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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has a worldwide dis-
tribution in humans and many other mammalian species. In late September 2021, 12
animals maintained by the Chicago Zoological Society’s Brookfield Zoo were observed
with variable clinical signs. The Delta variant of SARS-CoV-2 was detected in faeces
and nasal swabs by gRT-PCR, including the first detection in animals from the families
Procyonidae and Viverridae. Test positivity rate was 12.5% for 35 animals tested. All
animals had been vaccinated with at least one dose of a recombinant vaccine designed
for animals and all recovered with variable supportive treatment. Sequence analysis
showed that six zoo animal strains were closely correlated with 18 human SARS-CoV-
2 strains, suggestive of potential human-to-animal transmission events. This report

documents the expanding host range of COVID-19 during the ongoing pandemic.
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1 | INTRODUCTION

Coronavirus disease 2019 (COVID-19) originally described in Decem-
ber of 2019 in the Wuhan region of China is caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) (Zhang & Holmes,
2020). SARS-CoV-2 is a single-stranded, positive-sense, enveloped
RNA virus in the genus Betacoronavirus of family Coronaviridae. The
SARS-CoV-2 genome encodes 16 non-structural proteins (Nsp1-16),
four major structural protein (spike [S] glycoprotein, nucleocapsid
[N] protein, membrane [M] protein, and envelope [E] protein), and
some accessory proteins (ORF3a, ORF6, ORF7a, ORF7b, ORF8, and
ORF10) (Forster et al., 2020; Mohamadian et al., 2021; Thakur et al.,
2020). Two months after its initial identification, SARS-CoV-2 caused
a global pandemic and at the close of 2021, it accounted for more
than 5.1 million human mortalities and 280 million infections (World
Health Organization, 2020). The continued evolution of SARS-CoV-2
in human populations resulted in the emergence of variants such as
B.1.1.7 (Alpha), B.1.351 (Beta), B.1.617.2 (Delta) and B.1.1.529 (Omi-
cron) (World Health Organization, 2020; Shiehzadegan et al., 2021).
Initially identified in India in late 2020 (Yang & Jeffrey, 2021), the Delta
variant has anincreased transmissibility and has been reported in many
countries (Shiehzadegan et al., 2021).

SARS-CoV-2 is believed to originate from bat coronaviruses and
shares the highest sequence identity (96%) to a bat coronavirus strain
RaTG13 (Prince et al., 2021; Zhang & Holmes, 2020; Zhou et al., 2020).
It remains unclear about whether SARS-CoV-2 directly evolved from
a bat coronavirus or through an intermediate host (Lean et al., 2021).
Natural SARS-CoV-2 infection has been detected in various animal
species including companion (Calvet et al., 2021; Ferasin et al., 2021,
Garigliany et al., 2020; Jairak et al., 2021; Miro et al., 2021, Sit et al.,
2020), captive (Bartlett et al., 2021; McAloose et al., 2020; Mitchell
et al., 2021), farm (Fenollar et al., 2021; Oreshkova et al., 2020; Oude
Munnink et al., 2021; Sharun et al., 2021), and wild animals (Chan-
dler et al., 2021; Hale et al., 2021). SARS-CoV-2 was first detected
in two Hong Kong dogs as a result of human-to-animal transmission
events in February 2020 (Sit et al., 2020). Since then, SARS-CoV-2
infection in pet dogs and cats has been reported in different coun-
tries (Calvet et al., 2021; Garigliany et al., 2020; Jairak et al., 2021;
Miro et al., 2021). Companion ferrets also were reported SARS-CoV-
2 positive in households with human COVID-19 patients (Racnik, et al.,
2021). In addition to companion animals, SARS-CoV-2 in zoo-managed
animals was first reported in April 2020 at the Bronx Zoo where
positive tigers (Panthera tigris jacksoni and Panthera tigris altaica) and
lions (Panthera leo krugeri) showed mild respiratory signs from possible

contact with asymptomatic, COVID-positive zookeepers (McAloose
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carnivore, Procyonidae, SARS-CoV-2, severe acute respiratory syndrome coronavirus, Viverridae,

et al,, 2020; Wang et al., 2020). Other zoo-maintained animals includ-
ing cougar (Puma concolor), snow leopard (Panthera uncia), lynx (Lynx
canadensis), gorilla (Gorilla gorilla), and Asian small-clawed otter (Aonyx
cinereus) have tested positive for SARS-CoV-2 RNA (U.S. Department of
Agriculture, 2022). As of December 2021, SARS-CoV-2 was reported
in animals maintained in zoos and aquariums in 20 states in the
United States and in other countries including the Czech Republic,
India, Singapore, Spain, Sweden, and South Africa (U.S. Department of
Agriculture, 2022). All documented evidence showed that companion
and zoo-maintained animals contracted SARS-CoV-2 through reverse
zoonotic events (Wang et al., 2020), which have been proposed as
likely sources of infection in animals (Prince et al., 2021). In the case
of farmed animals, SARS-CoV-2 was first detected in farmed minks
exposed to COVID-19-positive workers (Oreshkova et al., 2020) and
subsequently reported in numerous mink farms in 11 countries (Fenol-
lar et al., 2021). Whole-genome sequencing of outbreaks on 16 mink
farms and farm workers revealed that both human-to-mink and mink-
to-human transmissions could occur (Oude Munnink et al., 2021). A
USDA serosurveillance study showed that 40% of 385 serum sam-
ples collected from wild white-tailed deer in four different states were
positive for SARS-CoV-2 antibody, suggestive of widespread SARS-
CoV-2 exposure in deer populations (Chandler et al., 2021). A recent
study revealed that 35.8% of 360 nasal swabs collected from white-
tailed deer in six different Ohio locations were positive for SARS-CoV-2
(Hale et al., 2021). Genomic analysis showed that deer were infected
with three different SARS-CoV-2 lineages and it was hypothesized
that human-to-deer as well as deer-to-deer transmission events were
occurring (Hale et al., 2021). Spread of SARS-CoV-2 to and between
wild animals complicates control efforts.

