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SARS-CoV-2 in fruit bats, ferrets, pigs, and chickens: 
an experimental transmission study
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Anne Balkema-Buschmann*, Timm Harder*, Christian Grund*, Donata Hoffmann*, Angele Breithaupt*, Martin Beer

Summary
Background In December, 2019, a novel zoonotic severe acute respiratory syndrome-related coronavirus emerged in 
China. The novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) became pandemic within weeks and 
the number of human infections and severe cases is increasing. We aimed to investigate the susceptibilty of potential 
animal hosts and the risk of anthropozoonotic spill-over infections.

Methods We intranasally inoculated nine fruit bats (Rousettus aegyptiacus), ferrets (Mustela putorius), pigs (Sus scrofa 
domesticus), and 17 chickens (Gallus gallus domesticus) with 10⁵ TCID50 of a SARS-CoV-2 isolate per animal. Direct contact 
animals (n=3) were included 24 h after inoculation to test viral transmission. Animals were monitored for clinical signs 
and for virus shedding by nucleic acid extraction from nasal washes and rectal swabs (ferrets), oral swabs and pooled 
faeces samples (fruit bats), nasal and rectal swabs (pigs), or oropharyngeal and cloacal swabs (chickens) on days 2, 4, 8, 
12, 16, and 21 after infection by quantitative RT-PCR (RT-qPCR). On days 4, 8, and 12, two inoculated animals (or three in 
the case of chickens) of each species were euthanised, and all remaining animals, including the contacts, were euthanised 
at day 21. All animals were subjected to autopsy and various tissues were collected for virus detection by RT-qPCR, 
histopathology immunohistochemistry, and in situ hybridisation. Presence of SARS-CoV-2 reactive antibodies was tested 
by indirect immunofluorescence assay and virus neutralisation test in samples collected before inoculation and at 
autopsy.

Findings Pigs and chickens were not susceptible to SARS-CoV-2. All swabs, organ samples, and contact animals 
were negative for viral RNA, and none of the pigs or chickens seroconverted. Seven (78%) of nine fruit bats had a 
transient infection, with virus detectable by RT-qPCR, immunohistochemistry, and in situ hybridisation in the 
nasal cavity, associated with rhinitis. Viral RNA was also identified in the trachea, lung, and lung-associated 
lymphatic tissue in two animals euthanised at day 4. One of three contact bats became infected. More efficient virus 
replication but no clinical signs were observed in ferrets, with transmission to all three direct contact animals. Mild 
rhinitis was associated with viral antigen detection in the respiratory and olfactory epithelium. Prominent viral 
RNA loads of 0–10⁴ viral genome copies per mL were detected in the upper respiratory tract of fruit bats and ferrets, 
and both species developed SARS-CoV-2-reactive antibodies reaching neutralising titres of up to 1/1024 after 
21 days.

Interpretation Pigs and chickens could not be infected intranasally by SARS-CoV-2, whereas fruit bats showed 
characteristics of a reservoir host. Virus replication in ferrets resembled a subclinical human infection with efficient 
spread. Ferrets might serve as a useful model for further studies—eg, testing vaccines or antivirals.

Funding German Federal Ministry of Food and Agriculture.

Copyright © 2020 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY-NC-ND 
4.0 license.

Introduction
Coronaviruses are enveloped viruses with a large, single-
stranded RNA genome of positive polarity.1 Although 
numer ous coronaviruses have been identified in animals 
or humans,2 two β-coronaviruses that emerged in the past 
20 years are remarkable: severe acute respiratory syndrome 
coronavirus (SARS-CoV);3 and Middle East respiratory 
syndrome coronavirus (MERS-CoV).4 Both viruses pre-
sum ably originated from bats,5 but have adapted to further 
animals such as palm civets6 or dromedary camels,4 from 
which sporadic or sustained spill-over infections occurred, 
resulting in abundant (in the case of SARS-CoV)7 or limited 

human-to-human infection chains (in the case of 
MERS-CoV).8

In December, 2019, another SARS-CoV-related zoonotic 
β-coronavirus, severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2), started spreading pan demically 
from Wuhan, China. Similar to findings for SARS-CoV 
and MERS-CoV, β-coronaviruses that are closely related to 
SARS-CoV-2 were found in bats.9,10

