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Abstract

Angiotensin converting enzyme 2 (ACE2) is a host cell membrane protein (receptor)

that mediates the binding of coronavirus, most notably SARS coronaviruses in the

respiratory and gastrointestinal tracts. Although SARS-CoV-2 infection is mainly con-

fined to humans, there have been numerous incidents of spillback (reverse zoonoses)

to domestic and captive animals. An absence of information on the spatial distribu-

tion of ACE2 in animal tissues limits our understanding of host species susceptibility.

Here, we describe the distribution of ACE2 using immunohistochemistry (IHC) on his-

tological sections derived from carnivores, ungulates, primates and chiroptera. Com-

parison of mink (Neovison vison) and ferret (Mustela putorius furo) respiratory tracts

showed substantial differences, demonstrating that ACE2 is present in the lower res-

piratory tract of mink but not ferrets. The presence of ACE2 in the respiratory tract

in some species was much more restricted as indicated by limited immunolabelling in

the nasal turbinate, trachea and lungs of cats (Felis catus) and only the nasal turbinate

in the golden Syrian hamster (Mesocricetus auratus). In the lungs of other species, ACE2

could be detected on the bronchiolar epithelium of the sheep (Ovis aries), cattle (Bos

taurus), European badger (Meles meles), cheetah (Acinonyx jubatus), tiger and lion (Pan-

thera spp.). In addition, ACE2 was present in the nasal mucosa epithelium of the sero-

tine bat (Eptesicus serotinus) but not in pig (Sus scrofa domestica), cattle or sheep. In the

intestine, ACE2 immunolabelling was seen on the microvillus of enterocytes (surface

of intestine) across various taxa. These results provide anatomical evidence of ACE2
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expression in a number of species which will enable further understanding of host sus-

ceptibility and tissue tropism of ACE2 receptor-mediated viral infection.

KEYWORDS

ACE2, felids, immunohistochemistry, mustelids, SARS-CoV-2

1 INTRODUCTION

Angiotensin I converting enzyme 2 (ACE2) is a component of the

renin-angiotensin-aldosterone system which plays a critical role in the

homeostasis of blood pressure through its regulation of hydrolysis of

angiotensin II (Hamming et al., 2007). ACE2 is typically expressed in

the lung and kidney as demonstrated by a combination of transcrip-

tomic and immunohistochemical (IHC) studies of human tissues (Hik-

met et al., 2020; Ortiz et al., 2020). The spatial distribution of ACE2

expression in animals is less well understood, being limited to exper-

imental laboratory animals including mustelids and non-human pri-

mates (Gembardt et al., 2005; Lee et al., 2020a; van den Brand et al.,

2008; Zheng et al., 2020).

The susceptibility of companion animals to severe acute respiratory

syndrome (SARS) coronavirus infection was first recognised in domes-

tic cats (Felis catus) living among infected humans during the 2003

SARS-CoV outbreak in Hong Kong (Martina et al., 2003). The global

spread of SARS-CoV-2 in the human population has been accompa-

nied by naturally acquired infections in pet cats and dogs (Canis lupus

familiaris) (Barrs et al., 2020; Segales et al., 2020; Sit et al., 2020), cap-

tive tigers (Panthera tigris), lions (Panthera leo), snow leopard (Panthera

uncia) and puma (Puma concolor) from zoological collections (McAloose

et al., 2020; O.I.E, 2021; USDA, 2020), ferrets (Mustela putorius furo)

(Gortázar et al., 2021) and in farmed andwild Americanmink (Neovison

vison) (Molenaar et al., 2020; O.I.E, 2021). Inmost cases, animals devel-

oped self-limiting, low grade respiratory diseases (sub-clinical) which

did not require further veterinary intervention. However, widespread

infection in intensively housed mink has been associated with clinical

disease and mortality (Oreshkova et al., 2020). Critically, outbreaks of

SARS-CoV-2 infection in mink farms have resulted in the emergence

of novel virus variants with potential consequences for public health

(Hoffmann et al., 2021; Larsen et al., 2021; Oreshkova et al., 2020;

Oude Munnink et al., 2021), which has also been reported in experi-

mentally infected ferrets (Everett et al., 2021; Richard et al., 2020).

The variability of host susceptibility to SARS-CoV-2 is still not com-

pletely understood. At the cellular level, the spike glycoprotein of the

virus has demonstrated a broad host cellular receptor tropism with

strong affinity for dogs, cats, wild felids, sheep and cattle ACE2 based

on surrogate viral entry assays and live virus infection studies (Con-

ceicao et al., 2020; Liu et al., 2021). In addition, in vivo studies have

provided evidence of a productive infection (live virus) in cats in the

absence of disease, but experimental infection could not be success-

fully established in dogs and cattle (Bos taurus) (Bosco-Lauth et al.,

2020; Ulrich et al., 2020). Although predominantly presented as a res-

piratory disease, SARS-CoV-2 can regularly be detected in rectal swabs

of naturally infected dogs or experimentally infected ferrets (Everett

et al., 2021; Sit et al., 2020) and infection of bat intestinal organoids

can result in productive virus replication (live virus) (Zhou et al., 2020).

This observation also extends to other coronaviruses that are capable

of infecting both the respiratory and gastrointestinal tract of animals

(Saif & Jung, 2020).

Currently there is a gap in our knowledge regarding the anatomical

distribution of ACE2 proteins in a broader range of animal hosts and,

thus, datawill be required in order to further our understanding of host

range susceptibility (Delahay et al., 2021). The current study reports on

the detection of ACE2 by IHC in several mammalian species including

companion animals, livestock and wildlife, with a focus on the lung and

small intestine. In addition, the differential distribution of ACE2 in the

entire respiratory tract (upper and lower) of mink, ferrets, dogs, cats

and golden Syrian hamster (Mesocricetus auratus) are also described to

investigate the relationships between the cognate virus receptor and

host susceptibility.