The specific objective was to report a SARS-CoV-2 outbreak that
occurred during the COVID-19 pandemic in a zoological institution
in September of 2021. In this outbreak, among six different ani-
mal species infected, the virus was detected in three new species
including fishing cat (Prionailurus viverrinus), binturong (Arctictis bin-
turong), and coati (Nasua nasua). The epidemiology of this outbreak,
clinical manifestations, viral shedding, and genome sequences are
presented.

2 | MATERIALS AND METHODS
2.1 | Animal facility and care

Chicago Zoological Society’s Brookfield Zoo (CZS) cares for over 3000

animals representing more than 500 species and subspecies. The Frag-
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ile Kingdom habitat is composed of indoor and outdoor spaces housing
mammals, reptiles, and amphibians. Originally built as a single indoor
facility for lions in 1931, it was divided into the current format of two
U-shaped spaces in the late 1980s.

Daily care for animals is provided by a team of personnel who pro-
vide food and water, sanitation, and behavioural enrichment. Animals
had unique access to each space and no animals shared spaces with
animals of a different species. Personal protective equipment (PPE)
for animal care staff was instituted in April 2020 (approximately 18
months prior to the described outbreak). PPE included disposable
nitrile or vinyl gloves and surgical masks. In addition, access to suscepti-
ble animals was restricted to full-time staff, and human safety protocols
were implemented such as daily self-symptom checks and staying at

home if sick.

2.2 | Vaccination
In early September 2021, vaccination of animals with an experimental
SARS-CoV-2 recombinant vaccine (1.0 ml SQ or IM, Zoetis Interna-
tional) was initiated. The vaccination schedule was designed to occur in
phases based on proposed susceptibility (Damas et al., 2020) with felids
and primates as the priority. Animals were vaccinated with a two-dose
series separated by at least 3 weeks but no more than 5 weeks apart.
Vaccination of all mammals in the affected habitat began on 6
September 2021 (n = 3) and animals were administered their first dose
on7(n=10),8(n=14),9(n=2),10 (n= 1), and 16 (n = 1) Septem-
ber. The first animal to show clinical signs (Amur tiger, Panthera tigris
altaica) was the last animal to start the vaccination series (the first dose
was given on 16 September). Animals that remained negative and non-
clinical were vaccinated with their second dose on schedule. Animals
that tested positive were subsequently revaccinated with the two-
dose vaccine series no sooner than 14 days after the last positive test
(total three doses). All animals were fully vaccinated by 21 December
2021.

2.3 | Sample collection

Samples were collected from animals either through trained voluntary
nasal swabs, anesthetized examinations with nasal swabs, or passive
faecal collection. Faecal samples were collected off the ground of their
indoor exhibit space (concrete) during normal routine care of the ani-
mals and then spaces were disinfected each day. In addition, after the
onset of the outbreak, swabs of air filters on inlet and outflow sides
were collected. This testing was repeated at the conclusion of the
outbreak prior to opening the building to the public.

All samples were processed similarly by placing the sample in a ster-
ile individual collection tube with the animal identification number or
location of the air filter and date on the label. Samples were stored at
—20 or —80°C until shipment on ice packs to the University of lllinois

Veterinary Diagnostic Laboratory.
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24 | Imaging

Computed tomography (CT) scans were accomplished with patients
anesthetized and positioned in sternal recumbency. Images were
acquired in the transverse plane using a multislice 16-detector CT
system (Toshiba Aquilion LB, Tustin, CA). The following technical
factors were used for acquisition: 120 kVp, 100 mAs, and 16 detec-
tors x 1.0 mm collimation. When used, intravenous contrast medium
was administered via a cephalic venous catheter: iohexol 240 (Omni-
paque, GE Healthcare, Princeton, NJ) at a dose of 600 mg I/kg. All
studies were reconstructed into a high-frequency bone algorithm, lung

algorithm, and a soft tissue algorithm.