Because of the zoonotic origin of SARS-CoV-2 from 
the likely bat reservoir, several questions concerning the 
susceptibility of animals arise. First, how susceptible are 
putative reservoir hosts such as bats? Second, what is the 
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risk of possible spill-over infections from humans to 
farmed animals? And finally, what animal would serve 
as suitable animal models of human infection to 
study antivirals and vaccine prototypes? Viral receptor 
structure might be used as an important predictive 
factor of susceptibility. SARS-CoV and SARS-CoV-2 have 
been shown to use the same receptor molecule, 
angiotensin-converting enzyme 2 (ACE2),11 for contact 
with the receptor-binding-domain of the spike protein. 
Based on findings from molecular studies, the ACE2 
proteins of non-human primates, pigs, cats, and ferrets 
closely resemble the human ACE2 receptor. Therefore, 
these species might be susceptible to SARS-CoV-2 
infection, as has been shown for SARS-CoV.12,13 Bats, as a 
major reservoir host of β-coronaviruses and especially 
SARS-CoV-related viruses,14 need to be further studied to 
better understand the viral replication, shedding, trans-
mission, or persis tence in a putative reservoir host 
species.

We aimed to investigate virus replication and shed-
ding, the clinical course, pathohistological changes, 
and trans mission of SARS-CoV-2 in four animal 
species.

Methods
Animals and study design
We used 12 Egyptian fruit bats (Rousettus aegyptiacus, 
seven [58%] female, five [42%] male, born between 2015 
and 2019 in  the Friedrich-Loeffler-Institut [FLI] breeding 
colony), 12 female ferrets (Mustela putorius, aged 
9–12 months, originating from the FLI breeding colony), 
12 male pigs (Sus scrofa domesticus, German landrace 
breed, aged 9 weeks, raised by a commercial breed ing 
farm with a high veterinary hygiene standard [Bundes-
hybridzuchtprogramm, Dahlenburg, Germany]), and 
20 chickens (Gallus gallus domesticus, white leghorn, aged 
5 weeks, 12 [60%] male, 8 [40%] female, hatched from 
specific-pathogen-free eggs [VALO BioMedia, Osterholz-
Scharmbeck, Germany]). The number of animals included 
in the study was determined using a statistical experiment 
plan (appendix p 4). Fruit bats were kept in groups of four 
and pigs in groups of six. Ferrets were kept together in 
one cage, chickens were kept in free-run conditions with 
nests and perches. All animals were offered water ad 
libitum and were fed and checked for clinical scores daily 
and by video supervision during the 21-day study period 
by animal caretakers and study researchers. All animals 

Research in context

Evidence before this study
We searched PubMed and bioRxiv for articles using the search 
terms “SARS-CoV-2”, or “COVID-19”, and “animal model”, 
or “ferret”, or “bat”, or “pig”, or “chicken”, for articles published 
in English between inception and April 10, 2020. Little 
information is available on whether severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) can infect animals and 
whether some species have the potential of becoming 
epidemiological animal reservoirs or could represent suitable 
animal models for testing vaccines and antiviral drugs. 
Infection of ferrets and cats by severe acute respiratory 
syndrome coronavirus (SARS-CoV) has been shown. Field 
infections of pigs were also reported, whereas poultry did not 
appear to be affected. For SARS-CoV, non-human primate and 
ferret models were used. Two studies on ferrets, one on 
chickens and pigs, and two on non-human primates indicated 
similar results for SARS-CoV-2. However, data on the 
susceptibility of bat species, as well as detailed analyses 
including viral loads and histopathology of SARS-CoV-2 in 
ferrets and their contact animals do not exist. Furthermore, 
the results of the study of the inoculation of pigs and chickens 
require confirmation and extension because the pig results 
contrast with receptor binding predictions and chickens 
represent the most important livestock in Asia.

Added value of this study
We found that neither pigs nor chickens showed any signs of 
infection and none of the contact animals became infected. 
This finding is of particular importance for risk analysis in these 
farmed animals, which are kept in large numbers and in contact 

with humans. Moreover, the virus replicated in the upper 
respiratory tract of fruit bats, and was transmitted to contact 
animals. This finding indicates that fruit bats, which are kept 
and bred in captivity, can serve as a reservoir host model, 
but also emphasises the risk to free-living bats (eg, in ecological 
bat protection programmes). Finally, ferret infections resulted 
in a high replication rate of SARS-CoV-2 in the nasal cavity, 
as confirmed by immunohistochemistry and in situ 
hybridisation. The transmission to contacts was highly efficient 
and high virus titres were detected in the ferrets’ nasal cavities. 
We showed that only minor viral adaptions occurred during 
infection of ferrets with a human SARS-CoV-2 isolate. Our 
results suggest that the ferret is a highly suitable model for 
testing vaccines and antiviral treatment for their effect on viral 
excretion and transmission.