2 MATERIALS AND METHODS

2.1 Transfection of cells

The production of species-specific ACE2 in cells was conducted as pre-

viously described (Conceicao et al., 2020). Briefly, codon optimised

ACE2-expressing plasmids from different animals were synthesised

and cloned into pDISPLAY (BioBasic). A total of 500 ng of a subset

of ACE2 expression constructs (human, hamster, ferret, dog, cat, pig,

myotis and rhinolophus bats) or an empty vector for mock transfec-

tion (pDISPLAY) in OptiMEM (Gibco) were introduced into 24-well

plated baby hamster kidney (BHK-21) cells using TransIT-X2 transfec-

tion reagent (Mirus). These cells have previously been confirmed for

transfection bywestern blot, flow cytometry and SARS-CoV-2 pseudo-

type virus infections (Conceicao et al., 2020). Monolayers of in vitro

transfected cells were fixed in 10% neutral-buffered formalin for 24 h,

re-suspended and centrifuged at 1500 × g. Following removal of the

supernatant, cell pellets were re-suspended in 2% agarose (Sigma) and

allowed to set. Agarose-embedded cell pellets were then processed

into formalin-fixed paraffin embedded sections by routine histology

methods (Lean et al., 2020).

2.2 Sequence analysis

ACE2 amino acid sequences were obtained from GenBank and the

immunogen sequence of a commercial anti-ACE2 antibody (Abcam
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ab15348) was derived from the manufacturer’s datasheet. Amino acid

sequence alignment was conducted using Protein BLAST available

on blast.ncbi.nlm.nih.gov and visualised using MEGA7 (Kumar et al.,

2016).

2.3 Immunohistochemistry

Formalin-fixed tissues were obtained from histology archives held by

the Animal and Plant Health Agency, the Zoological Society of London

and the Royal Veterinary College, UK and Wageningen Bioveterinary

Research, Netherlands. These tissues were collected during necropsy

as part of veterinary investigations or from experimental control ani-

mals that were not challenged with pathogens. The only exception was

that a subset of ferrets infectedwith SARS-CoV-2 (Everett et al., 2021)

was included in this study to facilitate comparison of ACE2 expres-

sion between infected and non-infected hosts. Animals with known

disease or tissues with poor preservation state were excluded from

this study. Anti-ACE2 antibody was validated for IHC using BHK-21

cells expressing species-specificACE2. Sections of 4µmthicknesswere

dewaxed and rehydrated through xylene and absolute alcohol, respec-

tively, quenched for endogenous peroxidase with 3% hydrogen perox-

ide in methanol (VWR International) for 15 min at room temperature

(RT), before epitope unmasking using a pH 6 buffer (citric acid mono-

hydrate; Fisher Scientific, adjusted to pH 6 with 1 M sodium hydrox-

ide; VWR International) for 18 min at 100◦C by microwave. Slides

were blocked with normal goat serum for 30 min at RT (1/66 dilu-

tion; Vector Laboratories) and assembled into cover plates to facili-

tate IHCusing the Shandon Sequenza system (Shandon). Sampleswere

then incubated with a rabbit polyclonal ACE2 (Abcam ab15348) pri-

mary antibody (van den Brand et al., 2008) or with a matching isotype

control (rabbit IgG Vector Laboratories, UK) at 1 µg/mL, on serial tis-

sue section, for 1 h at RT. This was followed by incubation with rabbit-

specific Envision+™ HRP-labelled polymer (Dako) with an additional

normal goat serum (1/66dilution;Vector Laboratories) for30minatRT

and visualised using 3,3-diaminobenzidine tetrahydrochloride (Sigma

Aldrich) for 10min at RT. Tris-buffered saline (0.85%NaCl) with Tween

(Fisher Scientific, VWR International) was used for rinsing sections

between incubations and as the antibody diluent. Subsequently, sec-

tions were counterstained within Mayer’s haematoxylin (Surgipath),

dehydrated and cleared in absolute alcohol and xylene, and glass cov-

erslips mounted using dibutyl phthalate xylene (TCS Biosciences).

3 RESULTS

3.1 Assessment of antibody cross-reactivity with
ACE2 of diverse mammalian species

ACE2 IHC was optimised in accordance with a previous published

protocol (van den Brand et al., 2008). Subsequently, the IHC was

evaluated for cross-reactivity with ACE2 of other species, first using

BHK-21 cells expressing species-specific plasmid-driven ACE2 pro-

teins. Intense membranous and variable cytoplasmic immunolabelling

was present on cells expressing ACE2 protein of ferret (Figure 1a),

dog, cat, golden Syrian hamster, pig (Sus scrofa domestica), little brown

bat (Myotis lucifugus) and least horseshoe bat (Rhinolophus pusillus)

(Supporting information Table S1). There was no labelling present on

empty plasmid control cells (Figure 1b). In addition to validation of

the IHC technique with ACE2 expressing cells, kidney sections from

each included species were used as positive controls to verify immuno-

labelling. This was characterised by intense membranous immunola-

belling on the apical aspect of the renal tubular epithelium (Figure 1c).

The species evaluated included dog, cat, pig, cattle, sheep (Ovis aries),

horse (Equus caballus), cheetah (Acinonyx jubatus), Sumatran (P. tigris

sondaica; Figure 1c) and Siberian tiger (P. tigris altaica), Asiatic and

African lion (P. leo leo and P. leo, respectively), European lynx (Lynx lynx),

Western gorilla (Gorilla sp.), American mink, ferret, European badger

(Meles meles), golden headed lion tamarin (Leontopithecus chrysomelas)

and commonmarmoset (Callithrix jaccus) (Supporting informationTable

S1). Non-specific immunolabelling was not observed when anti-ACE2

primary antibody was replaced with a concentration matched rabbit

IgG for each species described above (Figure 1d).