2.5 | Epidemiologic investigation

Subsequent to the development of clinical signs and positive test
results in carnivores, an epidemiologic investigation into possible
human infections in staff working with these animals was conducted
by the Cook County and Illinois Departments of Public Health (IDPH).
The investigation focused on the time period 1 week prior to the onset
of the first case through 2 weeks after the first clinical signs in animals
were observed. All animal care staff that had direct contact with any
animal or food preparation during this period were surveyed for clini-
cal signs, contact with infected individuals, and tested for SARS-CoV-2
using either a rapid antigen test (QuickVue At Home OTC COVID-19
Test, Quidel Corporation, 9975 Summers Ridge Road, San Diego, CA)
or gRT-PCR assay (IDPH testing site).

2.6 | Real-time RT-PCR

RNA extraction and quantitative PCR was performed as previously
described for animal samples (McAloose et al., 2020). RNA samples
were extracted on the KingFisher Flex using the MagMAX Pathogen
RNA/DNA Kit. Real-time RT-PCR was performed on Applied Biosys-
tems™ 7500 Real-Time PCR Systems using AgPath-ID One-Step RT-
PCR Kit and either CDC N1 or N2 primers and probes (both not
typically applied for initial testing at the University of lllinois). The ther-
mocycler conditions are with one 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.

2.7 | Sequencing

Whole-genome sequencing was performed at the National Veteri-
nary Services Laboratories as previously described (Hale et al., 2021).
Viral RNA was amplified by PCR38 and cDNA libraries were prepared
using the Nextera XT DNA Sample Preparation Kit according to man-
ufacturer instructions. Sequencing was performed using the 500-cycle
MiSeq Reagent Kit v2. Sequences were assembled using IRMA v.0.6.7
and DNAStar SeqMan NGen v.14.0.1. Additional sequencing was per-
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formed at the University of lllinois Veterinary Diagnostic Laboratory
targeting the spike and ORF3a genes on MiSeq using a targeted ampli-
fication method with four pairs of primers. Sequences were deposited
into GISAID (Elbe & Buckland-Merrett, 2017). Reference SARS-CoV-
2 sequences were downloaded from GISAID. Sequence alignment
and construction of phylogenetic tree with maximum likelihood were
performed using MEGA 7.0.26.

2.8 | Wildlife pathology surveillance

Complete gross necropsies were performed on seven wild raccoons
that died naturally or were humanely euthanized as part of disease
surveillance efforts and were collected contemporaneously with zoo
cases. Sections of brain, pituitary gland, adrenal gland, thyroid gland,
eye, skin, skeletal muscle, peripheral nerve, tongue, salivary gland, tra-
chea, oesophagus, lung, heart, diaphragm, stomach, pancreas, small
intestine, cecum, colon, kidney, urinary bladder, liver, spleen, bone,
bone marrow, lymph nodes, and either testis or ovary and uterus were
collected and fixed in 10% neutral buffered formalin. Sections of lung,
trachea, nasal turbinates, brain, heart, liver, spleen, and lymph nodes
were saved at —80°C and sections of lung, trachea, and nasal turbinates
were stored in RNAlater® (Invitrogen, Carlsbad, CA). Tissues were rou-
tinely processed for histopathology, embedded in paraffin, sections cut
at 3-5 mm and stained with haematoxylin-eosin, and reviewed by a

board-certified veterinary pathologist.

2.9 | Statistical analysis

Summary statistics were performed to include days positive, days neg-
ative, presence and prevalence of clinical signs, prevalence of clinical
signs, and 7-day positivity rate. Comparisons between days positive
and presence of clinical signs and days positive by species were per-
formed using negative binomial regression with the MASS package in
R.

To quantify the viral dynamics of the infected animals, a within-host
model was used that was previously constructed to understand SARS-
CoV-2 infection in humans (Ke, Martinez, et al., 2021; Ke, Zitmann,
et al., 2021). A population non-linear mixed effect modelling approach
was used to fit the model to longitudinal viral loads of 10 animals where
at least two samples were positive for SARS-CoV-2 (i.e. animals with
less than two positive RT-PCR results during the study period were
excluded). Tables 1 and 2 provide parameter values. In the model, the
total numbers of target cells (T), cells in the eclipse phase of infection
(E) (i.e. infected cells not yet producing virus), productively infected
cells (1), and viruses (V) were recorded. In addition, a prototypical innate
response (e.g. type-l interferon) was included. Immune mediators are
produced from infected cells and bind to receptors on target cells
stimulating an antiviral response that makes cells refractory to viral
infection (R). Such cells are said to be refractory cells or cells in an
antiviral state (Garcia-Sastre & Biron, 2006). For simplicity and due to

a lack of data, the specific immune mediators or their concentration
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TABLE 1 The fixed parameters in the model and their values

Parameter Description Values

To Total number of (infection 8 x 107 cells
free) target cells

lo Initial number of infected cells 1cell

c Virus clearance rate 10/day

k 1/k is the eclipse period 4/day

Note: The initial values of variables are set to O except for the variables listed
below.

were not explicitly considered. Instead, the quasi-steady-state assump-
tion that the immune dynamics are fast and thus the concentration of
immune mediators is proportional to the number of infected cells was

used. The ordinary differential equations are as follows:

% = —BVT — ®IT + pR,
Z—’: = ®IT —pR,
j—f = BVT —kE,
%: kE — &1,
c;—\t/ = 7zl —cV.