Implications of all the available evidence
Our results support previous findings indicating a negligible risk 
of anthropozoonotic transmission to pigs and chickens, but a 
substantial risk for bats and ferrets. Fruit bats show a different 
pattern of infection than ferrets, but both can serve as model 
animals. Because of distinct differences, for example in the 
immune system, between humans and bats, bats are not 
considered suitable models for testing preventive or therapeutic 
measures but might represent an appropriate model for a 
potential reservoir host. However, infection in ferrets, next to 
that in non-human primates, most closely resembles human 
infection and therefore ferrets could be used as an animal model 
for testing vaccines and antivirals.

See Online for appendix
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tested negative for SARS-CoV-2 genome and antibodies by 
indirect immunofluorescence assay (IIFA) and virus 
neutrali sation test (VNT) before the experiment. The 
ACE2 receptor of pigs and ferrets, but not chickens, 
resembles the human receptor. However, we included 
chickens in our experiments because of their importance 
as livestock in Asia. Egyptian fruit bats were chosen as a 
model bat species because of their availability due to 
having our own breeding colony.

Fruit bats 1–9, ferrets 1–9, and pigs 1–9 were infected 
intranasally, whereas chickens 1–17 received oculo-oronasal 
10⁵ TCID50 SARS-CoV-2 2019_nCoV Muc-IMB-1 per 
animal. This dose was chosen on the basis of the virus titre 
of our stock and the applicable volumes to the respective 
animals, and was considered to be potentially relevant 
in the context of anthropozoonotic transmission. The 
inoculum was administered to both nostrils using a pipette 
(fruit bats, ferrets, and chickens) or an intranasal spraying 
device (pigs; Teleflex Medical, Fellbach, Germany).

To test viral transmission by direct contact, three naive 
con tact animals (bats, ferrets, and pigs 10–12 and 
chickens 18–20) were added 24 h after inoculation. 
Animals were monitored for body temperature (pigs, 
fruit bats, and ferrets) and bodyweight (fruit bats and 
ferrets) throughout the experiment. Viral shedding was 
tested using nasal washes and rectal swabs (ferrets), oral 
swabs and pooled faeces samples (fruit bats), nasal and 
rectal swabs (pigs), or oropharyngeal and cloacal swabs 
(chicken) on days 2, 4, 8, 12, 16, and 21 after infection. 
On days 4, 8, and 12, two inoculated animals (or three in 
the case of chickens) of each species were euthanised. 
All remaining animals, including the contacts, were 
euthanised at day 21 (figure 1). All animals were 
subjected to autopsy. For virus detection and histo-
pathology, nasal conchae, trachea, lung, tracheo-
bronchial lymph node (not for chickens), heart, liver, 
spleen, duodenum, colon or cecum, pancreas, kidney, 
adrenal gland, skeletal muscle, inguinal skin, and brain 
tissues were collected.

The animal experiments were assessed and approved by 
the ethics committee of the State Office of Agriculture, 
Food Safety, and Fisheries in Mecklenburg–Western 
Pomerania (LALLF M-V: LVL MV/TSD/7221.3-2-010/18-12). 
All procedures were carried out in approved biosafety 
level 3 facilities.

RNA extraction, detection of SARS-CoV-2 genome, and 
reactive antibodies and pathology
Total RNA was extracted from oral, nasal, rectal, faecal, 
and tissue samples and from nasal washes using the 
NucleoMagVet kit (MachereyNagel, Düren, Germany) 
according to the manufacturer’s instructions in an elution 
volume of 100 µL. SARS-CoV-2 RNA was detected by the 
E-gene Sarbeco 6-carboxyfluorescein quantitative RT-PCR 
(RT-qPCR) as described by Corman and colleagues,15 
detection limit 1 genome copy per µL RNA eluate. Serum 
samples were tested for the presence of SARS-CoV-2 

reactive antibodies by IIFA and VNT, with a cutoff of less 
than 1/16.

At autopsies, tissues were fixed in 10% formalin, 
embedded in paraffin, cut at 3 μm sections, and stained 
with haematoxylin and eosin. Immunohistochemistry was 
done using an anti-SARS nucleocapsid antibody (Novus 
Biologicals NB100-56576, Colorado, USA) according to the 
standardised avidin-biotin-peroxidase complex method, 
producing a red labelling and haematoxylin counterstain. 
To confirm immunohistochemistry, RNA in situ hybridi-
sation (RNAScope, Advanced Cell Diagnostics, Newark, 
CA, USA) was done on selected tissues using SARS-CoV-2 
spike protein probes.

