

hCoV-19/lion/Singapore/NParks-G11342/2021-2021-11-09

hCoV-19/tiger/USA/MI-21-037244-002/2021-2021-12-03

hCoV-19/snow leopard/USA/KY-20-43641/2020-2020-12-04-B.1.2

OL964662-SARS-CoV-2/human/USA/TN-SPHL-1145/2021-B.1.2

hCoV-19/snow leopard/USA/KY-20-43642/2020-2020-12-04

MW430983-SARS-CoV-2/human/USA/IN-CDC-STM-P053/2020-B.1.2

OL844210-SARS-CoV-2/human/USA/CA-CDPH-2000013641/2020-B.1.2

OL826572-SARS-CoV-2/human/USA/MI-MDHHS-SC22764/2020-B.1.2

MZ448959-SARS-CoV-2/human/USA/NYI-1099-20-1/2020-B.1.2

hCoV-19/otter/USA/GA-21-011485-003/2021-2021-04-16-Alpha (B.1.1.7 -like)

hCoV-19/cat/USA/TX-TAMU-562-21-012714-001/2021-2021-04-15-Alpha (B.1.1.7 -like)

hCoV-19/gorilla/Czech Republic/4243-6/2021-2021-03-03-Alpha (B.1.1.7-like)

hCoV-19/tiger/Czech Republic/4243-7/2021-2021-03-03-Alpha (B.1.1.7-like)

hCoV-19/lion/Czech Republic/3855-1/2021-2021-02-25-Alpha (B.1.1.7-like)

OM003764-SARS-CoV-2/human/USA/WA-S15525/2021-Alpha (B.1.1.7 -like)

hCoV-19/snow leopard/USA/CA-21-022131-001/2021|EPI ISL 5858433|2021-07-26-B.1.621

hCoV-19/USA/IL-NM-07025/2021-2021-03-09-Beta (B.1.351-like)

hCoV-19/USA/IL-CDC-ASC210032403/2021-2021-04-25-Gamma (P.1-like)
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F IGURE 1 Phylogenetic tree analysis of spike gene of SARS-CoV-2 strains of animals as well as human including two snow leopard strains
KY-20-43641 and KY-20-43642 from our studymarkedwith red colour. Alpha, Beta, Gamma, Delta, Epsilon and Lambda variant strains were
included in the analysis

4 DISCUSSION

The SARS-CoV-2 pandemic has lasted for 2 years and is ongoing.

Great efforts have been undertaken in attempts to understand viral

host origin and range, transmission, pathogenesis and therapeutics.

It is hypothesized that SARS-CoV-2 is a bat-origin coronavirus based

on the evidence that it shared the highest genome identity with

a bat coronavirus RaTG13 strain (Zhou et al., 2020). The spillover

mechanism of SARS-CoV-2 remains unknown. Several lines of evi-

dence of both experimental and natural SARS-CoV-2 infection

demonstrated that SARS-CoV-2 had a wide spectrum of susceptible

hosts. Regarding natural infection, SARS-CoV-2 has been detected in

at least 17 animal species within three orders: Carnivora, Artiodactyla

and Primates. Except for two species in the Artiodactyla order (deer

and hippopotamus) and one in the Primates order (gorilla), the remain-

ing 14 animal species are within six families of Carnivora (Felidae,
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TABLE 2 SARS-CoV-2 shedding in three snow leopards S1, S2 and S3 from 10December 2020 to 10 January 2021, as measured by N1 andN2
real-time RT-PCR