In this model, target cells are infected by virus with rate constant
B. Cells in the eclipse phase become productively infected cells at per
capita rate k. Productively infected cells die at per capita rate 8. The
rate, 7, is the product of the viral production rate per infected cell and
the proportion of virus that is sampled. @ is a constant describing the
rate that innate signaling makes a target cell refractory, and p is the rate
that refractory cells transition back to target cells. Viruses are cleared

at per capitaratec.

3 | RESULTS

3.1 | SARS-CoV-2 detection and distribution

On 23 September 2021 (day 1), the first report of clinical signs con-
sistent with SARS-CoV-2 was observed in a single Amur tiger. Four
days later, this animal tested positive via faeces and voluntary nasal
swab. Over the course of the next 60 days, an additional 11 animals
representing six species from three families (Felidae, Viverridae, and
Procyonidae) tested positive for SARS-CoV-2 RNA (Tables 3 and 4;
Figure 1). During that 60-day period, a total of 392 samples were
submitted from 35 animals as part of surveillance efforts represent-
ing 17 species from three orders (Carnivora, Rodentia, and Pholidota)
and eight families (Felidae, Canidae, Ursidae, Viverridae, Herpesti-
dae, Sciuridae, Hystricidae, and Manidae). SARS-CoV-2 viral RNA was
detected in 49 samples for a total sample positivity of 12.5%. Snow
leopards had the highest viral load of all positive species estimated
from RT-qPCR C; value (Figure 2). The 7-day case positivity peaked in
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TABLE 2 Parameter values of the best fit of the extended target cell model to the full dataset

B(10-8 ®(10°¢

ID to (days) /day) § (/day) 7 (/day) /day) p (/day)
2475 57 318.5 11 0.5 475.24 0
4839 5.6 311.2 1.3 0.5 173.09 0
5541 54 249.1 1.3 0.5 23.94 0
7227 5.5 264 0.9 0.5 69.37 0
8046 5.5 276.4 0.4 0.6 11.23 0
9185 55 2534 1 0.5 41.71 0
9191 5.5 103.3 0.9 0.3 33.06 0
9192 5.6 261.3 0.5 0.4 360.64 0
9311 54 218.2 0.8 0.6 9.81 0
9578 5.6 288 11 0.5 136.7 0
Mean 55 244.9 0.9 0.5 63.23 0
SD 0.02 0.32 0.36 0.24 1.36 0.01

Abbreviation: SD, standard deviation.

TABLE 3 Summary of demographic and clinical features from 12 carnivores detected with SARS-CoV-2 at Chicago Zoological Society’s
Brookfield Zoo in 2021

Number
ofdays Number of
between days

first between
Number Inter- inter-  second
Age of days Inter- mittent mittent intermittent Diar- Hy- Le- Cough-
Species Sex (years) positive mittent twice period period rhoea porexia thargy ing
Binturong Female  8.63 6 No No 0 1 1 0
Binturong Male 10.31 5 No No 0 0 0 0
Fishing cat Male 5.32 10 Yes Yes 8 4 1 1 1 0
Lion Male 558 20 Yes Yes 2 15 0 1 1 0
Lion Male 558 14 Yes Yes 2 4 0 1 1 0
Snow leopard Female 6.27 5 Yes No 2 0 0 0 0
Snow leopard Male 8.33 19 Yes No 9 0 1 1 1
Snow leopard Female 1.34 11 Yes No 2 1 1 0 0
Tiger Female  14.33 5 No No 0 0 0 0
Tiger Female 11.54 6 No No 0 1 1 1
White-nosed coati Male 4.39 2 No No 0 0 0 0
White-nosed coati Female 441 2 No No 0 0 0 0

Note: Age was determined at the time of the outbreak.

TABLE 4 Epidemiologic characteristics of the six carnivore families tested for SARS-CoV-2 at the Chicago Zoological Society’s Brookfield Zoo
in2021

Median days
Family Positive Negative Prevalence positive
Felidae 8 7 53% 10.5
Viverridae 2 1 67% 55
Procyonidae 2 0 100% 2
Herpestidae 0 4 0% NA
Ursidae 0 2 0% NA
Canidae 0 1 0% NA
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FIGURE 2 SARS-CoV-2 viral copies between species at a zoological institution. Viral copy number in 12 carnivores detected with SARS-CoV-2
with and without clinical signs at Chicago Zoological Society’s Brookfield Zoo in 2021

the first week (34%) and declined to 0% by day 53 (Figure 1). All positive
animals were in the order Carnivora. The mean age of positive carni-
vores on the first day of the outbreak was 7.17 years (median: 5.93
years, range: 1.34-14.33 years), which was not significantly different
from the mean age of negative carnivores, 8.47 years (median: 10.96,
range: 1.23-18.71 years). Peak detection was observed on days 8 and
9, with 11 total detections each day (Figure 1). SARS-CoV-2 RNA was
detected in individuals for a variable amount of time ranging from 2 to
20 days with a median of 6 days and mean of 8.75 days (Table 3). Six

animals (55%) demonstrated at least one intermittent shedding period
with a maximum of 9 days negative between positive tests. Three of
those animals had a second intermittent period with a minimum of
4 days and maximum of 15 days between positive tests. Felidae had
the highest number of total cases but had a lower prevalence (n = 7;
53%) than both Procyonidae (n = 2; 100%) and Viverridae (n = 3; 67%).
After 24 November (2 months after initial index case), 14 carnivores
were tested twice weekly through January 2022 with no SARS-CoV-2
viral detection using qRT-PCR noted during this period.
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with SARS-CoV-2 at the Chicago Zoological Society’s Brookfield Zoo
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3.2 | Clinical signs of SARS-CoV-2

