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Domestic cats are susceptible to SARS-CoV-2 infection and can transmit the virus to other felines. A high number
of COVID-19 human cases within the military personnel and a high density of stray cats living close to soldiers
raised the need to perform active animal surveillance. We validated a novel quantitative serological microarray
for use in cats, that enables simultaneous detection of IgG and IgM responses; in addition, molecular genetic
SARS-CoV-2 detection was performed. Three out of 131 cats analyzed, showed IgG antibodies against SARS-CoV-

2 RBD and S2P (2.3 %). None of cats were positive for SARS-CoV-2 RNA by RT-PCR. SARS-CoV-2 infection rate in
soldiers ranged from 4.7 % to 16 % (average rate=8.9 %). Further investigations on a larger cohort are necessary,
in the light of the emerging new viral variants in other animal species and in humans.

1. Introduction

The human coronavirus disease 2019 (COVID-19) caused by the se-
vere acute respiratory syndrome Coronavirus 2 (SARS-CoV-2) has
already affected more than 486 million people and killing 6.1 million
humans worldwide (by the specified date of 3th April 2022) [1]. Israel
was severely affected by the pandemic with over 2.6 million cases
despite major efforts to control the outbreak. The close phylogenetic
relationship of SARS-CoV-2 to a coronavirus from bats (Rhinolophus
affinis) provides evidence that COVID-19 may have been caused by a
virus spillover from bats to humans [2] directly or through another in-
termediate host which is yet to be identified [3]. Although, at present,
the virus is transmitted almost exclusively from humans to humans,
there are several reports of reverse zoonotic events, involving trans-
mission from humans-to-dogs, humans-to-cats and humans-to-wild cats
[4-7]. Sustained natural transmission was documented in minks and in
white-tailed deer [8,9]. A human-to-animal and reverse animal to
human transmission pathway was documented in a mink farm in the
Netherlands, in Denmark [10,11] and in two independent
hamster-to-human transmission cycles in Hong Kong [12].
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Domestic cats are more susceptible to infection with SARS-CoV-2
than other domestic animals such as dogs, pigs, chickens and ducks
[13]. Experimentally infected cats with SARS-CoV-2 shed infectious
virus through oral, nasal and fecal secretions, with almost no clinical
signs, contrary to what was described in natural infected big cats [7] and
can spread the virus to other cats through respiratory droplet trans-
mission [13,14]. Natural infection with SARS-CoV-2 in cats was re-
ported in Spain, Italy, Netherlands, China, U.S.A, France, Belgium,
Germany, Brazil, Japan and Argentina [5,6,8,15-22]. Most of the
naturally infected cats acquired the infection from COVID-19 positive
humans in their households; however, a few stray cats from Spain and
Italy showed specific antibodies in sera proving that cat infection may
also occur outdoors [15,23].

Free roaming cats (FRC) in Israel are very abundant in urban loca-
tions and may impose a public human health hazard [24,25]; in military
bases encounters between FRC and soldiers in open spaces may occur,
despite a military law that prohibits contact between soldiers and
animals.

In order to control the dissemination of SARS-CoV-2 between sol-
diers, the army preventive medicine branch implemented a massive
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vaccination plan which resulted in more than 80 % of the soldiers
immunized, and regularly executes epidemiological investigations and
surveillance. In spite of the effort, 50,885 out of 100,000 of the military
personnel were tested positive for COVID-19 by the end of February
2022. A combination of a high number of human cases and a high
density of stray cats living in proximity with the soldiers, offers a unique
environment for human-to-animal transmission. In addition, the emer-
gence of variants (such Omicron) with ability to infect vaccinated
human individuals in white-tailed deer [26], raises the need to perform
active and passive surveillance in species of animals sensitive to viral
transmission under a “One Health” approach [27]. The objectives of this
study were to investigate natural infection of stray cats that live inside
military bases in Israel by analyzing the presence of SARS-CoV-2 RNA
and specific antibodies and to understand the epidemiological role cats
may play in this unique ecosystem.

