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2 years with over 530 million confirmed cases and 6 million 
deaths worldwide [WHO].

India experienced huge losses, with the second largest 
number of total cases and deaths among all the countries 
worldwide [WHO]. There is still a threat of emergence of 
another variant of the virus. SARS-CoV-2 shares 96.2% 
overall genome sequence identity of with a bat coronavirus 
(BatCoV RaTG13), indicating a possible origin from bats 
[1]. Although SARS-CoV-2 also shares a high degree of 
sequence similarity with pangolin coronavirus, phylogenetic 
analysis does not support the hypothesis that SARS-CoV-2 
originated from pangolin coronavirus [2]. SARS-CoV-2 
uses angiotensin converting enzyme 2 (ACE2) as a receptor 
for entry into cells, suggesting a broad host range [1, 3, 4]. 
The ACE2 gene is highly conserved, with a high degree of 
amino acid sequence similarity among different species of 
mammals [3]. Cat and tiger ACE2 orthologs differ from the 
human ACE2 by only 14.2 and 13.8%, respectively. It has 
also been shown that both of these orthologs can form stable 
interactions with the receptor-binding domain (RBD) of the 
spike protein of SARS-CoV-2 [4]. The first case of natural 
infection of a domestic cat with SARS-CoV-2 was reported 
in Belgium in March 2020 [5]. Since then, there have been 
many other reports of SARS-CoV-2 infections in domestic 
cats [6, 7] as well as in wild feline species throughout the 
world [8, 9].

A novel coronavirus emerged in Wuhan province of China 
during early 2020, which was later named severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2). This 
virus went on to cause a global pandemic that lasted almost 
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Abstract
We report a high rate of seropositivity against SARS-CoV-2 in wild felines in India. Seropositivity was determined by 
microneutralization and plaque reduction neutralization assays in captive Asiatic lions, leopards, and Bengal tigers. The 
rate of seropositivity was positively correlated with that of the incidence in humans, suggesting the occurrence of large 
spillover events.
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India is a country with a rich natural heritage and a high 
level of biodiversity. The country is home to the largest 
number of wild feline species in the world. Due to con-
tinuous deforestation and an expanding human population, 
there are increasing interactions between wild animals and 
humans in India. With over 43 million cases of COVID-19, 
there are many opportunities for spillover of SARS-CoV-2 
from humans to animals. Despite this, only four incidences 
of natural infection of Asiatic lions (Panthera leo persica) 
with SARS-CoV-2 have been documented, and all of them 
were in captive animals in zoos or parks [10, 11]. Only one 
incidence was reported in a free-ranging leopard (Panthera 
pardus fusca) in India [12]. The low incidence in wild and 
domestic felines could be due to limited testing and the 
lack of major clinical signs [13], causing infections to go 
unnoticed.

Here, we performed a systematic study to investigate the 
serological prevalence of SARS-CoV-2 in wild feline spe-
cies in India. The three most common wild feline species 
of India – Asiatic lions, Bengal tigers, and leopards – were 
studied. As per the most recent census, the total population 
of Asiatic lions, Bengal tigers, and leopards in the country is 
674, 2,967, and 12,852, respectively.

Sampling was conducted between March 2020 and Octo-
ber 2021. Samples were collected from wildlife sanctuaries, 
zoos, and national parks covering eight states of the country 
and submitted to the Center for Wildlife Conservation Man-
agement and Disease Surveillance, ICAR-Indian Veteri-
nary Research Institute, Izatnagar UP India. Serum samples 
(n = 320) were collected and submitted in duplicate. These 
samples included 126 from leopards, 96 from Asiatic lions, 
and 98 from Bengal tigers. In addition, serum samples from 
leopards (n = 30) that were collected before the COVID-19 
pandemic were used as negative controls. Serum samples 
collected from domestic cats (n = 21) with confirmed feline 
infectious peritonitis infection were also included in the 
panel to exclude the possibility of cross-neutralization. 
Similarly, 40 samples from members of the family Cervi-
dae (spotted deer [Axis axis] and swamp deer [Rucervus 
duvaucelii]) and 24 samples from Indian elephants (Elephas 
indicus maximus) that were collected during the pandemic 
were also included in this study.

All of the samples were processed in the biosafety level 
3 facility of the ICAR-Indian Veterinary Research Institute, 
following institute biosafety guidelines, and they were han-
dled by trained personnel only.

A wild-type virus isolate of SARS-CoV-2 (SARS-CoV-2/
human/IND/CAD1339/2020) (GenBank accession number 
MZ203529) was propagated in Vero cells. Clarified cell cul-
ture supernatant was titrated to determine the 50% tissue 
culture infective dose (TCID50).