N1 N2

Month Date S1 S2 S3 S1 S2 S3

2020December 10 – 40.00 – – 37.47 –

11 40.00 40.00 32.98 40.00 40.00 35.00

12 37.58 36.52 25.19 40.00 37.01 26.08

13 40.00 37.56 29.11 40.00 40.00 31.41

14 40.00 40.00 32.43 40.00 40.00 33.34

15 40.00 40.00 30.31 40.00 38.03 30.13

16 40.00 36.26 34.64 40.00 38.01 35.97

17 – 40.00 34.93 – 40.00 36.12

18 40.00 40.00 31.89 40.00 40.00 32.41

19 40.00 40.00 35.05 40.00 40.00 35.79

20 40.00 37.45 37.62 40.00 40.00 35.97

21 40.00 40.00 35.02 40.00 40.00 34.86

22 36.37 37.59 40.00 38.38 36.35 40.00

23 – 40.00 40.00 – 40.00 40.00

24 40.00 40.00 40.00 40.00 40.00 40.00

25 40.00 40.00 – 40.00 40.00 –

26 40.00 40.00 – 40.00 40.00 –

27 40.00 40.00 40.00 40.00 40.00 40.00

28 40.00 40.00 40.00 40.00 40.00 40.00

29 40.00 40.00 40.00 40.00 40.00 40.00

30 40.00 40.00 40.00 40.00 40.00 40.00

31 – 40.00 37.73 – 40.00 39.00

2021 January 1 40.00 40.00 37.51 40.00 40.00 40.00

2 – 40.00 40.00 – 40.00 40.00

3 40.00 40.00 40.00 40.00 40.00 40.00

4 40.00 40.00 40.00 40.00 40.00 40.00

5 40.00 40.00 40.00 40.00 40.00 40.00

6 40.00 40.00 40.00 40.00 40.00 40.00

7 40.00 40.00 40.00 40.00 40.00 40.00

8 40.00 40.00 40.00 40.00 40.00 40.00

9 40.00 40.00 40.00 40.00 40.00 40.00

10 – – 40.00 – – 40.00

Note: Ct values of N1 andN2 real-time RT-PCR are provided. Ct values of the samples with negative results were set to 40.00

–: no samples tested.

Viverridae, Hyaenidae, Canidae, Mustelidae and Procyonidae). The

Felidae family has the highest number of species (7) with SARS-CoV-2

detections.

In the present study, we report the first detection of SARS-CoV-2

in snow leopards in December of 2020 (USDA, 2020). Since then,

SARS-CoV-2 infections and mortalities have been detected in multiple

snow leopards in zoos across four other states including California,

Nebraska, South Dakota and Illinois (USDA). Introductions of SARS-

CoV-2 to zoo animals have been due to human-to-animal transmission

events; and thus, strains detected in zoo animals change with the

progression of the pandemic. Therefore, it is not surprising to see that

at different periods of the pandemic both non-variant strains (e.g. in

zoos of Kentucky and California) and variant strains (e.g. Delta in zoos

of Nebraska, South Dakota, and Illinois) could infect snow leopards

(Elbe & Buckland-Merrett, 2017). In 2021, several unvaccinated

snow leopards did not survive after infection with the Delta variant

(NVSL personal communication). As the Delta lineage predominated in

humans, the US animal detections between August 2021 and January
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F IGURE 2 SARS-CoV-2 shedding in three snow leopards S1, S2 and S3 from 10December 2020 to 10 January 2021, as measured by N1 and
N2 real-time RT-PCR. Ct values of samples with negative results were set to 40

2022 were also predominated by Delta; however, it is unclear why this

variant resulted in higher disease severity and outcomes specifically in

snow leopards. A previous study indicated that low genetic diversity

in snow leopards affects their adaptability to the environment and

populations (Aruge et al., 2019).Whether susceptibly of snow leopards

to SARS-CoV-2 is correlatedwith their genetic diversities needs future

investigation.

There are only a few previous studies about SARS-CoV-2 shedding

in large cats (Bartlett et al., 2021; Fernandez-Bellon et al., 2021). Sim-

ilar to observations in tigers and lions at the Bronx Zoo (Bartlett et al.,

2021), our data showed that snow leopards had variable shedding

periods by faecal analysis. It is hard to conclude that longer shedding

periods are observed in younger animals (S2 and S3) than the older

animal (S1) due to the limited number of animals in the present study.

These three snow leopards were housed adjacent to one another and

share exhibit and holding space at different times. Based upon PCR

results reflecting virus shed and duration, it is possible that S3 may

have been the index case of SARS-CoV-2 infection since the other two

snow leopards (S1 and S2) shed virus for a shorter period and at lower

levels.However, this hypothesis is not supportedby the timelineof clin-

ical signs in the three animals as S3was the last cat to present clinically.

It is also possible that these three snow leopards were infected at the

same time through fomites such as contaminated feed or enrichment

items.

In summary, we report detection of SARS-CoV-2 in three snow leop-

ards in a zoo in Kentucky in 2020. Genomic characterization of the

virus identified the B.1.2 lineage with no mutations compared to the

identified human strains across the spike and ORF3a regions. Virus

shedding was variable with one animal shedding up to 4 weeks after

the initial detection and other two animals shedding for 2 and 7 days.

This report highlights the importance of biosecurity measures for dis-

ease prevention at zoological and other conservation facilities. It is

important to better understand viral transmission and pathogenesis

as SARS-CoV-2 not only has significant zoonotic impacts, but also the

potential to infect many different animal species.

The findings and conclusions in this publication are those of the

authors and should not be construed to represent any official USDA or

USGovernment determination or policy.
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