Further details on virus, cells, virus titration, RNA 
extraction, RT-qPCR, next-generation sequencing, anti-
body detection, histopathology, immunohisto chemistry, 
and in situ hybridisation, as well as porcine cell and 
embryonated chicken egg experiments are given in the 
appendix (pp 1–5).

Role of the funding source
The funder of the study had no role in study design, data 
collection, data analysis, data interpretation, or writing of 
the report. The corresponding author had full access to 
all the data in the study and had final responsibility for 
the decision to submit for publication.

Results
No clinical signs, fever, bodyweight loss, or mortality were 
observed in any of the 12 bats. Oral shedding was observed 
in all nine infected bats from days 2–12, with one of the 
three remaining infected bats still virus-positive at day 12. 
Oral shedding was also detected once at day 2 in contact 
bat 11 and until day 8 in contact bat 10 (figure 2A). The 
virus was isolated from one oral swab on day 2 (10¹·⁷⁵ 
TCID50 per mL; fruit bat 8). Faecal shedding was observed 
in all three bat cages at days 2 and 4, with quantification 
cycle (Cq) ranging from 29·54 to 36·43 (appendix p 10). 
SARS-CoV-2 genome (Cq 23·16–38·97; 1·96 × 10⁴ to 
1·32 × 10¹ genome copies per µL) was detected in the nasal 

Figure 1: Outline of the in vivo experiments
On days 4, 8, and 12, two fruit bats, ferrets, and domestic pigs were euthanised. 
The same schedule was applied to three chickens at each timepoint. 
All remaining animals, including the contacts, were euthanised on day 21. 
Black animals (n=9 for bats, ferrets, and pigs; n=17 for chickens) were inoculated 
intranasally (or oculo-oronasally for chickens) with 10⁵ TCID50. Grey animals 
(n=3 for each species) indicates direct contact animals included 1 day after 
inoculation. On the right-hand side, black and grey animals were not susceptible; 
red animals became infected and showed strong viral shedding; and purple 
animals were infected but displayed only little virus shedding.
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epithelium in seven (78%) of nine infected bats euthanised 
at days 4, 8, and 21, with two giving negative results at 
days 8 and 12 (fruit bats 4 and 6). The nasal epithelium of 
one contact animal contained viral RNA on day 21 
(Cq value 32·89; 3·12 genome copies per µL; fruit bat 10). 
At day 4, genome was also detected in respiratory tissues 
(trachea [2/2], lung [1/2], and lung-associated lymphatic 
tissue [2/2]) and at lower levels in heart, skin, duodenum, 
and adrenal gland tissues (fruit bat 2 at day 4), and in 
duodenum, skin, and adrenal gland tissues at day 8 (either 
fruit bat 3 or 4; figure 2C; appendix p 6). Virus only could 
be cultivated from the trachea (10²·²⁵ TCID50 per mL) and 
the nasal epithelium (10¹·⁷⁵ TCID50 per mL) of fruit bat 2 at 
day 4.

SARS-CoV-2-reactive antibodies were observed in all 
inoculated bats by IIFA starting from day 8 and in 
one contact bat (bat 10) on day 21 with titres of 1/16. Only 
a slight increase in antibody levels could be observed 

between day 8 and day 21 (with varying titres between 
1/16 and 1/64). Neutralising antibodies could be detected 
in the same fruit bats with titres up to 1/64 (table).

Autopsy revealed no gross pathological lesions. Fruit 
bat 10 was pregnant. Histopathology revealed minimal to 
mild rhinitis at day 4 (fruit bats 1 and 2), with epithelial 
necrosis, oedema, infiltrating lymphocytes and neutro-
phils, and intraluminal cellular debris (figure 3A). Viral 
antigen detection, restricted to foci in the nasal respiratory 
epithelium and single cells of the non-respiratory 
epithelium (fruit bats 1 and 2; figure 3B, C), were 
confirmed by in situ hybridisation. Viral antigen was 
absent at later timepoints, but moderate rhinitis was 
detected at day 8 (fruit bats 3 and 4), day 12 (fruit bat 6), 
and to a milder extent at day 21 (fruit bats 7 and 11), 
indicating the presence of previous replication sites. 
Despite the detection of viral RNA by RT-qPCR, no viral 
antigen was detectable in the lung tissue. However, three 