ACE2 amino acid homology analysis of the species of interest was

aligned to the immunogen sequence of human ACE2 used for the gen-

eration of the polyclonal antibody that was applied for IHC. The amino

acid sequences were highly conserved among all the species assessed

in the present study. This included 100% homology with the Western

gorilla, 94% for horse, ferret and American mink, 89% for little brown

bat, least horseshoe bat, domestic and wild felids (tiger and cheetah),

dog and sheep, 83% for cattle, 78% for pig and commonmarmoset, and

67% for hamster (Supporting informationTable S2). The immunogen

sequencewas located at theC-terminus of theACE2proteinwithin the

cytosolic domain. Whilst there was high conservation in the immuno-

gen sequences across the selected species, there were a number of

amino acid substitutions, in particular at position 798 (threonine in

human ACE2) (Supporting information Table S2). However, whilst at

a biochemical level some of these substitutions may be individually

unfavourable (Russell et al., 2003), they do not appear to have an over-

all effect on anti-ACE2 antibody binding, as supported by IHC valida-

tion on BHK-21 cells expressing species-specific ACE2 (Figure 1; Sup-

porting information Table S1).

3.2 Differential distribution of ACE2 in the
respiratory tract of the mink, ferret, dog, cat and
hamster

Experimental infection of ferrets with SARS-CoV-2 resulted in infec-

tion in the upper respiratory tract and virus shedding, as confirmed

by IHC, in situ hybridisation, virus isolation and polymerase chain

reaction (PCR), but with no evidence of virus-mediated pneumonia

(Everett et al., 2021; Schlottau et al., 2020; Shi et al., 2020). In con-

trast, widespread infection has been observed in farmed minks with

associated viral infection of the lung and sequelae of pneumonia (Mole-

naar et al., 2020). In the present study, we evaluated upper and lower
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F IGURE 1 Confirmation of ACE2 immunolabelling specificity using ACE2 transfected BHK-21 cells and kidney sections. Immunolabelling
performedwith anti-ACE2 rabbit polyclonal antibody on BHK-21 cells transfected with ferret (Mustela putorius furo) ACE2 plasmid (a) or no
plasmid control (b). To evaluate for false immunoreactivity, serial sections of kidney, in this case from Sumatran tiger (Panthera tigris sondaica), were
immunolabelled with anti-ACE2 primary antibody or concentrationmatched rabbit IgG. Positive membranous labelling can be detected in the
apical aspect of the renal tubular epitheliumwhen probedwith anti-ACE2 primary antibody (a) but not with rabbit IgG (d). Images taken at 400×
magnification

respiratory tract sections from the mink and ferrets (Figure 2). IHC

analysis of tissues from experimentally infected ferrets and from a

healthy uninfected ferret revealed the presence of abundant ACE2 in

the respiratory and olfactorymucosa epitheliumof the nasal turbinate,

but absence in the lower respiratory tract (encompassing the trachea,

bronchus, bronchioles and alveoli). In contrast, immunolabelling was

detected throughout the whole respiratory system of themink, includ-

ing the nasal turbinate (both respiratory and olfactory mucosa), tra-

chea, bronchus and bronchiole but not the alveoli. The cell popula-

tion positive for ACE2 in the mink included the columnar respiratory

epithelial cellswithin the air passages and also the tracheal submucosal

glands.

SARS-CoV-2 infection in the dog and cat have been reported in both

householdandexperimental settingsbutwithout clinical disease (Barrs

et al., 2020;Gaudreault et al., 2020; Segales et al., 2020; Shi et al., 2020;

Sit et al., 2020). Based on IHC, ACE2 protein expression was only occa-

sionally detected in the nasal respiratory and olfactorymucosa epithe-

lium in the nasal turbinate of the cat, in which the labelling pattern

was discontinuous across the cilia (Figure 2), in contrast to the uniform

labelling in the nasal mucosa of the ferret and mink. Weak immuno-

labelling was also detected in the tracheal submucosal glands of the

cat and in rare type I pneumocytes. In the dog, ACE2 immunolabelling

was only detected in the endothelium and tunica media of medium-

sized vessels in the lung and absent in the respiratory tract. ACE2 dis-

tribution in the golden Syrian hamster was also evaluated due to the

high susceptibility to SARS-CoV-2 infection and the frequent utility as

an experimental model (Chan et al., 2020). In this species, ACE2 was

only infrequently detected in the epithelium of the nasal mucosa. It

was also noted that immunolabelling was marginally more abundant

in the epithelium of the olfactory mucosa than in the nasal respiratory

mucosa (Figure 2). However, ACE2 was absent in the trachea, bronchi-

ole and alveoli of the hamster.

Overall, the findings highlighted the upper respiratory tract, specif-

ically the nasal turbinates, as a potentially highly susceptible tissue for

SARS-CoV-2 infection in the ferret, mink, cat and hamster. The pres-

ence of ACE2 in the lower respiratory tract of the mink and cat can

also be related to the risk of developing disease following SARS-CoV-

2 infection.

3.3 Detection of ACE2 in the lung and small
intestine of other animals and the nasal mucosa of a
subset of species

Histological sections of the lungs and intestine of diverse mammalian

species were evaluated for the presence of ACE2 by IHC (Table 1).

For most species, the lung was the only respiratory tissue examined

because this is one of the most common samples collected at necropsy
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F IGURE 2 Immunohistochemical comparison of ACE2 distribution in the upper and lower respiratory tract of the ferret (Mustela putorius furo),
mink (Neovison vison), cat (Felis catus), dog (Canis lupus familiaris) and golden Syrian hamster (Mesocricetus auratus). Positive immunolabelling
indicated with red arrow heads. In the ferret, ACE2was only detected in the cilia of the epitheliumwithin the nasal turbinate (respiratory and
olfactorymucosa) and the tracheal submucosal glands. In themink, ACE2was found on the cilia of the respiratory epithelium in the nasal turbinate
(respiratory and olfactorymucosa), trachea and bronchiole, and also in the tracheal submucosal glands. In the cat, ACE2 immunolabelling was
weak and represented by a discontinuous labelling pattern on the respiratory and olfactorymucosal cilia, and infrequent detection in the tracheal
submucosal glands and type I pneumocytes. In the dog, ACE2was absent in the airway passages andwas only detectable in endothelium and tunica
media of themedium-sized vessels within the lung. In the hamster, ACE2was infrequently detected in the respiratory and olfactorymucosa within
the nasal turbinate. Images taken at 400×magnification. Insets referred to sparsely positive areas