Only four classifications of clinical signs were observed, all in felids:
hyporexia, lethargy, diarrhoea, and coughing (Table 3). Many felids
were non-clinical on days they tested positive; all clinical signs resolved
by 6 October. The proportion of positive felids having clinical signs
decreased from 40% on 30 September to 20% by 3 October; however,
animals that had clinical signs at any point in their disease course had a
significantly greater number of days positive (median: 18.5 days, range:
7-32,p <.0001) than animals that never showed clinical signs (median:
5.5 days, range: 1-8; Figure 3). Overall, hyporexia (n = 7; 58%) and
lethargy (n = 6; 50%) were the most common clinical signs, followed
by diarrhoea (n = 2; 17%) and coughing (n = 2; 17%).

3.3 | SARS-CoV-2 presence in air filtration system

SARS-CoV-2 RNA was detected in air handlers 3 and 4 from enclosure
intake filter samples taken on 8 October. SARS-CoV-2 RNA was not
detected in outflow filters from the enclosure samples. On 8 Novem-
ber, all air filters were changed using standard protocols. Three weeks
later, air filter sampling was repeated in a similar manner and all results

were negative.

3.4 | Imaging comparison

A CT scan performed in December 2021 on a binturong, 2 months
after testing positive for SARS-CoV-2, was compared to an earlier
scan from the same individual from October 2020. Compared to
the prior scan, the binturong developed bilateral, multifocal, patchy

linear unstructured interstitial patterns within all lung lobes; the pul-
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monary infiltrates were predominantly peripheral in location in both
the dependent and non-dependent portions of the lungs (Figure 4).

3.5 | Human SARS-CoV-2 infection

A single, fully vaccinated animal care staff employee tested positive
by RT-PCR concurrently with mild clinical signs (headache and cough)
on 27 September 2021. This person had been off-site for over a week
until the morning of 23 September, worked with affected animals on
25 September and 26 September, and then off-site again. The same ani-
mal care staff employee tested positive by arapid SARS-COV-2 antigen
test (LumiraDX SARS-COV-2 Rapid Result Antigen Test) on 29 Septem-
ber, and was sampled again on 1 October, testing positive by RT-PCR
by IDPH on 4 October 2021. The animal care staff employee remained
off-site per IDPH and CZS health and safety protocols, consistent with
CDC recommendations at the time. Following confirmation of a pos-
itive animal (5 days after signs in first positive tiger), a total of 30
employees were tested: 18 from zoo veterinary services (VS) staff,
eight animal care staff from the affected area, and four from zoo nutri-
tion services. A second round of onsite employee testing took place 3
days later, where 13 VS staff were tested. All animal care staff were
tested a second time by RT-PCR at an IDPH site. All employees tested
negative with either rapid test and/or RT-PCR, except the first person
tested.

3.6 | Genomic sequencing of SARS-CoV-2 isolates
Six complete genome sequences of animal SARS-CoV-2
isolates (hCoV-19/fishing_cat/USA/IL-21-029527-002, hCoV-
19/binturong/USA/IL-21-029528-001,  hCoV-19/tiger/USA/IL-21-
028948-002/2021, hCoV-19/snow_leopard/USA/IL-21-029401-002,
hCoV-19/snow_leopard/USA/IL-21-029401-007, and hCoV-
19/lion/USA/IL-21-029401-005) and one partial genome
hCoV-19/tiger/USA/IL-21-40753 (the same sample with hCoV-
19/tiger/USA/IL-21-028948-002/2021) with complete spike and
ORF3a genes were obtained. Sequence analysis showed the six
animal SARS-CoV-2 strains were delta variants and closely related
with each other (99.9%-100% nucleotide identity in the com-
plete genome and only 1-4 nucleotide differences between them)
(Figure 5). These strains shared the highest nucleotide identi-
ties 99.9% with 18 human SARS-CoV-2 clonal strains from 10
states circulating in the period from July to September including
hCoV/human/USA/IN-CDC-STM-000721646/2021. Compared to
hCoV/human/USA/IN-CDC-STM-000721646/2021, the tiger and
snow leopard strains had only 2-3 nucleotide differences, and fishing
cat, binturong, and lion strains had 4 nucleotide differences. In both S
and E genes, there was one synonymous change each (C21595T and
C26458T, respectively) between all six animal and human isolates,
while four nonsynonymous changes with three isolates in the ORF1ab
(fishing cat strain: C5850A [Pro to His] and G15380T [Ser to lle],
binturong strain: T5571C [Met to Thr]) and 1 in N gene (lion strain:
G28349T [Gly to Val]).
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FIGURE 4 Imaging of a binturong prior to and after SARS-CoV-2 infection. Computed tomography of a female binturong (Arctictis binturong) 1
year before (a, b) and 2 months post (c, d) SARS-CoV-2 infection at the Chicago Zoological Society’s Brookfield Zoo in 2021. Comparison images at
similar locations at two time points; the white chevrons highlight areas of peripheral linear unstructured interstitial pattern.
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hCoV/human/USA/IN-CDC-STM-000721646/2021-OL526659

FIGURE 5 Complete genome comparison of six zoo SARS-CoV-2 strains from this study using the closest human strain
(hCoV/human/USA/IN-CDC-STM-000721646/2021, GenBank accession number: OL526659) as a reference. Two to four nucleotide differences
observed in them.