2. Materials and methods
2.1. Study area, data collection and sampling

The study was conducted in 11 military bases with varying levels of
human COVID-19 incidence across Israel during February to July 2021.
The study group included 132 cats captured during ‘trap-neuter-vaccine-
return’ campaigns carried out to control stray cat populations. Cats were
anaesthetized with a combination of intramuscular ketamine (Clorke-
tam®, 5 mg/kg), xylazine (Chanazine®, 2 mg/kg) and butorphanol
(Butomidor®, 0.4 mg/kg). After the neuter surgery, the cats received
intramuscular dipyrone (Oftalgine® 20 mg/kg) and Amoxicillin
(Clamoxil® L.A 15 mg/kg). A full physical examination was performed
before the COVID-19 sampling and information regarding age, gender
and health condition was recorded for all the animals. Blood was
collected by venipuncture of the jugular vein into clot activator tubes for
serology. Oropharyngeal swabs were collected by inserting the swab
into the posterior pharynx and tonsillar areas. Nasal secretions were
collected by inserting a swab into both nostrils and rotating it to absorb
the nasal fluids. Rectal swabs were collected by inserting the swab 2 cm
past the anal verge and rotating it. After collection, each swab was
immersed in 3 ml viral transport medium (Biological Industries, Israel).

Sampling of animals for this study was approved by the Animal
Ethics Committee of the Israeli Ministry of Defense (approval number
09-2021).

Number of active-duty soldiers as well as COVID-19 annual and
monthly incidence in each military base were obtained from the clinical
report records of the information branch of the IDF medical corps, be-
tween May 2020 until May 2021. COVID-19 testing in soldiers during
the study period was performed when soldiers showed clinical signs or
were in close contact with a positive individual. Positive soldiers were
sent to a recovery center (‘The recovery village-Ashkelon’) and sus-
pected soldiers were quarantined in their homes.

2.2. Serological analysis

2.2.1. Microarray analysis

A quantitative multi-component serological array detecting simul-
taneously IgG and IgM targeting SARS-CoV-2 spike protein subunit 2
(S2P), receptor-binding domain (RBD) and nucleocapsid (N) developed
by Fisher et al., was standardized and validated for use in cat serological
surveillance [28]. SARS-CoV-2 recombinant proteins RBD, S2P, and N
were designed, expressed, and purified as described previously [29,30].
The array consisted of SARS CoV-2 pre-fusion stabilized spike (S2P),
RBD and N proteins, that were spotted (18 spots) on 16 sun-arrays
nitrocellulose-coated slides (Grace Bio Labs, GBL, Bend, OR) using a
non-contact Piezo dispensing microarray spotter (Scienion Inc., Berlin,
Germany). Slides were pre-blocked to avoid non-specific binding with
blocking buffer (0.1 % Tween 20, 3.3 % Bovine Serum Albumin (BSA) in
PBS) for 30 min at room temperature, washed (Tween 20 0.1 %, 5 % BSA

Comparative Immunology, Microbiology and Infectious Diseases 90-91 (2022) 101905

in PBS), dried and stored desiccated until use. Cats’ sera were diluted
(1:200) in array buffer (0.1 % Tween 20, 1 % BSA in PBS) and loaded
separately on one of 16 sub-arrays. Following an incubation of 30 min at
room temperature, the slides were washed twice with 100 pL of PBT
(Tween 20 0.1 % in PBS) and probed with goat anti-cat IgG coupled to
Alexa fluor® 647 conjugate (Jackson ImmunoResearch, USA) and goat
anti-cat IgM coupled with Fluorescein isothiocyanate conjugated (FITC)
(abcam, USA). Following an additional wash step, the resulting fluo-
rescent signal was scanned at two wavelengths (625, 470 nm) using a
SciReader FL2 system (Scienion Inc., Germany). The average median
fluorescent intensity (MFI) values for each antigen (18 spots) were
collected at different exposure times (6-400 ms) and recorded using
Scienion scan Array software (Scienion Inc., Germany). Calculated MFI
values (“raw crude") were generated from boxed values for each sample.
Each slide contains 16 sub-arrays, allowing analysis of up to 16 samples.
Three of these sub-arrays are dedicated to controls: SARS-CoV-2 positive
serum (P), negative control (naive pre-pandemic sera), and reagent
control (Blank), each loaded in a single sub-array spotted with recom-
binant S2P, RBD, and N. For the evaluation of seroconversion, we
determined several parameters of the multi-component array, including
acceptance ranges, linearity, lower limits of detection (LLOD) and
quantitation (LLOQ) following previous publication [28].

