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Widespread exposure to SARS-CoV-2 in
wildlife communities

Amanda R. Goldberg 1, Kate E. Langwig 1, Katherine L. Brown 2,3,4,
Jeffrey M. Marano 5,6, Pallavi Rai5, Kelsie M. King7, Amanda K. Sharp7,
Alessandro Ceci 4, Christopher D. Kailing1, Macy J. Kailing1, Russell Briggs4,
Matthew G. Urbano4, Clinton Roby4, Anne M. Brown 7,8,9,10,11,
James Weger-Lucarelli 3,5, Carla V. Finkielstein 1,2,3,4,10,11,12 &
Joseph R. Hoyt 1,12

Pervasive SARS-CoV-2 infections in humans have led to multiple transmission
events to animals. While SARS-CoV-2 has a potential broad wildlife host range,
most documented infections have been in captive animals and a single wildlife
species, the white-tailed deer. The full extent of SARS-CoV-2 exposure among
wildlife communities and the factors that influence wildlife transmission risk
remain unknown. We sampled 23 species of wildlife for SARS-CoV-2 and
examined the effects of urbanization and human use on seropositivity. Here,
we document positive detections of SARS-CoV-2 RNA in six species, including
the deer mouse, Virginia opossum, raccoon, groundhog, Eastern cottontail,
and Eastern red bat between May 2022–September 2023 across Virginia and
Washington, D.C., USA. In addition, we found that sites with high human
activity had three times higher seroprevalence than low human-use areas. We
obtained SARS-CoV-2 genomic sequences from nine individuals of six species
which were assigned to seven Pango lineages of the Omicron variant. The close
match to variants circulating in humans at the time suggests at least seven
recent human-to-animal transmission events. Our data support that exposure
to SARS-CoV-2 has been widespread in wildlife communities and suggests that
areas with high human activity may serve as points of contact for cross-species
transmission.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
the causative agent of coronavirus disease 2019 (COVID-19), has
resulted in over 771 million human cases and over six million
deaths worldwide1. As SARS-CoV-2 becomes endemic in humans,

one of the greatest threats to public health is the resurgence of
more virulent and transmissible variants. The considerable
pathogen pressure imposed by the pandemic has caused concern
as to whether SARS-CoV-2 will spill into wildlife populations,
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establish a sylvatic cycle, and potentially serve as a source for new
variants.

Transmission of SARS-CoV-2 to captive animals has been well
documented2–4, but detections in free-ranging wildlife are currently
limited to only a few species including white-tailed deer (Odocoileus
virginianus5–7), feral mink (Neovison vison8), and Eurasian river otters
(Lutra lutra9). Experimental infections and modeling of the functional
receptor for SARS-CoV-2 (angiotensin-converting enzyme 2: ACE2)
have shown that numerous wildlife species may be competent
hosts10–15. However, it remains unexplored whether a diversity of
wildlife species are infected in natural settings, where exposure to
SARS-CoV-2 is likely to be indirect and at a lower exposure dose.

Since the emergence of SARS-CoV-2 in 2019, numerous variants
have been detected in humans and animals. Many variants that have
become dominant have mutations that increase their infectivity in
humans16, and may also impact the virus’s ability to infect new wild-
life species. SARS-CoV-2 collected from white-tailed deer have
included lineages circulating in humans, caused by human-to-deer
transmission5, but have also included lineages with unique mutations
suggestive of deer-to-deer transmission17. This implies that only
minimal adaptation may be needed for transmission to occur among
deer following initial human-to-animal transmission events18. Other
human peridomestic species, such as deer mice (Peromyscus
maniculatus)12,13 and skunks (Mephitis mephitis)14 have been shown to
be capable of viral shedding in laboratory settings11. Collectively,
these studies raise important questions about the extent of human-
to-wildlife transmission and the ability of other wildlife species to
sustain transmission.

Establishment of SARS-CoV-2 infections in wildlife communities
could result in novel mutations that increase virulence, transmissi-
bility, or confer immune escape, negatively impacting both human and
wildlife populations. Furthermore, as SARS-CoV-2 adapts to not only
human hosts, but potentially a wide diversity of wildlife species, SARS-
CoV-2 evolution may become more unpredictable19. This could present
several challenges for human health, including concerns related to
vaccine development targeting human-specific lineages, and novel
impacts to pathogenicity and transmissibility of the virus.

Here, we examine how widespread SARS-CoV-2 exposure has
been in wildlife communities between May 2022 and September 2023.
We used quantitative reverse transcription polymerase chain reaction
(RT-qPCR) to examine 789 nasopharyngeal/oropharyngeal samples
from 23 species sampled across Virginia and Washington D.C., USA and
documented the presence of SARS-CoV-2 RNA in six of these species.
In addition, we analyzed 126 serum samples from six species collected
before and after the arrival of SARS-CoV-2 and detected neutralizing
antibody titers in five of the six species. Finally, we detected an effect
of urbanization and human use on seropositivity in animals, and
examined genomic data associated with positive samples.