and as pneumonia is implicated in human cases of COVID-19 and

laboratory animal models of SARS-CoV-2 infection (Bussani et al.,

2020; Chan et al., 2020). In addition, the small intestine was exam-

ined because of the potential of enteric infection and shedding of virus

in faeces (Lamers et al., 2020; McAloose et al., 2020; Molenaar et al.,

2020). In the alveoli, ACE2 was only detected in the pneumocytes of

cats, and not identified in the alveolar cells of any other species (Fig-

ure 2). However, the endothelium and tunica media of the medium-

sized blood vessels within the alveolar septa of the dog, Sumatran tiger

and cheetah (Figures 2 and 3, Supporting information Figure S1) were

immunopositive for ACE2. In contrast, ACE2 was detected on the api-

cal aspect or cilia of the bronchiolar epithelium of domestic cattle and

sheep, mink, European badger, Sumatran and Siberian tiger, African

and Asiatic lion; and also bronchioles of the mink. No ACE2 immunola-

belling was detected in the bronchioles of the pig, horse, ferret, West-

ern gorilla, golden headed lion tamarin and the common marmoset

(Supporting information Figures S1 and S2). In the intestines, ACE2

was detected in all species investigated, whereby the immunolabelling

was ubiquitous on the brush border of the epithelial cells on the tip of

the intestinal villi, and was infrequent to non-existent in the crypts of

the villi (Figure 3, Table 1, Supporting information Figures S1 and S2).

Histological sections of the nasal mucosa of a limited number of mam-

malian species were evaluated for ACE2 by IHC, owing to the infre-

quent sampling of the upper respiratory tract. In addition to the mink,

ferret, dog, cat and hamster described above, ACE2 expression was

absent in the nasal mucosa of the pig (Figure 4a), cattle and sheep (data

not shown), but present on the mucosa of the serotine bat (Eptesicus

serotinus) (Figure 4b).

4 DISCUSSION

This study demonstrates the expression of ACE2 in the lungs of cat-

tle, sheep, mink, European badgers, domestic cats, tigers and lions. The

availability of ACE2 in the lungs of mink, cat, tigers and lions can be

linked to the susceptibility of these species to develop pneumonia fol-

lowing SARS-CoV-2 infection (McAloose et al., 2020; Molenaar et al.,

2020). Evaluation of ACE2 expression in the nasal mucosa of a lim-

ited number of species also reflected known differences in susceptibil-

ity to the virus. For example, productive infection of the nasal mucosal

epithelium of the mink, ferret and cat with SARS-CoV-2 (Bosco-Lauth

et al., 2020; Everett et al., 2021;Molenaar et al., 2020) and the absence
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TABLE 1 Immunohistochemical characterisation of ACE2 in the lung and small intestine of companion animals, livestock andwild mammals

Common name Scientific name
(Sample size) Alveoli Bronchiole

Small

intestine* In vivo evidence of host susceptibility

Cattle Bos Taurus (n= 1) – +, bronchiole

epithelium

n/a Experimental, asymptomatic (Falkenberg et al., 2021;

Ulrich et al., 2020)

SheepOvis aries (n= 1) – +, bronchiole

epithelium

+ –

Alpaca Vicugna pacos (n= 1) – – n/a –

Pig Sus scrofa domestica (n= 2) – – + Experimental, asymptomatic (Schlottau et al., 2020;

Vergara-Alert et al., 2020)

Dog Canis lupus familiaris (n= 2) +, endothelium – + Field and experimental, asymptomatic (Bosco-Lauth

et al., 2020; Sit et al., 2020)

Cat Felis catus (n= 5) +, type I

pneumocyte

– + Field and experimental, asymptomatic and

symptomatic (Barrs et al., 2020; Bosco-Lauth et al.,

2020)

Horse Equus caballus (n= 1) – – + –

FerretMustela putorious furo (n= 3) – – + Field and experimental, asymptomatic (Carvallo et al.,

2021; Everett et al., 2021; Gortázar et al., 2021;

Schlottau et al., 2020; Shi et al., 2020)

AmericanminkNeovison vison
(n= 2)

– +, bronchiole

epithelium

+ Field and experimental, pneumonia (Molenaar et al.,

2020; Shuai et al., 2020 )

Golden Syrian hamster

Mesocricetus auratus (n= 3)

– – + Experimental, pneumonia (Chan et al., 2020; Gerhards

et al., 2021)

Cheetah Acinonyx jubatus (n= 1) +, endothelium – n/a –

Sumatran tiger Panthera tigris
sondaica (n= 1)

+, endothelium +, bronchiole

epithelium

+ Field, cough andwheezing (McAloose et al., 2020)

Siberian tiger Panthera tigris altaica
(n= 2)

– +, bronchiole

epithelium

+ Field, cough andwheezing (McAloose et al., 2020)

Asiatic lion Panthera leo leo (n= 1) – +, bronchiole

epithelium

+ Field, incidental, no disease reported (O.I.E., 2021)

African lion Panthera leo (n= 1) – +, bronchiole

epithelium

and

bronchial

gland

+ Field, respiratory disease (McAloose et al., 2020)

European lynx Lynx lynx (n= 1) – – + –

European badgerMeles meles
(n= 2)

– +, bronchiole

epithelium

n/a –

Western gorillaGorilla sp. (n= 1) – – + Field, cough (Gibbons, 2021)

Golden headed lion tamarin

Leontopithecus chrysomelas
(n= 1)

– – + –

Commonmarmoset Callithrix jaccus
(n= 1)

– – + Experimental, only fever, no pneumonia or virus

infection of lungs (Lu et al., 2020)

+Positive; - negative; n/a, not available.