Cat control samples used for validation of the system were: two sera
samples of SPF (specific pathogen free) Israeli cats obtained before the
pandemic as negative controls, two positive feline coronavirus (FCoV)
sera tested for potential cross-reactive antibodies; two SARS-CoV-2-
naturally infected cats from Italy (University of Bari), 2 sentinel SARS-
CoV-2-infected cats from U.S.A (Kansas State University) and one
experimentally infected cat from U.S.A (Colorado State University) were
used as positive control.

2.2.2. FCoV ELISA

All seropositive samples for SARS-CoV-2 were tested for presence of
FCoV IgG antibodies using an ELISA commercial kit (Biogal, Israel)
following the instructions.

2.3. Polymerase chain reaction

RNA extraction and real-time PCR assays targeting the SARS-CoV-2 E
and N gene was performed as described previously [31]. The primers
and probes used are described in the appendix (material and methods
section).

2.4. Statistical analysis

The Pearson correlation coefficient was calculated to determine
correlation between COVID-19 in soldiers and number of soldiers; and
between MFI values of the different microarray antigen assays (S2P,
RBD and N). Statistical analysis was performed by using SPSS version 22
(IBM, USA).

3. Results
3.1. Sample and data collection

The study included samples of 132 stray cats (seventy male cats and
sixty-two females) from eleven military bases collected during February
to July 2021 (Table 1). In total, 360 swab

samples (120 nasal swabs, 120 oropharyngeal swabs and 120 rectal
swabs) and 131 serum samples were collected. One hundred and nine-
teen cats had both swab and serum samples, twelve cats had only serum
samples and one cat had only swab samples (Table 2).

Respiratory signs (nasal and/or ocular discharge) were observed in
six animals from five different locations (Table 1). The number of cats
trapped and sampled from each base ranged between 4 and 24 (Tables 2
and 3). Human annual COVID-19 incidence in the surveyed military
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Table 1
Number of cats sampled, collection time and presence of respiratory signs.
Location Date of sample Male Female Cats with
collection cats cats respiratory signs*
Glilot Feb-21 3 11 1
Tzrifin Mar/May-2021 6 12 1
Kfir Brigade Mar-2021 16 8 2
The recovery Apr-21 4 3 1
village-
Ashkelon
Re'im Camp May-21 15 9 0
Camp 80 May-21 4 5 1
Menashe Brigade May-21 2 4 0
Biranit May-21 4 0
Training base 1 Jun-21 11 1 0
officer school
Military collage Jul-21 1 3 0
Glilot
Jerusalem Jul-21 2 2 0

. .
Ocular or nasal secretions.

Table 2
Number and type of sample collected from cats in each location.

Location Serum  Swaps
name
Pharyngeal Nasal Rectal Total Total
swab swab swab swabs
Glilot 14 14 14 14 42 84
Tzrifin 18 10 10 10 30 60
Kfir Brigade 24 24 24 24 72 144
The recovery 7 7 7 7 21 42
village-
Ashkelon
Re'im Camp 23 24 24 24 72 144
Camp 80 9 9 9 9 27 54
Menashe 6 6 6 6 18 36
Brigade
Biranit 10 10 10 10 30 60
Training base 12 12 12 12 36 72
1 officer
school
Military 4 0 0 0 0 0
collage
Glilot
Jerusalem 4 4 4 4 12 24
Total 131 120 120 120 360 851
Table 3

Covid-19 incidence and rate of seropositive cats.

Location Human Covid-19 total nu. of  Seropositive cats
incidence (%) cats (%)
Glilot 8.9 14 0
Tzrifin 9.3 18 1 (5.5)
Kfir Brigade 16 24 0
The recovery village- ND 7 0
Ashkelon
Re'im Camp 6.2 24 2(8.3)
Camp 80 13.7 9 0
Menashe Brigade 4.9 6 0
Biranit 4.7 10 0
Training base 1 8.6 12 0
officer school
Military collage Glilot 9.8 4 0
Jerusalem 5.7 4 0

ND: Not determinable since all soldiers were COVID-19 recovery patients, thus it
was not possible to calculate the prevalence.

bases ranged between 4.7 % and 16 % (mean rate: 8.9%, SE=1.2) from
May 2020 until May 2021 (period that includes the first three waves of
COVID-19 in Israel) (Table 3). Monthly numbers of new cases per 1000
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soldiers are described in Figs. 1 and 2.
3.2. Polymerase chain reaction

All samples tested, including cats showing respiratory signs, were
negative for SARS-CoV-2 RNA by RT-PCR.