These data strongly suggest that a single introduction contributed genome (Figure 6). On the spike tree, the six Illinois zoo animal iso-
to the outbreak with potential human-to-animal transmission. Phylo- lates are related with several animal isolates and the human isolates
genetic analysis of Delta variants detected in different hosts showed (Figure 7).

that six isolates from the present study formed a small cluster and

closely related with five animal isolates (hCoV-19/cat/USA/IN-21-

032644-001/2021, hCoV-19/tiger/USA/NE-21-034299-001/2021, 3.7 | Disease surveillance
hCoV-19/dog/USA/OH-OSU-0508-031718/2021, hCoV-19/lion/

USA/UT-21-031970-001/2021, and hCoV-19/tiger/USA/CA-21- Gross and histologic findings in wild raccoons were similar to findings
032685-002/2021) as well as those 18 human isolates in the complete in wild raccoons from this region and in the literature (Church et al.,
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FIGURE 6 Phylogenetic tree analysis of complete genome of SARS-CoV-2 Delta variants including six zoo animal strains, 18 human strains
from the United States, and the original Wuhan human strain (Wuhan-Hu-1)

2018). There were no lesions suggestive of SARS-CoV-2 pneumonia. 3.8 | SARS-CoV-2 dynamics
Four raccoons had a bronchopneumonia with intralesional inclusions

and viral antigen consistent with canine distemper virus infection. Lung We estimated that the three infected snow leopards had higher peak
was submitted for SARS-CoV-2 RT-PCR and was negative in all cases. viral loads and longer periods of viral shedding than other animals. The
No lesions were noted in other sections of the respiratory tract or in clearance rates (i.e. the rate of viral decline after peak viral load) are

the heart. similar across different animal groups (Figure 8), and their values are
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FIGURE 7 Phylogenetic tree analysis of spike gene of SARS-CoV-2 Delta variants including six zoo animal strains, 18 human strains from the
United States, and the original Wuhan human strain (Wuhan-Hu-1)
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Individual host response in zoological animals with SARS-CoV-2. Fitting results of the viral dynamic model (lines) to data (dots) in

12 carnivores detected with SARS-CoV-2 at the Chicago Zoological Society’s Brookfield Zoo in 2021. Open circles denote censored data (i.e. viral

load below the limit of detection, black dashed lines)

similar to those estimated from humans (Ke, Martinez, et al., 2021; Ke,
Zitmann, et al., 2021). Overall, the viral dynamics in these animals are
similar to those seen in humans (Ke, Martinez, et al., 2021; Woélfel et al.,
2020).

4 | DISCUSSION
Since the start of the SARS-CoV-2 pandemic, millions of human infec-
tions and deaths have been observed (World Health Organization,
2020). In addition to humans, SARS-CoV-2 has been detected in 17 dif-
ferent animal species of three different animal orders (i.e. Carnivora,
Artiodactyla, and Primates) (do Vale et al., 2021) (Figure 9). To date,
SARS-CoV-2 has been reported in 14 carnivore species of six families,
including Felidae (cat, tiger, lion, snow leopard, cougar, lynx, and fishing
cat), Viverridae (binturong), Hyaenidae (hyena), Canidae (dog), Mustel-
idae (mink, otter, and ferret), and Procyonidae (coati), whereas the virus
has been reported in only two families of the order Artiodactyla (i.e.
Cervidae and Hippopotamidae) and one family of the order Primate
(i.e. Hominidae) (do Vale et al., 2021) (Figure 9; Hale et al., 2021; U.S.
Department of Agriculture, 2022). The present study is the first report
of SARS-CoV-2 in three new species: Prionailurus viverrinus (fishing cat),
Arctictis binturong (binturong), and Nasua nasua (coati). These species
represent three taxonomic families, two of which are new families
(Viverridae and Procyonidae) to be reported with SARS-CoV-2.
Clinical and subclinical disease has been reported in humans
(Tajbakhsh et al., 2021; Taleghani & Taghipour, 2020; Hu et al., 2021)

and zoo-maintained felids (McAloose et al., 2020; Mitchell et al., 2021).
In the current report, clinical signs were rare and mild to moderate
in all cases. Supportive care (anti-nausea medications [n = 4], short-
term dexamethasone [n = 1]) was administered in four animals, but
no treatments were used in the other eight positive animals. Animals
with clinical signs shed virus longer than animals without clinical signs,
which can be used to help guide appropriate duration of faecal monitor-
ing during future outbreaks. A single female binturong was identified
with SARS-CoV-2 with no clinical signs during the initial outbreak, but
CT imaging showed evidence of chronic pulmonary disease 3 months
after testing positive. Linear opacities within the lungs in humans are
commonly observed with SARS-CoV-2 infections, but gradually resolve
following a peak appearance of lesions at 10 days (Fields et al., 2021;
Salehi et al., 2020). It is possible that the lesions observed on CT of the
positive binturong were due to causes other than SARS-CoV-2 qRT-
PCR, but no other clinical features of pneumonia were observed in
this animal. There is a paucity of imaging studies in zoo-maintained
species with SARS-CoV-2, but opportunities to image animals at var-
ious stages of infection may help to determine likelihood of acute or
chronic diseases associated with SARS-CoV-2.