Figure 2: SARS-CoV-2 viral genome loads during the study period
Oral swabs of fruits bats (A), nasal washes of ferrets (B), tissues collected from fruit bats (C), and tissues collected from ferrets (D) that were experimentally infected 
with SARS-CoV-2 and the contact animals. Genome copies per µL RNA eluate were calculated on the basis of a quantified standard RNA. Each extracted sample was 
eluted in 100 µL. Limit of detection was 1 genome copy per µL RNA. Contact fruit bats were infected but displayed negligible shedding of the virus, whereas contact 
ferrets became infected and showed strong viral shedding. Viral genome was undetectable in fruit bats 6 (day 12), 11 and 12 (day 21), and ferrets 5 (day 12) and 
8 (day 21). SARS-CoV-2=severe acute respiratory syndrome coronavirus 2.
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of the inoculated (fruit bats 1, 4, and 5) as well as one 
contact animal (fruit bat 10) showed inflammatory 
infiltrates in the lung (appendix pp 6–8, 11). Slightly 
increased numbers of alveolar macrophages were found 
at all timepoints (appendix p 8). Gram stain did not detect 
intralesional bacteria. None of the other organs were 
found positive for viral antigen and no further relevant 
morphological changes were detected.

None of the 12 ferrets showed clinical signs or loss 
of bodyweight during the study period, and body 
temperatures remained normal. Viral shedding was 
detected in nasal washes in eight of nine inoculated ferrets 
between days 2 and 8, with cycle quantification values 
ranging from 21·77 to 36·35 (8·44 × 10³ to 0·34 genome 
copies per µL). Virus isolation was successful from nasal 
washes collected on days 2 (ferrets 2, 3, and 4; 10²·⁵–10²·⁸⁷⁵ 
TCID50 per mL) and 4 (ferret 4; 10²·⁷⁵ TCID50 per mL). All 
three contact ferrets were infected by direct contact with 
the other inoculated ferrets. The first RT-qPCR-positive 
nasal wash sample in a contact ferret was observed on 
day 8 (ferret 12). Ferret 12 showed viral shedding on days 8 
(cycle quantification value 37·03) and 12 (28·59). Ferret 11 
tested positive in nasal washes between days 12, 16, and 21 
(37·39, 26·15, and 36·93) and ferret 10 on days 16 (28·04) 
and 21 (30·00; figure 2B). Analysis of the rectal swabs 
showed minor amounts of viral RNA in four ferrets at 
singular timepoints, with cycle quantification values 
between 33·97 and 38·45 (appendix p 10).

At least one of the two ferrets that were euthanised at 
day 4 (ferrets 1 and 2) was RT-qPCR positive in various 
tissues (nasal conchae, lung, muscle, skin, trachea, lung 
lymph node, and colon), with the highest viral genome 
load in the nasal conchae (cycle quantification values 
24·31 and 26·21; 1·93 × 10³ and 5·26 × 10² genome copies 
per µL). The two ferrets euthanised at day 8 (ferrets 3 
and 4) were positive in the nasal conchae (34·77 and 
21·57; 1·61 × 10¹ and 1·21 × 10⁴ genome copies per µL). On 
day 12, one of two ferrets was also positive in the nasal 
conchae (ferret 6; cycle quantification value 29·26). The 
last three inoculated ferrets were euthanised at day 21. 
These animals showed only very weak RT-qPCR positivity 
in the cerebrum (ferret 7; 37·78) and in the colon (ferret 9; 
37·47). The three contact ferrets that were euthanised on 
day 21 were all positive in the nasal conchae 
(cycle quantification values 26·29–36·51). Additionally, 
RT-qPCR positive samples were collected from muscle, 
lung, cerebrum, cerebellum, and trachea tissue, which 
were all positive in ferrets 10 and 11, whereas lung lymph 
node, skin, and adrenal gland tissues were only positive 
in one animal (figure 2D; appendix p 6). Virus could be 
cultivated only from the nasal conchae of ferrets 1, 2, and 
10 (10⁰·⁸¹²⁵–10³·⁸⁷⁵ TCID50 per mL), from the lung and 
trachea tissues of ferret 1 (10¹·⁶²⁵ TCID50 per mL).

SARS-CoV-2 antibodies were detected by IIFA from 
day 8 in all inoculated ferrets with varying titres 
(1/64–1/8192; table). One (33%) of three contact animals 
also showed high antibody titres (ferret 12; highest reactive 

serum dilution 1/8192), whereas the others remained 
negative. Neutralising antibodies were observed in the 
three (33%) inoculated ferrets (ferrets 7, 8, and 9) that 
were euthanised on day 21 and one (33%) contact animal 
(ferret 12) by VNT (table).