3.3. Microarray serological analysis

Results are presented as MFI, and the binding of each animal’s serum
antibodies (IgG and IgM) to all the spotted antigens is obtained simul-
taneously from a single subarray. All 5 positive control samples pre-
sented full IgG-specific seroconversion on all three antigens. In contrast,
IgM in two of the controls, reacted with none of the antigens, and thus,
IgM was not suitable as seroconversion indicator. The sensitivity of the
method, determined as a reaction with the full antigen panel, was 100 %
and 60 % for IgG and IgM respectively.

Both negative SPF cats tested negative for all IgG antigen panel. One
of the two FCoV control samples reacted with SARS-CoV-2 S2P and the N
antigen, showing cross-reaction. The second FCoV control sample
reacted with the N antigen. Altogether, despite some unspecific in-
teractions, none of the negative control samples (SPF cats and FCoV
samples) reacted with all three antigens (100 % specificity).

Since N showed non-specific results, with many cats expressing N
background signals that exceeded the determined LLOQ, it was not
considered as a parameter for positivity. MFI values of SARS-CoV-2 S2P
and RBD showed a strong correlation with each other (R=0.746,
p < 0.001); therefore, we defined a seropositive sample as any sample
being positive for both SARS-CoV-2 S2P and RBD. Following this crite-
rion, from a total of 131 cats tested against SARS-CoV-2 S2P, RBD and N
antigens, three cat samples (two males and one female) were positive by
SARS-CoV-2 S2P and RBD (2.3 %) (Table 3) and all tested negative for
FCoV ELISA. IgG MFI values against S2P, RBD and N antigens of the
controls and cohort samples, as well as LLOD and LLOQ values, are
described in the Apendix (results section Table A.1 and table A. 2).

Of the seropositive cats, two males belonged to Re'im camp and one
seropositive female cat belonged to the Tzrifin camp. All animals were
adults, with good physical condition and no visible respiratory signs.

3.4. Statistical analysis

No correlation was found between COVID-19 incidence and the
number of soldiers in each location (R=0.416, p = 0.231).

4. Discussion

In this study we evaluated the presence of SARS-CoV-2 RNA in cats
and modified a clinical serological assay [28] to detect antibodies
against SARS-CoV-2 in 131 stray cats living within the limits of 11 IDF
military bases. This is the first study to demonstrate natural exposure of
stray cats to SARS-CoV-2 in Israel and in a military environment
worldwide.

The quantitative multi-component serological microarray used in
this study employs an algorithm to calculate the exposure-induced
fluorescence, which is related to the serum’s antibodies concentration
and affinity against fixed SARS-CoV-2 antigens, enabling simultaneous
detection of IgG and IgM responses [28].

We defined seropositivity on the basis of the results of the SARS-CoV-
2 positive control samples obtained from infected cats in U.S.A and Italy.
Results indicate that IgG antibodies enable sensitive and specific
discrimination between negative and SARS-CoV-2 positive animals.
Analysis of positive animal samples showed seroconversion with all
array antigens. Some naive individuals had N background signals,
probably due to cross-reacting antibodies as a consequence of previous
exposure to circulating FCoV; therefore, N was discarded as a serologic
screening antigen. Although S2P showed cross-reaction with one of the
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Fig. 2. S2P and RBD MFI values of the samples and controls tested in the serological microarray. The red circle indicates the positive control sample of an
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from the cohort study. The blue circles indicate the negative samples. The parallel axis show the cutoff (LLOQ) of RBD and S2P. The unparallel axis show the

trend line.

FCoV control samples, it showed strong correlation with RBD (R=0.75,
p < 0.001); therefore, we defined seropositivity when both, the S2P and
RBD microarray results were positive. Afterwards, antibodies against
FCoV were excluded in SARS-CoV-2 seropositive samples by performing
an ELISA commercial test (Biogal, Israel). IgM did not react with any of
the microarray antigens in two of the positive controls. In a previous
study, a decrease in IgM seropositivity against RBD was reported in cats
after 28 days post infection; in addition, IgM responses were less robust
than IgG [14].