*Enterocytes unless indicated otherwise.

of nasal shedding in experimentally infected pigs (Vergara-Alert et al.,

2020). Importantly, understanding of the anatomical distribution of

ACE2, particularly in the respiratory tract, clarified the disparities of

host susceptibility previously investigated through binding of virus and

with orthologous ACE2 proteins (Conceicao et al., 2020; Liu et al.,

2021). The ubiquitous expression of ACE2 on the brush border of the

small intestinal enterocytes in all investigated species demonstrates

the conservation of ACE2 expression, which is similar to that found in

humans (Ortiz et al., 2020).

Within the human lung, ACE2 is expressed on the luminal aspect

of the cell membrane of the ciliated bronchiolar epithelial cells in the

conducting airways (Hikmet et al., 2020; Lee et al., 2020b; Ortiz et al.,

2020). Our study also demonstrated ACE2 immunolabelling in the cil-

iated bronchiolar epithelial cells of cattle, sheep, mink, badger, tigers
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F IGURE 3 Immunohistochemical characterisation of ACE2 distribution in the lung, small intestine and kidney of large felids and livestock.
Positive immunolabelling of ACE2was observed in the cilia of the bronchiolar epithelium (red arrow heads) in the Asiatic lion (Panthera leo leo),
Siberian tiger (Panthera tigris altaica) and sheep (Ovis aries). In addition, ACE2was detected on the brush border of the intestinal and renal tubular
epithelial cells. Images taken at 400×magnification

F IGURE 4 Immunohistochemical characterisation of ACE2 distribution in the nasal turbinate. Absence of immunolabelling in the pig (a),
positive immunolabelling in the serotine bat (Eptesicus serotinus) (b)

and lions. Despite detection of low viral RNA copy numbers in nasal

swabs of cattle following intranasal experimental inoculation of SARS-

CoV-2 (Ulrich et al., 2020), other studies have successfully reported live

virus replication in cattle lung explants (Di Teodoro et al., 2021). These

differences could potentially be attributed to the large surface areas of

the airways of cattle in relation to virus inoculum dose, or possibly lack

ofACE2expression in the first point of contactwith virus inoculum, the

nasal mucosa, similar to that observed in pigs.

The alveolus is the site of gaseous exchange in the lung and, as such,

is highly important to the pathogenesis of SARS-CoV-2 infection. The

epithelial lining of alveoli comprises two types of pneumocyte: ter-

minally differentiated, flattened type I pneumocytes, which allow dif-

fusion of gases, and plump type II pneumocytes, which produce sur-

factant and regenerate the epithelial lining following alveolar injury

(Young et al., 2006). IHC and single-cell RNA-sequencing have shown

that ACE2 is only expressed in approximately 1% of type II pneumo-

cytes in humans (Ortiz et al., 2020). In the animal lungs examined, we

only observed weak immunolabelling of type I pneumocytes of the cat,

in contrast to a previous studywhich describes extensive expression of

ACE2 within the respiratory tract of the cat and ferret (van den Brand
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et al., 2008). On the other hand, the hamster is widely used as a lab-

oratory animal model to study the pathogenesis of SARS-CoV-2 due

to high susceptibility to infection and its ability to reliably reproduce

viral-pneumonia (Chan et al., 2020; Imai et al., 2020). ACE2 could not

be detected in the trachea and lung of hamsters in our study, as also

reportedbySuresh and colleagues (2021), despite using threedifferent

clones of commercial antibodies. Although immunolabelling of a posi-

tive kidney control tissue provided a good indication for cognate pro-

tein detection by IHC, the level of ACE2 expression could have been

below thedetection limits of the IHC techniquesused.Aprevious study

demonstrated low levels of ACE2 mRNA in hamster lungs by quanti-

tative PCR (Suresh et al., 2021). In a highly susceptible species, such

as the hamster, it is possible that the poor availability of ACE2 in the

lung is compensated by the high binding affinity between SARS-CoV-2

spike proteins and host ACE2 to facilitate infection (Conceicao et al.,

2020). Alternatively the binding and entry of SARS-CoV-2 in the ham-

ster could be mediated by another cognate host receptor yet to be

characterised.

In addition to ACE2 expression in the alveolar epithelium, ACE2

immunolabelling was observed in the endothelium and tunica media

of the medium-sized vessels within the alveoli of the dog and Suma-

tran tiger. In a separate study that evaluated IHC specificity of six com-

mercially available anti-ACE2 antibodies using human lung sections,

including the antibody preparation used in our study, this commer-

cial antibody produced robust staining in blood vessels including co-

localisation with CD31+ endothelial cells (Lee et al., 2020b). One of

the COVID-19 complications in human is thromboembolism (Bussani

et al., 2020). Although there is immunohistologic evidence of alveolar

blood vessels infectedwith SARS-CoV-2 and activation of the endothe-

lial cells (expression of tissue factor, E-selectin and VCAM-1) in autop-

sied lungs (Bussani et al., 2020), an in vitro study has demonstrated

only low susceptibility of cultured endothelial cells to SARS-CoV-2

infection (Hui et al., 2021). The upregulation of endothelial activation

genes is also shown tobea consequenceof pro-inflammatory cytokines

released from infected airway epithelial cells (Hui et al., 2021). Animals

naturally infected with SARS-CoV-2, such as the mink (Molenaar et al.,

2020) and cat (Carvallo et al., 2021), developed pulmonary injury evi-

dent by type I pneumocyte infection and damage. Currently, the signif-

icance of ACE2 expression in the vasculature of animals and the poten-

tial interaction with SARS-CoV-2 remains unclear.