In ferrets, no gross lesions were detected by autopsy. At 
day 4, viral antigen was associated with rhinitis, showing 
epithelial degeneration and necrosis, intraluminal 
cellular debris, and mild inflammation (figure 3D–F). A 
more severe rhinitis developed at days 8 and 12. At day 21, 
rhinitis was only slightly detectable (ferret 7) or absent 
(ferrets 8 and 9). We also observed an antigen-associated 
rhinitis in the contact ferrets (ferrets 10 and 11). Viral 
antigen was detected in the nasal cavity at days 4 (ferrets 1 
and 2), 8 (ferret 3), and 21 (contact ferrets 10 and 11) in 
the nasal respiratory and olfactory epithelium as well as 
in the olfactory epithelium of the vomero-nasal organ 
(ferret 11; appendix p 12). Selected immunohistochemistry 
results were confirmed by in situ hybridisation 
(appendix p 13). No viral antigen was identified in the 

Indirect 
immunofluorescence 
assay

Virus neutralisation 
test

Fruit bats

Fruit bat 1, day 4 <1/16 <1/16

Fruit bat 2, day 4 <1/16 <1/16

Fruit bat 3, day 8 1/16 1/32

Fruit bat 4, day 8 1/16 1/32

Fruit bat 5, day 12 1/16 1/32

Fruit bat 6, day 12 1/32 1/16

Fruit bat 7, day 21 1/64 1/64

Fruit bat 8, day 21 1/32 1/32

Fruit bat 9, day 21 1/64 1/32

Fruit bat 10, day 21 1/16 1/16

Fruit bat 11, day 21 <1/16 <1/16

Fruit bat 12, day 21 <1/16 <1/16

Ferrets

Ferret 1, day 4 <1/16 <1/16

Ferret 2, day 4 <1/16 <1/16

Ferret 3, day 8 1/128 <1/16

Ferret 4, day 8 1/512 <1/16

Ferret 5, day 12 1/64 <1/16

Ferret 6, day 12 1/4096 <1/16

Ferret 7, day 21 1/4096 1/128

Ferret 8, day 21 1/8192 1/1024

Ferret 9, day 21 1/4096 1/ 1024

Ferret 10, day 21 <1/16 <1/16

Ferret 11, day 21 <1/16 <1/16

Ferret 12, day 21 1/8192 1/256

Serum samples taken before inoculation were below the cutoff (<1/16) for indirect 
immunofluorescence assay and virus neutralisation test. These data were obtained 
from serum samples collected at autopsy. SARS-CoV-2=severe acute respiratory 
syndrome coronavirus 2.

Table: Serological evidence of SARS-CoV-2 infection in fruit bats and 
ferrets
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lung tissue. Three infected ferrets (ferrets 1–3) at days 4 
and 8 and all contact animals showed inflammatory 
infiltrates in the lung (appendix pp 6–8, 11). Slightly 
increased numbers of alveolar macrophages were found 
at all timepoints (appendix p 8). Gram stain did not detect 
intralesional bacteria. None of the other organs was 
found positive for viral antigen, and no further relevant 
morphological alterations were detected.

Complete virus genome sequencing revealed two non-
synonymous single nucleotide exchanges after the ferret 
passage. In Orf1a of the polyprotein coding region, we 
detected a C12723A substitution, resulting in a Thr to 
Ile amino acid substitution. In the surface glycoprotein 
coding gene (S gene), an A23038C substitution was found, 
which resulted in an Asn to Thr amino acid substitution. 
The C12723A substitution was only detected in inoculated 
ferret 4, whereas the A23038C substitution within the 
surface glycoprotein coding gene was found in inoculated 
(ferret 4) and in contact animals (ferrets 10 and 11).

No clinical signs, including increased body temp-
eratures, were observed in any of the 12 pigs or 
20 chickens. All collected samples were negative for 
SARS-CoV-2 genome. SARS-CoV-2-reactive antibodies 
were not detected. No lesions were detected at autopsy, 
histo pathology was not done, and embryonated chicken 
eggs that were inoculated with SARS-CoV-2 were non-
permissive (data not shown). Three porcine cell lines 
(PK-15, SK-6, and ST) inoculated with SARS-CoV-2 
developed no cytopathic effect, but two (SK-6 and ST) 
showed virus replication (appendix pp 9, 14).

Discussion
Our study focused on four animal species, which are 
potentially relevant as models in research (fruit bats and 
ferrets) or could pose a risk as a viral reservoir following 
anthropozoonotic spill-over infections into animals that 
are used in food production (pigs and chickens).