A microneutralization assay was performed as described 
previously [14, 15]. Briefly, serum samples were heat-inac-
tivated at 56°C for 30 minutes, followed by serial twofold 
dilution (starting from 1:16) in Dulbecco’s modified Eagle 
medium containing 2% fetal bovine serum. Single-use vials 
of the virus were thawed, and the dilutions were then incu-
bated with an equal volume of 100 TCID50 SARS-CoV-2 
for 1 h at 37°C. One hundred µL of this virus-antibody mix-
ture was then transferred in triplicate to 96-well cell culture 
plates containing 2 × 104 Vero cells per well. The plates 
were then incubated at 37°C with 5% CO2 for 72 hours. 
The following controls were also included in the test: (1) 
back-titration (virus + cells), (2) uninoculated cells, and (3) 
negative control (samples collected before the pandemic). 
The plates were observed daily for 3 days for the appear-
ance of a cytopathic effect (CPE) (Supplementary Fig. S1), 
and the endpoint titer was calculated using the Reed and 
Muench method [16]. The highest serum dilution that could 
protect > 90% of the cells from CPE was considered the neu-
tralizing titer. The titer was expressed as the log of the recip-
rocal of the dilution in the range of < 1.5, 1.8, 2.1, and > 2.4.

All of the samples that gave a positive result in the micro-
neutralization test were tested further using a plaque-reduc-
tion neutralization test (PRNT) as described previously 
[17]. The assay was performed in duplicate using 24-well 
tissue culture plates. A serial dilution of each serum was 
incubated with 30–40 plaque-forming units of the virus for 
1 h at 37°C. The virus-serum mixtures were then added to 
a pre-formed Vero cell monolayer (maintained in DMEM 
with 2% FBS) and incubated for 1 h at 37°C in a 5% CO2 
incubator. The cell monolayer was then overlaid with 1% 
agar in cell culture medium and incubated for 72 hours, 
after which the plates were fixed and stained as described 
previously [17]. Antibody titers were defined as the highest 
serum dilution that resulted in ≥ 90% (PRNT90) reduction in 
the number of virus plaques.

In total, 48 out of 320 serum samples (15% with CI 
11.09–18.91% at 95% accuracy level) showed the presence 
of SARS-CoV-2 neutralizing antibodies with titers ranging 
from 2.1 to > 2.4 (Supplementary Table S1). Out of these 48 
samples, 24 were from lions, 14 samples were from tigers, 
and 10 were from leopards (Table 1). Two lions from Etawah 
Lion Safari, Uttar Pradesh, India, that were confirmed to 
be positive for SARS-CoV-2 by RT-PCR on 30 April 2021 
[10] showed decreasing titers of neutralizing antibodies in 
consecutive months (> 2.4 in May 2021, 2.1 in June 2021, 
and 1.8 in July 2021). Similarly, another three samples from 
lions showed titres of > 2.4 in July 2021 and 2.1 in August 
2021. All 48 seropositive samples showed plaque reduction 
by a factor of > 90% when using 1:128-diluted serum in the 
PRNT assay, confirming the specificity of the antibodies 
against SARS-CoV-2.
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Serum samples collected from domestic cats that were 
confirmed to be infected with feline coronavirus did not 
show the presence of neutralizing antibodies against SARS-
CoV-2, indicating that there was no cross-neutralization 
reaction with SARS-CoV-2. All of the samples collected 
from leopards before the pandemic tested negative for 
neutralizing antibodies. Similarly, samples collected from 
spotted deer, swamp deer, and Indian elephants during the 
pandemic were also negative.

Pet cats have been shown to be more susceptible to 
natural SARS-CoV-2 infection than other pet animals, but 
they exhibit milder clinical signs [18]. Malayan tigers and 
African lions that tested positive for SARS-CoV-2 in the 
Bronx Zoo, New York City, USA, showed respiratory signs 
including dry cough and inappetence [19]. An experimental 
infection study showed that cats are highly susceptible to 
this virus and have a long period of viral shedding, which 
increases the likelihood of direct-contact transmission of 
infection to other cats [13]. The same study also showed 
that cats are usually asymptomatic during the infection. 
These reports indicate a high probability of asymptomatic 
infections of feline species, which were not reported at that 
time. Seroprevalence studies have the advantage of detect-
ing infections even when the virus is no longer present.

Interactions between humans and wildlife are espe-
cially frequent in India. Although the number of COVID-
19 cases reported in wild animals was very low, the high 

seropositivity observed in wild felines (15%) indicates that 
spillover infections from humans to wildlife have gone 
undetected.

A high degree of association was observed between the 
temporal distribution of SARS-CoV-2 infections in humans 
in India and that of seropositivity in wild felines (Fig. 1). 
After the first wave of COVID-19, which peaked in the 
months of Aug-Sep 2020, two peaks of seropositivity in 
animals were observed in the months of Oct-Nov-2020 and 
March-April 2021. A very large second wave in humans 
was observed during the months of May and June 2021, fol-
lowed by a seropositivity peak in animals in the months of 
July and August 2021 (Fig. 1). Retrospectively, the first case 
of infection in our study dates back to October 2020, after 
the number of COVID 19 cases in humans peaked during 
the first wave in September 2020 (Fig. 1).