The mucosal epithelium of the nasal cavity plays a critical role in

SARS-CoV-2 transmission (Buitrago-Garcia et al., 2020). A previous

IHC study showed that 6 out of 12 human individuals expressed ACE2

in the epithelium of the nasal mucosa (Hikmet et al., 2020). In addition,

ACE2 was abundantly distributed throughout the simple columnar

(respiratory) epithelium of the human nasal mucosa, with the appear-

ance of multifocal and discontinuous labelling on the cilia, but rare

in the pseudo-stratified columnar (olfactory) epithelium (Ortiz et al.,

2020). In contrast, ACE2 is uniformly expressed on the respiratory

epithelium within the nasal turbinate of the ferret and mink. The more

widespread distribution of ACE2 in the nasal mucosa of these two

Mustelinae could provide a larger area conducive for virus infection

via respiratory droplet or aerosol, thus, facilitating virus transmission

(Oude Munnink et al., 2021; Richard et al., 2020). In contrast, despite

the sparse presence of ACE2 in the nasal mucosa of both the cat and

hamster, the susceptibility of these species could be a consequence of

the high binding affinity of SARS-CoV-2 to the cognate receptor (Con-

ceicao et al., 2020). The nasal turbinate is often under- or not sampled

in necropsies given the technical difficulties in extracting the tissues.

Indeed, differences in the spatial expressionofACE2 in theupper (nasal

turbinate) and lower (trachea and lung) respiratory tract underline the

importance of examining these tissues to better understand potential

binding sites within the respiratory tract.

In addition to the respiratory disease associated with COVID-19, a

substantial proportion of human patients also develop digestive symp-

toms and shedding of virus in faeces (Mao et al., 2020;Wu et al., 2020),

which is supported by the ability of SARS-CoV-2 to infect enterocytes

(Lamers et al., 2020; Zhou et al., 2020). Such dual tropism is also com-

mon among other coronaviruses of veterinary and zoonotic impor-

tance, such as bovine coronavirus, SARS-CoV and MERS-CoV (Leung

et al., 2003; Saif & Jung, 2020; Zhou et al., 2017). SARS-CoV-2 has been

detected in rectal swabs fromdogs and cats livingwithCOVID-19posi-

tive owners, although the viral loadwasmuch lower than in oropharyn-

geal swabs (Barrs et al., 2020; Sit et al., 2020). Similar findings have also

been reported in several accounts of both natural and experimentally

infected ferrets and mink (Everett et al., 2021; Gortázar et al., 2021;

Oreshkova et al., 2020; Shuai et al., 2020). The diagnostic interpreta-

tion of a positive rectal swab in animals remains debatable as a posi-

tive result could suggest a productive infection in the gastrointestinal

tract or ingestion of virus particles (Everett et al., 2021). Currently, no

gastrointestinal disease has been reported from any of these animal

species infected with SARS-CoV-2. However, considering that small

intestinal enterocytes express high levels of ACE2 in these species, and

given that allogrooming is an important social behaviour inmanymam-

mals (Carter & Leffer, 2015; Val-Laillet et al., 2009), which likely facili-

tates oral ingestion of virus, virological surveillance from rectal swabs

should be routinely undertaken in animals. One limitation of our study

is that the large intestine was not examined. In humans, ACE2 is highly

abundant in the small intestine but only low levels of ACE2 expres-

sion can be detected in the large intestine by IHC and transcriptomic

analysis (Hikmet et al., 2020). ACE2 is reported to be absent in the

large intestine of hamsters as determined by IHC (Suresh et al., 2021).

Further investigation is needed to explore the spatial distribution of

ACE2 invarious regionsof thegastrointestinal tract todetermineother

potential sites for ACE2-mediated virus infection.

ACE2 of the domestic cat is highly effective in mediating SARS-

CoV and SARS-CoV-2 infection based on in vitro virus-receptor binding

studies (Conceicao et al., 2020; Liu et al., 2021). Although both SARS

coronaviruses do not generally induce clinical disease in the cat, they

can induce tracheobronchoadenitis evident at the microscopic level

and this pathology can be related to ACE2 distribution in the respira-

tory tract (Gaudreault et al., 2020; van den Brand et al., 2008). In large

felids, coughing has been reported in several Malayan tigers (P. tigris

jacksoni), Siberian tigers and African lions infected with SARS-CoV-

2, supported by radiographic evidence of peri-bronchial consolidation

and cytological detection of SARS-CoV-2-infected tracheal epithelial
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cells (McAloose et al., 2020). In our study, we report the detection of

ACE2-positive bronchiolar epithelial cells in the lungs of Sumatran and

Siberian tiger aswell as African andAsiatic lions. The evidence of ACE2

expression in the conducting airway and clinicopathological reports of

disease in large felids highlight the importance of appropriate biosecu-

rity measures wherever these species are kept in captivity or handled

during conservation research andmanagement activities.

It is universally accepted that both mink and ferrets are suscepti-

ble to SARS-CoV-2 infection. Infection of both the upper and lower

respiratory tract, supported by molecular, virological and pathological

findings, has been observed in naturally and experimentally infected

mink (Molenaar et al., 2020; Shuai et al., 2020). In contrast, only upper

respiratory tract infection has been observed in ferrets experimen-

tally infected with SARS-CoV-2 (Everett et al., 2021; Richard et al.,

2020). Hence, the different spatial expression ofACE2 in the upper and

lower respiratory tracts of the ferrets and mink is consistent with the

observed difference in disease pathogenesis and transmission. Impor-

tantly, despite the poor binding of SARS-CoV-2 to ACE2 orthologues

of the mink and ferret conducted in vitro (Conceicao et al., 2020; Liu

et al., 2021), the unequivocal presence of ACE2 in the respiratory tract

of both species promotes the permissibility for infection. These data

also support the uniqueness of ferrets and mink to serve as suitable

animal models in advancing our knowledge of both symptomatic and

asymptomatic SARS-CoV-2 infection as well as therapeutic interven-

tion evaluation (de Vries et al., 2021; Everett et al., 2021).