Results
SARS-CoV-2 RNA detections in multiple species
We amplified SARS-CoV-2 RNA extracted from nasopharyngeal/oro-
pharyngeal samples by RT-qPCR from six of the 23 species examined
(26.1% of species sampled) and had a total of 23 unique individual
animals that were positive (2.9% of samples tested; n = 789; Fig. 1a, b,
Supplementary Tables 1–3, Supplementary Data 1). This included eight
deer mice (P. maniculatus; 4.7%, N = 172), four Virginia opossums
(Didelphis virginiana; 2.9%, N = 140), four raccoons (Procyon lotor;
4.8%, N = 84), three Eastern cottontail rabbits (Sylvilagus floridanus;
2.5%, N = 118), three groundhogs (Marmota monax; 9.7%, N = 31), and
one Eastern red bat (Lasiurus borealis; 8.3%, N = 12) (Fig. 1b). We had
slightly higher positivity rates in field collected samples compared to
samples collected at wildlife rehabilitation centers (4.04% compared
to 2.24%), which may reflect repeated sampling of wildlife at a site
during a SARS-CoV-2 outbreak.

SARS-CoV-2 neutralizing antibodies in mammal communities
We detected SARS-CoV-2 antibodies in five of the six species we
collected serum samples from in 2022 (60% neutralization cutoff,
Fig. 1c, d and Supplementary Data 2), including the Virginia
opossum (37.5%, N = 8), raccoon (36.4%, N = 11), Eastern gray
squirrel (Sciurus carolinensis; 57.1%, N = 7), white-footed mouse
(Peromyscus leucopus; 16.7%, N = 6) and the deer mouse (7.1%,
N = 14). Percent neutralization values from samples prior to the
arrival of SARS-CoV-2 (pre-2020) were significantly lower than
those collected after SARS-CoV-2 arrival (t = −10.774, p < 0.001,
Fig. 1d). Furthermore, four samples (two raccoons, one opossum,
and one white-footed mouse) had a percent neutralization above
a more conservative 80% cut-off, further supporting that previous
SARS-CoV-2 exposure is likely in these species (Fig. 1d). In 2022,
an opossum with a positive detection was trapped one month
later and collected serum revealed a percent neutralization value
of 51.1% which was below our 60% cutoff, suggesting this cutoff
may be too conservative for some species.

We found a positive relationship between urbanization (imper-
viousness) and wildlife seroprevalence (intercept: −1.665 ± 0.48 SE,
urbanization slope 0.039 ± 0.02 SE, p = 0.031, Fig. 2a, b). However,
antibody detections were highest (80%, N = 5) at one of the least urban
sites, which is a highly visited state park (average imperviousness 1.5%),
and more closely matched seroprevalence at our more urbanized sites
(50%, N = 10 and 33%, N = 12). Human visitation at the state park was
similar to human activity in urbanized sites (Fig. 2c), and we found a
positive relationship between human presence and seroprevalence of
SARS-CoV-2 (univariate linear mixed model with species as a random
effect; intercept: -1.132 ± 0.36 SE, human presence coeff: 0.705 ± 0.35
SE, p = 0.044; Fig. 2c, Supplementary Fig. 1). This relationship was
maintained across different neutralization cutoffs (40–65%; Supple-
mentary Tables 4 and 5).

Whole genome sequencing from nasal and oropharyngeal swabs
SARS-CoV-2 sequences were obtained for 12 of the 23 RNA positive
samples (Fig. 3, Supplementary Figs. 2–9, Supplementary
Tables 2 and 3) and Pango lineages were determined for nine total
individuals (39.1%; Supplementary Table 2). The SARS-CoV-2 sequence
from an opossum trapped in 2022 was assigned to BA.2.10.1 (opossum,
N = 1) and shared defining mutations in ORF1a/b, S, E, and M genes
found in the BA.2 Omicron lineage (Fig. 3b and Supplementary
Fig. 2 and 11). All eight sequences collected in 2023 were assigned to
the XBB* Pango lineages (Supplementary Figs. 3–9, Supplementary
Table 2). These lineages were circulating among humans in Virginia
during the time of collection (Fig. 3a). The lineages of the sequences
obtained from wildlife included XBB (deer mouse, N = 1; Supplemen-
tary Fig. 3), XBB.1.5 (raccoon, N = 1; Supplementary Fig. 4), XBB.1.5.10
(opossum N = 1; Supplementary Fig. 5), XBB.1.16 (Eastern cottontail,
N = 1; Supplementary Fig. 6), XBB.1.5.45 (groundhog, N = 1; Supple-
mentary Fig. 7), EG.5.1.1 (deer mouse, N = 2; Supplementary Fig. 8), and
JD.1 (deer mouse, N = 1; Supplementary Fig. 9). The remaining three
sequences included two from Eastern red bats and one from a deer
mouse, which were generated using amplicon sequencing of the S
gene. These matched the SARS-CoV-2 reference sequence (Supple-
mentary Table 3) with 95–100% identity but were at insufficient length
for phylogenetic analysis and lineage assignment.

The relative similarity of the sequences obtained from wild ani-
mals compared to the closest sequences obtained from humans
(Supplementary Table 2) suggest recent introductions of these SARS-
CoV-2 lineages into wildlife with at least seven independent introduc-
tions of SARS-CoV-2 over a several month period. Interestingly, two
sequences from the same lineage (EG.5.1.1) were collected from deer
mice on the same day and location (site = PP; Fig. 3 and Supplementary
Fig. 8). These two sequences clustered together along with a sequence
collected from an infected human in Vienna, Virginia (~330 km
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