This retrospective study provides new information about 
the seropositivity of wild felines against SARS-CoV-2. 
Whether all of the positive animals acquired the infection 
from contact with infected humans cannot be determined. 
Collection of samples from free-ranging wild felines is dif-
ficult, and samples were therefore collected from captive 
animals in zoos, national parks, and wild safari parks. The 
probability of transmission of virus through contact with 
infected human handlers is very high in captive animals, 
and transmission from human was confirmed in the Bronx 
Zoo, New York City, USA [19]. A second route of infection 

Table 1 Number of serum samples collected each month from wild feline species from March 2020 to October 2021 and the number positive in 
the microneutralization assay. The seropositivity was rate was the highest in Asiatic lions.
Species Leopard Lion Tiger Total sam-

ples tested
Total 
positiveMonth Samples 

tested
Positive Samples 

tested
Positive Samples 

tested
Positive

Mar-20 4 0 3 0 4 0 11 0
Apr-20 3 0 4 0 3 0 10 0
May-20 4 0 5 0 4 0 13 0
Jun-20 4 0 3 0 4 0 11 0
Jul-20 5 0 0 0 0 0 5 0
Aug-20 6 0 6 0 5 0 17 0
Sep-20 7 0 4 0 6 0 17 0
Oct-20 7 2 4 2 6 0 21 4
Nov-20 8 0 4 2 5 0 19 2
Dec-20 6 0 5 0 3 0 14 0
Jan-21 6 0 6 0 4 0 16 0
Feb-21 4 0 6 0 6 0 16 0
Mar-21 9 2 4 4 6 2 25 8
Apr-21 9 1 4 3 6 0 23 4
May-21 9 0 7 2 5 0 23 2
Jun-21 8 2 6 2 8 1 26 5
Jul-21 8 2 6 4 6 4 26 10
Aug-21 9 1 8 5 7 7 30 13
Sep-21 4 0 6 0 4 0 14 0
Oct-21 6 0 5 0 6 0 17 0
Total 126 10 96 24 98 14 320 48
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were used to estimate seroprevalence, but, as mentioned 
above, the rate of decay of neutralizing antibodies is higher 
than that for total antibody titers against the S or N proteins. 
Hence, the positivity rate in this study might have been 
higher if a different assay had been used. In addition, other 
species might have also been positive for SARS-CoV-2 if 
total antibody titers had been measured.

So far, there have been no reports of animal-to-human 
transmission, but there is always this risk, as animals exhibit 
prolonged oral and nasal shedding of the virus [29]. In the 
future, if another such virus emerges, some preventive mea-
sures should be followed, such a suitable distance between 
infected humans and the animals, in order to protect these 
valuable animals. In conclusion, our study provides evi-
dence of SARS-CoV-2 infection in wild feline species in 
India. Further research is required to understand the dynam-
ics of transmission of the virus between humans and big 
cats.

Supplementary Information The online version contains 
supplementary material available at https://doi.org/10.1007/s00705-
023-05735-4.
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is through transmission from animal to animal. Although 
animals are kept in isolation in captivity, especially leop-
ards and tigers, which are solitary in nature, in contrast to 
lions, which are known to stay in groups, they still have a 
certain degree of freedom of movement, which may result 
in animal-to-animal transmission. Although domestic cats 
have been shown to transmit the virus via droplets to other 
cats [13, 20], it is not known whether the same applies to 
wild feline species. Visitors might have played a role in the 
spillover incidents, but during the period of sample collec-
tion, most of the facilities were closed to visitors due to the 
nationwide lockdown.

In one study, a seropositivity rate of 14.7% (15/102) was 
estimated in domestic cats in Wuhan province of China 
during the active phase of the outbreak [21]. Similarly, a 
study in France showed that about 23% of domestic cats 
had antibodies against SARS-CoV-2, suggesting a high fre-
quency of human-to-cat transmission [22]. In another study 
in Istanbul, Turkey, a seropositivity rate of 21.9% (34/155) 
was seen in the domestic cat population [23]. However, in a 
large-scale serological survey conducted in Germany, only 
0.69% (6/920) of cats showed seropositivity. However, dur-
ing the time period in which the samples were collected, the 
incidence of COVID-19 cases in Germany was also rather 
low (0.85%) [24].

Although the very few samples from deer species (n = 40) 
that were tested in this study were collected from only one 
location at only one time point, it is nevertheless interest-
ing that no seropositivity was observed despite the fact that 
SARS-CoV-2 has been detected in free-ranging white-tailed 
deer (Odocoileus virginianus) in the USA [25] and a high 
seropositivity rate of 40% was reported [26]. Antibodies 
against SARS-CoV-2 persist for only a very short time [27, 
28], and therefore, the time point of collection of samples 
is very important. In this study, neutralizing antibody titers 

Fig. 1 Temporal distribution of 
active human cases of COVID19 
in comparison to the estimated 
seropositivity in wild felines
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