Neither pigs nor chickens were susceptible to 
SARS-CoV-2 by intranasal or oculo-oronasal infection. All 
swabs, organ samples, and contact animals were negative 
for SARS-CoV-2 RNA and did not seroconvert. Our 
findings on the non-permissiveness of chickens to 
SARS-CoV-2 infection were similar to those of previous 
reports showing the lack of susceptibility of chickens to 
SARS-CoV16 and support other study findings.17 We 
showed that this finding extends to embryonated chicken 
eggs, which are a classic substrate for isolation and 
propagation of a plethora of zoonotic viruses. These data 
are also in agreement with findings on the chicken ACE2 
receptor,18 which contains alterations in three of five 
critical residues (Lys31Glu, Glu35Arg, and Met82Arg). 
By contrast, similar predictions suggested that pigs and 
ferrets were likely to be susceptible to SARS-CoV-2 
because of these animals’ matching ACE2 receptor-
binding sites.18 However, our study, as well as the report by 
Shi and colleagues,17 found no susceptibility of pigs by the 
intranasal inoculation route. Nevertheless, we showed 
permissiveness of two out of three porcine cell lines 
tested. The young age of the pigs might have had an 
influence as an age dependency has been found in other 
animals—eg, monkeys.19 To further exclude an 

Figure 3: SARS-CoV-2-associated rhinitis and antigen detection at day 4
(A) Rhinitis in a bat, with intraluminal debris (arrowhead), slight mucosal oedema, and minimal inflammation (arrow). (B) Nasal respiratory epithelium in a bat, 
showing intralesional viral antigen mainly within intraluminal debris. (C) Non-respiratory epithelium in a bat, with single antigen positive cells and no inflammation. 
(D) Rhinitis in a ferret, with degeneration and necrosis of the respiratory epithelium (arrowhead), slight mucosal oedema, and numerous infiltrates (arrow). (E) Nasal 
respiratory epithelium in a ferret, showing intralesional, abundant viral antigen. (F) Olfactory epithelium in a ferret, showing multifocal, intralesional viral antigen. 
Parts A and D show histopathology, haematoxylin and eosin stain; bar 20 µm. Parts B, C, E, and F show immunohistochemistry, Avidin-Biotin Complex method, 
aminoethyl carbazole chromogen (red-brown), Mayer’s haematoxylin counter stain (blue); bar 20 µm. SARS-CoV-2=severe acute respiratory syndrome coronavirus 2.
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anthropozoonotic spill-over infection into farm animals, 
further experiments should focus on Bovidae or other 
animals, which are predicted to be susceptible according 
to cell culture data.20

We found that intranasal inoculation of fruit bats 
resulted in a transient infection in the respiratory tract and 
virus shedding in fruit bats. SARS-CoV-2 genomes could 
be detected by RT-qPCR in nasal conchae, trachea, lung, 
tracheal lymph node, skin, and duodenum tissue. 
Infectious virus was isolated from nasal conchae and 
trachea. Oral viral RNA shedding was detectable up to 
day 12 after infection, but infectious virus could only be 
isolated at day 2. Immunohistochemistry and in situ 
hybridisation found that most inoculated fruit bats had 
viral genome in their nasal cavity at day 4. Rhinitis was 
associated with the presence of viral antigen, mainly in the 
respiratory epithelium. Despite the absence of viral antigen 
at later timepoints, rhinitis was still identifiable, indicating 
previous replication sites. Some infected animals and one 
contact fruit bat presented with mild inflammation in the 
lung, which should be addressed in future studies because 
no viral antigen or bacteria were detectable. Starting from 
day 8, all inoculated bats developed a weak immune 
response. The virus was transmitted to one out of the three 
contact fruit bats. The affected animal was at an early 
pregnancy. Several studies show an increased virus 
detection rate in bats during the reproductive phase, 
probably due to the associated immunosuppression.21 The 
other two contact animals were seronegative. In 
fruit bat 11, the trans mission of viral RNA possibly did 
not result in sufficient local replication, which could 
explain the single positive oral swab result and the lack of 
antibody production. β-coronaviruses were shown to infect 
a variety of bat species with few clinical signs, even during 
active virus shedding.22 Moreover, low antibody titres are 
typical for bats.23 Although Egyptian fruit bats express 
ACE2 in the intestine and respiratory tract, a study found 
little evidence of virus replication and sero conversion after 
infection with SARS-like coronaviruses; however, serum 
samples of some of these bats, collected before the 
infection, were already reactive with SARS spike or 
nucleocapsid proteins.24 Our data suggest that intranasal 
infection of Rousettus aegyptiacus could reflect reservoir 
host status and therefore represent a useful model, 
although this species is certainly not the original reservoir 
of SARS-CoV-2 because these bats are not present in 
China, the epicentre of the pandemic. Furthermore, we 
showed that bat-to-bat transmission is possible. 
Consequently, although our findings for Rousettus 
aegyptiacus might not apply to all bat species, as over 1200 
of them exist, our results indicate bats are at risk of being 
infected anthropozoonotically by SARS-CoV-2. Therefore, 
during the pandemic, all contact with bats (eg, during 
research programmes or ecological analyses), should be 
avoided.