In the past 2 years, SARS-CoV-2 has continually evolved in humans
and several variants have emerged. Since most animal SARS-CoV-
2 cases were presumed to be due to human-to-animal transmission
events (Ekstrand et al., 2021; Garigliany et al., 2020; Jo et al., 2020;
McAloose et al., 2020; Miro et al., 2021; Prince et al., 2021; Racnik
et al,, 2021), SARS-CoV-2 strains detected in animals also are likely

to change over time. Highlighting this reverse zoonosis, animal SARS-
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FIGURE 9 Current taxonomic diversity of wildlife detected with SARS-CoV-2. The diagram shows 17 animal species tested positive for
SARS-CoV-2 within three animal orders Carnivora, Artiodactyla, and Primates. Information on order, suborder, and family of these animal species
is listed. In the present study, three new animal species tested positive for SARS-CoV-2 and they are highlighted with a red colour frame; the other
three animal species that tested positive are highlighted with an aqua colour frame.

CoV-2 strains and variants have mirrored those within the human animals including the Alpha variant in domestic dogs and cats in the
population. In 2020, non-variant strains had been detected in tigers United Kingdom (Ferasin et al., 2021), tigers and lions at the Prague
and lions at the Bronx Zoo (B lineage in lion and B.1 lineage in tigers) Zoo inthe Czech Republic, and tigers at the Virginia Zoo (Mitchell et al.,
and in atiger at a zoo in Tennessee (B.1.2 lineage) (Bartlett et al., 2021; 2021) and the Delta variant in 14 animal species, including the current

Cushing et al., 2021). In contrast, in 2021 variants were detected in report (cat, dog, mink, gorilla, hyena, hippopotamus, ferret, tiger, lion,
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snow leopard, otter, binturong, fishing cat, and coatimundi) in Belgium,
India, Japan, Netherlands, Poland, Singapore, South Africa, Thailand,
and the United States (U.S. Department of Agriculture, 2022). In the
United States, the Delta variant was detected in animals of multiple U.S.
states (World Health Organization, 2020). Overall, these data suggest
that the Delta variant has a higher transmissibility than other vari-
ants in animals, similar to transmission characteristics in humans. Since
this outbreak occurred, the Omicron variant emerged and has shown
increased transmissibility in humans, but no zoological cases have been
confirmed.

In the present study, we report a SARS-CoV-2 outbreak in 12 zoo
animals representing six animal species. Similar to previous studies,
these zoo animals had variable shedding periods ranging from 2 to
29 days (Bartlett et al., 2021; Cushing et al., 2021; Fernandez-Bellon
et al,, 2021). Many of the animals in the reported outbreak had no viral
detection past 20 days, but viral RNA was detectable in some animals
up to 53 days after the outbreak started. Faecal sampling is a non-
invasive detection method that has been used in humans (Zheng et al.,
2020) and felids (Cushing et al., 2021). In humans, it has been observed
that faecal shedding persists longer than oro/nasopharyngeal shedding
(Wanget al., 2020; Xing et al., 2020; Zheng et al., 2020). In some human
cases, faecal samples are positive even when oro/nasopharyngeal sam-
ples are not (Xing et al., 2020). Further studies have shown 100%
agreement of faecal and oro/nasopharyngeal samples (Jeong et al.,
2020). ACE2 receptors are positively expressed in enterocytes and
thus it seems plausible that faecal detection is a sensitive method of
diagnosis for systemic infections (Xiao et al., 2020). In humans, fae-
cal samples peak 2-3 weeks after peak in oro/nasopharyngeal samples
(Wang et al., 2020; Xing et al., 2020). If carnivores follow a similar
pattern, then the original exposure in these cats occurred in early to
mid-September. A diagnostic advantage of gRT-PCR is relative quan-
tification, and Cy (cycle threshold) values greater than 34 have been
determined to be non-contagious in humans (La Scola et al., 2020). If
a similar pattern exists in carnivores, then many of the animals in this
report had cleared the contagious stage of the infection by 8 Octo-
ber (~14 days after first detection). A single lion had Cy values below
30 during clinical disease, then >35 for several days, and finally <33
for several days through the 20 October. In humans, live virus has not
been considered likely past day 8 based on Cy values, but it seems
that carnivores, and lions in particular, may be contagious for much
longer (La Scola et al., 2020). Severity of infection has been linked to
shedding intensity (Ct) and duration in humans (Magleby et al., 2021,
Zheng et al., 2020). Both lions, a female tiger, and a male snow leop-
ard had the most significant clinical signs, but only the snow leopards
were observed with statistically higher viral loads. Unfortunately, fae-
cal surveillance was not performed prior to the outbreak, so the exact
timing and intensity of the current outbreak is unknown, thusit is possi-
ble that the tiger and lions had higher viral loads prior to detection. This
seems unlikely based on the timing of clinical signs but cannot be ruled
out. Strategic surveillance in zoological institutions may be warranted
to better characterize the epidemiology in susceptible animals.