Soldiers that were positive or suspected with COVID-19 were quar-
antined (either in their homes or in a recovery center); hence, the

exposure to cats was possible before the symptoms onset; time when one
out of five positive individuals shed infectious virus [32]. From the
cohort study, three cats (2.3 %) were found seropositive against S2P and
RBD. Positive cats belonged to the Re'im and Tzrifin military bases
where human COVID-19 annual incidences were 6.2 % and 9.3 %
respectively, between May 2020 and May 2021. Due to the small sample
size, we were not able to perform a correlation test between rate of
COVID-19 in soldiers and rate of seropositive cats with enough statistical
power. Nevertheless, due to the low number of positive animals, it may
be concluded that in military bases, cats do not have an important
epidemiological role in SARS-CoV-2 transmission cycle and confirms the
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assumption that testing FRC cannot be used as a sentinel species of
COVID-19 in a specific territory [33].

Our results are in concordance with other studies performed on stray
cats where seroprevalence was 0.4 %, 1 % and 3.5 % in the Netherlands,
Italy and Spain, respectively [15,23,34]. However, it is important to
point out that SARS-CoV-2 prevalence may be influenced by various
factors, such as the SARS-CoV-2 epidemic condition in the geographical
area examined, the different serological tests implemented and the
criteria chosen to define seropositivity [23,35].

Although a small number of cats were seropositive, all animals tested
negative by RT-PCR. Absence of RT-PCR positive results is not unex-
pected since the cat sampling was perfomed at the end of third COVID-
19 wave in Israel when few positive soldiers were diagnosed positve; this
finding is in accordance with a previous epidemiological study on SARS-
CoV-2 in cats where the prevalence of seropositive cats was low (0.9 %)
and all cats were RT-PCR negative [5,23]. This suggests virus shed in
cats is very limited and only transient, as reported in experimentally
infected cats that stopped shedding infectious virus at day 10 [14,36].
Naturally infected cats also showed shorter duration of SARS-CoV-2
RNA shedding in nasal and sputum samples compared to their human
owners [37]. SARS-CoV-2 IgG antibodies can be identified as early as 7
days post infection in cats and may remain detectable for up to 110 days
and 10 months in experimentally and naturally infected cats, respec-
tively [14,16,36,38]. We are not able to determine the time and source
of infection of the seropositive cats in our study. We can estimate a
period of 39-69 days since the last human case of SARS-CoV-2 infection
was reported in March 2021 (Fig. 1) during the third wave of COVID-19
in Israel, until seropositive cats were sampled in Re’im (09.05.2021). In
Tzrifin, the last human COVID-19 case was reported in May 2021
(Fig. 1), during which a seropositive cat was sampled from this location
(27.05.2021). However, besides humans, other possible sources of
infection in cats are other infected cats or other intermediate hosts; a
SARS-CoV-2 contaminated environment was not infective suggesting
low feasibility for indirect fomite transmission [14,39]. In any case, we
have proven that cats living in closed military bases with almost no
contact with outside cats were exposed to SARS-CoV-2 and
seroconverted.

5. Conclusions

Since Israel has one of the largest colony of cats in the world, with
thousands of permanent ‘feeding areas’, sero-surveillance studies of
stray cats together with molecular detection are crucial to further un-
derstand the cats’ epidemiological role in the transmission of SARS-CoV-
2 in Israel and to detect potential new variants. In order to achieve this,
further surveillance should be performed during a COVID-19 human
wave when SARS-CoV-2 is actively spreading. A mink-associated variant
identified in Denmark due to a mutation in the spike protein probably
represented a virus adaptation which may have increased its trans-
missibility between minks and allowed zoonotic transmission to humans
[11,40]. Another virus adaptation associated to confer escape to
monoclonal antibodies in humans was found in a cat model [41]. If a
variant with improved binding to the cat ACE2 receptor should emerge,
it is possible that this would impact cat-to-cat transmission and increase
the potential for cats to serve as reservoirs of the virus with severe re-
percussions for public health. Further studies on larger cohorts are
warranted, especially in the light of the emerging new viral variants,
using a One Health approach.
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