SARS-CoV-2 replicated efficiently in ferrets. Almost all 
intranasally infected ferrets shed virus between days 2 

and 8. Viral genome was detected by RT-qPCR in nasal 
washes and infectious virus was isolated from two 
animals at days 2 and 4. Only one ferret was RT-qPCR 
negative at all sampling points and developed only a 
weak IIFA titre. All other inoculated ferrets showed 
increasing SARS-CoV-2-reactive antibodies starting from 
day 8. The measured antibody concentrations were 
generally much higher in ferrets than in bats, indicating 
a more prominent virus replication in the infected 
animals. For IIFA, this finding might also be explained 
by the use of different secondary antibodies. Neutralising 
antibodies were only detected at day 21, but also with 
high titres in ferrets, whereas we detected neutralising 
antibodies in bats from day 8 at low titres. This finding 
might indicate a reservoir host infection, which deserves 
more detailed analysis in future studies.

SARS-CoV-2 was efficiently transmitted to three ferrets 
by direct contact. In those animals, viral RNA was present 
in nasal washes starting from day 8 and detected mostly 
in the nasal conchae, but also in lung, trachea, lung 
lymph node or cerebrum, and cerebellum tissue. The 
absence of seroconversion at day 21 in two ferrets was 
most likely due to the late transmission. Viral antigen 
within the upper respiratory tract was confirmed by 
strong positive immunohistochemistry and in situ 
hybridisation in the nasal cavity. In the case of SARS-CoV, 
the virus was found to replicate in the upper and 
lower respiratory tract, and the animals developed no 
or mild clinical disease, characterised by nasal dis-
charge, sneezing, and fever.25 We used high-throughput 
sequencing to analyse the complete genome of the virus 
in the inoculum and in samples from the inoculated 
ferrets and found two non-synonymous single nucleotide 
substitutions after the ferret passage, showing adap-
tations to this animal model.

Our results are in line with those of two reports17,26 that 
showed productive SARS-CoV-2 infection in ferrets with 
no or mild clinical signs. Kim and colleagues26 described 
increased body temperatures in ferrets, but in our study 
all body temperatures were within a normal physiological 
range. Moreover, limited histopathology and tissue 
tropism data were available in both those studies. Our 
study adds important detailed histopathology sub-
stantiating the nasal cavity as the main SARS-CoV-2 
replication site, having measured viral antigen in the 
respiratory and olfactory epithelium and observed signs of 
rhinitis. At later timepoints, rhinitis was still present 
despite the absence of viral antigen. Studies27,28 have 
described the expression of two host factors, ACE2 and 
TMPRSS2 proteases, which facilitate SARS-CoV-2 
binding, replication, and accumulation in the olfactory 
epithelium in humans. These studies suggest that the 
partial loss of sense of smell reported in some patients 
might be caused by direct damage of the olfactory receptor 
neurons or another, yet unidentified factor,27,28 which could 
also be true for ferrets. Several animals showed pulmonary 
inflammation, and neither viral antigen nor bacteria were 
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identified. The pathogenesis and significance of these 
observations should be addressed in future studies. 
Testing a broader tissue spectrum, including salivary 
glands, the lower urinary tract, full gastrointestinal tract, 
and the cerebrospinal fluid, will help to increase under-
standing of the source of viral RNA in secretions, 
excretions, and in the brain. Generally, RT-qPCR detected 
viral genome in a substantially broader spectrum of 
tissues compared with antigen detected by immuno-
histochemistry, mainly because of the higher sensitivity of 
RT-qPCR.

In summary, farmed animals such as chickens and pigs 
were resistant against intranasal SARS-CoV-2 inoculation 
under our experimental conditions. The small number as 
well as the young age of the animals were limitations and 
do not allow us to fully exclude the possibility of trans-
mission among farm animals, which is relevant for risk 
assessment and epidemiology of the infection. By 
contrast, we showed that ferrets and fruits bats could be 
productively infected. SARS-CoV-2 infection in ferrets, in 
particular, which resembled a mild infection in humans, 
might serve as a useful animal model for testing 
prototypic COVID-19 vaccines and antivirals.
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