Unlike other reported cases in zoos, all animals in the affected habi-

tat had been vaccinated with only a single dose of a recombinant
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vaccine. It is possible that immune responses induced by the first dose
might be not high enough to protect animals against SARS-CoV-2, but
somewhat lessened the severity of clinical disease. Specifically, snow
leopards have been observed with the greatest mortality across North
American and European zoos (Allender, personal observation). In the
outbreak discussed here, snow leopards had the highest viral load, but
clinical signs were not severe enough to be life-threatening. Follow-
ing resolution of both clinical signs and qRT-PCR detection, infected
animals were vaccinated with a full two-dose vaccine series, thus 12
individuals received three doses of the vaccine. Clinical signs during
the outbreak were less severe and shorter in duration in both coati
and binturong; it is unclear if this was due to differences in species sus-
ceptibility based on ACE2 receptor sequence (Ekstrand et al., 2021) or
individual immune response due to either vaccine or exposure. In addi-
tion, several other species including sloth bears, meerkats, bat-eared
fox, and naked mole rats were near or adjacent to infected animals,
but did not test positive for viral RNA nor show any clinical signs.
The absence of detection in these species is important in understand-
ing the epidemiology of this virus across taxa. It has been proposed
that the greatest susceptibility is in primates, followed closely by car-
nivores and cetaceans based on ACE2 receptor similarity to humans
(Martinez-Hernandez et al., 2020), thus it is not surprising carnivores
were detected as SARS-CoV-2 positive during this outbreak, but some-
what interesting that carnivore members of the Ursidae family were
not detected with the virus at any point. There are no primates in the
affected building to help assess comparative susceptibility, but no pri-
mate at CZS has been detected with SARS-CoV-2 despite extensive
sampling. All animals in the affected habitat were potentially exposed
to virus because viral RNA was detected in two air handlers collecting
circulating air from the building. Aerosolized SARS-CoV-2 has proven
to be poorly recovered from hospitals, even when directly sampled in
positive patient hospital rooms (Lane et al., 2021; Mallach et al., 2021).
It is interesting to note that RNA was detected in the habitat only on
the intake side of the filter and not on the outflow side, indicating that
despite viral particles possibly making it to the air handler, it was not
being recirculated. Air filters were not changed during the outbreak
due to unknown human safety considerations, but resumed as normal
in November 2021. In the 3 months following the outbreak, no animal
tested positive despite twice weekly sampling. Human re-infections
have been documented as soon as 60 days after initial infection, but
it is unknown if carnivores may get re-infected or when the earli-
est possible time for reinfection would be. Additional surveillance is
needed to identify intermittent or recurrent shedding of SARS-CoV-2
in carnivores.

The six animal SARS-CoV-2 strains in this study were closely related
with 18 human strains (99.9% identity), with 4-nucleotide differences
at most. In fact, the sequence of the positive sample collected from a
zoo animal care staff employee was genotyped as the Delta subvariant
AY.25 lineage but not included in the analysis due to the low quality.
Based on the timing of the keeper’s work schedule, infection to or from
the keeper seems unlikely. Overall, these data strongly suggest human-
to-animal transmission events might have occurred in this outbreak.

The public walkway of the enclosure building was open to the public
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at the start of the outbreak and thus the possibility that a member of
the public transmitted the initial infection to a zoo animal cannot be
dismissed. The only access that members of the public had to the first
case (tiger) was outdoor viewing and transmission seems unlikely. It is
possible that a member of the public transmitted the infection to an
indoor animal and then animal-to-animal transmission events occurred
throughout the building, but no genetic or epidemiologic evidence sup-
ports this because members of the public were not sampled at the zoo.
The lack of regular testing of staff and animals prior to the outbreak
precludes any definitive source determination.

In summary, our study is the first report of SARS-CoV-2 infection
in three animal species (Prionailurus viverrinus, fishing cat; Arctictis bin-
turong, binturong; and Nasua nasua, coati) as well as the first report
in two families (Procyonidae and Viverridae) that occurred during an
outbreak of the SARS-CoV-2 Delta variant among six species man-
aged in a zoological institution in lllinois in 2021. Although these
animals were partially immunized with COVID-19 vaccine, it is diffi-
cult to evaluate the vaccine efficacy. Zoological institutions play key
roles in conservation worldwide; and SARS-CoV-2 not only threat-
ens individual health as identified in this report, but also negatively
affects conservation efforts in the field (Fine et al., 2022). It is impera-
tive to continue to use evidence-based decision-making to improve the
welfare of zoo-maintained and free-living wildlife during the ongoing

pandemic.
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