Most wild mustelids, including American and European mink

(Mustela lutreola) and the wild cousin of the domestic ferret, the

European polecat (Mustela putorius), live predominantly solitary lives,

coming together only for breeding. Such circumstances would limit

opportunities for viral transmission in thewild and are in stark contrast

to the high-density housing of mink on fur farms across Europe, North

America and Asia. However, other species of mustelids including

weasels, ferret badgers (Melogale spp.) and hog badgers (Arctonyx

collaris) are consumed in parts of East Asia and may be found together

in close proximity to other species in live animal markets (Dong et al.,

2007; Woo et al., 2006; Xiao et al., 2021). Virological surveillance con-

ducted at live animal markets following the 2003 SARS-CoV outbreak

identified the presence of other coronaviruses in the Chinese ferret-

badger (Melogale moschata), yellow-bellied weasel (Mustela kathiah)

and Siberian weasel (Mustela sibirica) (Dong et al., 2007). Evidence in

the present study of ACE2 expression in the bronchiolar epithelial

cells of two different subfamilies ofMustelidae (mink [Mustelinae] and

European badger [Melinae]) suggests that analysis of the distribution

of ACE2 in tissues and the binding affinity of SARS-CoV-2 in other

mustelids may identify further susceptible species. More detailed

examination of the distribution of ACE2 expression in the European

badger may be particularly valuable as unlike other mustelids this

species is highly social and can reach relatively high population

densities in parts of their range (Johnson et al., 2002).

The emergence of SARS-CoV-2 is likely a consequence of virus evo-

lution and positive selection of an ancestral bat coronavirus in an

intermediate animal host which subsequently infected a human host

(Andersen et al., 2020; Lau et al., 2005). For example, although SARS-

CoVhas its origins in bats, the palm civet cat (Paauma larvata) was iden-

tified as the sourceof human infectionduring the2003–2004outbreak

(Andersenet al., 2020; Lauet al., 2005). The intermediate host thatmay

have led to the emergence and spread of SARS-CoV-2 in the human

population is yet to be identified. It has been proposed that a likely can-

didate would be a species with a compatible and efficient ACE2 recep-

tor that is kept at sufficiently high population density to facilitate virus

selection, as is the case for farmed mink (Larsen et al., 2021; Zhou &

Shi, 2021). Conventionally domestic animals, such as pigs, cattle and

sheep, are often housed at high densities for intensive food production.

However, the lack of ACE2 distribution in the respiratory tract of the

pig, and the poor in vivo susceptibility of pigs, cattle and sheep (Ulrich

et al., 2020; Vergara-Alert et al., 2020), suggest that these species are

unlikely to be effective intermediate hosts for coronavirus evolution.

A major concern is the potential for transmission of SARS-CoV-2

to free-living wildlife and the subsequent establishment of a reservoir

of infection providing the conditions for viral mutation, recombination

and reintroduction to the human population (Hoffmann et al., 2021;

Koopmans, 2021). Further studies are being undertaken, which should

delineate the distribution of ACE2, specifically in the respiratory and

gastrointestinal tract of other mammalian species. Additional informa-

tion on the distribution of this viral receptor will enhance our knowl-

edge of the susceptibility and likely importance of animals in the evolu-

tion and emergence of SARS coronaviruses.

ACKNOWLEDGMENTS

This work was supported by the U.K. Department for Environment,

Food, and Rural Affairs (Defra); the devolved administrations of

the Scottish and the Welsh Governments [Grant Numbers SV3700,

SE0557, SE0558 and SE0562] and the European Joint ProgrammeOne

Health EJP COVRIN project funded under the European Union’s Hori-

zon 2020 Research and Innovation Programme https://onehealthejp.

eu/jip-covrin/ [Grant Number 773830]. The authors would like to

thank the pathology scientist at APHA for their laboratory work and

support.

ETHICAL STATEMENT

No ethical approval was required as tissue blocks were derived from

histology archives.

AUTHOR CONTRIBUTION STATEMENT

F.Z.X.L., S.A., C.C., N.T. performed the experiments. F.Z.X.L., A.N., S.S.,

S.L.P., S.V., A.S.B., A.M.P.B. conducted formal analysis. F.Z.X.L., D.B., E.W.,

J.J., A.M.P.B., S.A. provided the methodology. A.N., R.J.D., W.H.M.P.,

I.H.B., A.R.F., S.M.B. providedwith resources. F.Z.X.L. wrote the original

draft. All authors reviewed and edited themanuscript.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from the

corresponding author upon reasonable request.

https://onehealthejp.eu/jip-covrin/
https://onehealthejp.eu/jip-covrin/


2284 LEAN ET AL.

ORCID

FabianZ. X. Lean https://orcid.org/0000-0001-7680-5110

Joe James https://orcid.org/0000-0002-9673-3684

WimH.M. vander Poel https://orcid.org/0000-0002-7498-8002

REFERENCES

Andersen,K.G., Rambaut, A., Lipkin,W. I., Holmes, E. C., &Garry, R. F. (2020).

The proximal origin of SARS-CoV-2.Nature Medicine, 26(4), 450–452.
Barrs, V. R., Peiris, M., Tam, K.W. S., Law, P. Y. T., Brackman, C. J., To, E. M.W.,

Yu, V. Y. T., Chu, D. K. W., Perera, R. A. P. M., & Sit, T. H. C. (2020). SARS-

CoV-2 in quarantined domestic cats from covid-19 households or close

contacts, Hong Kong, China. Emerging Infectious Diseases, 26(12), 3071–
3074.

Bosco-Lauth, A. M., Hartwig, A. E., Porter, S. M., Gordy, P. W., Nehring, M.,

Byas, A. D., Vandewoude, S., Ragan, I. K., Maison, R. M., & Bowen, R. A.

(2020). Experimental infection of domestic dogs and cats with SARS-

CoV-2: Pathogenesis, transmission, and response to reexposure in cats.

Proceedings of theNational Academyof Sciences of theUnited States ofAmer-
ica, 117(42), 26382–26388.

Buitrago-Garcia, D., Egli-Gany, D., Counotte, M. J., Hossmann, S., Imeri, H.,

Ipekci, A. M., Salanti, G., & Low, N. (2020). Occurrence and transmis-

sion potential of asymptomatic and presymptomatic SARS-CoV-2 infec-

tions: A living systematic review and meta-analysis. Plos Medicine, 17(9),
e1003346.

Bussani, R., Schneider, E., Zentilin, L., Collesi, C., Ali, H., Braga, L., Volpe,M.C.,

Colliva, A., Zanconati, F., Berlot, G., Silvestri, F., Zacchigna, S., & Giacca,

M. (2020). Persistence of viral RNA, pneumocyte syncytia and throm-

bosis are hallmarks of advanced Covid-19 pathology. EBioMedicine, 61,
103104.

Carter, G., & Leffer, L. (2015). Social grooming in bats: Are vampire bats

exceptional? Plos One, 10(10), e0138430.
Carvallo, F. R., Martins, M., Joshi, L. R., Caserta, L. C., Mitchell, P. K., Cecere,

T., et al. (2021). Severe SARS-CoV-2 infection in a cat with hyper-

trophic cardiomyopathy. Research Square. https://doi.org/10.21203/rs.3.
rs-406297/v1

Chan, J. F.-W., Zhang, A. J., Yuan, S., Poon, V. K.-M., Chan, C. C.-S., Lee, A. C.-Y.,

Chan,W.-M., Fan, Z., Tsoi, H.-W.,Wen, L., Liang, R., Cao, J., Chen, Y., Tang,

K., Luo, C., Cai, J.-P., Kok, K.-H., Chu, H., Chan, K.-H., . . . Yuen, K.-Y. (2020).

Simulation of the clinical and pathological manifestations of coronavirus

disease 2019 (Covid-19) in a golden Syrian hamster model: Implications

for disease pathogenesis and transmissibility. Clinical Infectious Diseases,
71(9), 2428–2446.

Conceicao, C., Thakur, N., Human, S., Kelly, J. T., Logan, L., Bialy, D., Bhat, S.,

Stevenson-Leggett, P., Zagrajek,A.K.,Hollinghurst, P., Varga,M., Tsirigoti,

C., Tully, M., Chiu, C., Moffat, K., Silesian, A. P., Hammond, J. A., Maier,

H. J., Bickerton, E., . . . Bailey, D. (2020). The SARS-CoV-2 spike protein

has a broad tropism for mammalian ACE2 proteins. Plos Biology, 18(12),
e3001016.

De Vries, R. D., Schmitz, K. S., Bovier, F. T., Predella, C., Khao, J., Noack, D.,

Haagmans, B. L., Herfst, S., Stearns, K.N.,Drew-Bear, J., Biswas, S., Rockx,

B., Mcgill, G., Dorrello, N. V, Gellman, S. H., Alabi, C. A., De Swart, R. L.,

Moscona, A., & Porotto, M. (2021). Intranasal fusion inhibitory lipopep-

tide prevents direct-contact SARS-CoV-2 transmission in ferrets. Sci-
ence, 371(6536), 1379–1382.

Delahay, R. J., De La Fuente, J., Smith, G. C., Sharun, K., Snary, E. L., Flores

Girón, L., Nziza, J., Fooks, A. R., Brookes, S. M., Lean, F. Z. X., Breed, A. C.,

& Gortazar, C. (2021). Assessing the risks of SARS-CoV-2 in wildlife.One
Health Outlook, 3, 7.

Di Teodoro, G., Valleriani, F., Puglia, I., Monaco, F., Di Pancrazio, C., Luciani,

M., Krasteva, I., Petrini, A., Marcacci, M., D’alterio, N., Curini, V., Iorio, M.,

Migliorati, G., Di Domenico, M., Morelli, D., Calistri, P., Savini, G., Decaro,

N., Holmes, E C., & Lorusso, A. (2021). SARS-CoV-2 replicates in respi-

ratory ex vivo organ cultures of domestic ruminant species. Veterinary
Microbiology, 252, 108933.

Dong, B. Q., Liu, W., Fan, X. H., Vijaykrishna, D., Tang, X. C., Gao, F., Li, L. F.,

Li, G. J., Zhang, J. X., Yang, L. Q., Poon, L. L. M., Zhang, S. Y., Peiris, J. S.

M., Smith, G. J. D., Chen, H., & Guan, Y. (2007). Detection of a novel and

highly divergent coronavirus fromAsian leopard cats and Chinese ferret

badgers in Southern China. Journal of Virology, 81(13), 6920–6926.
Everett, H. E., Lean, F. Z. X., Byrne, A. M. P., Van Diemen, P. M., Rhodes, S.,

James, J.,Mollett, B., Coward, V. J., Skinner, P.,Warren, C. J., Bewley, K. R.,

Watson, S., Hurley, S., Ryan, K. A., Hall, Y., Simmons, H., Núñez, A., Carroll,

M.W., Brown, I. H., &Brookes, S.M. (2021). Intranasal infection of ferrets

with SARS-CoV-2 as amodel for asymptomatic human infection. Viruses,
13(1), 113.

Falkenberg, S., Buckley, A., Laverack,M.,Martins,M., Palmer,M.V., Lager, K.,

&Diel, D.G. (2021). Experimental inoculation of young calveswith SARS-

CoV-2. Viruses, 13(3), 441.
Gaudreault, N. N., Trujillo, J. D., Carossino, M., Meekins, D. A., Morozov, I.,

Madden, D. W., Indran, S. V., Bold, D., Balaraman, V., Kwon, T., Artiaga, B.

L., Cool, K., García-Sastre, A., Ma, W., Wilson, W. C., Henningson, J., Bal-

asuriya, U. B. R., & Richt, J. A. (2020). SARS-CoV-2 infection, disease and

transmission in domestic cats. EmergMicrobes Infect, 9(1), 2322–2332.
Gembardt, F., Sterner-Kock, A., Imboden, H., Spalteholz, M., Reibitz, F.,

Schultheiss, H.-P., Siems, W.-E., & Walther, T. (2005). Organ-specific dis-

tribution of ACE2 mRNA and correlating peptidase activity in rodents.

Peptides, 26(7), 1270–1277.
Gerhards, N. M., Cornelissen, J. B. W. J., Van Keulen, L. J. M., Harders-

Westerveen, J., Vloet, R., Smid, B., Vastenhouw, S., Van Oort, S., Hakze-

VanDerHoning, R.W., Gonzales, J. L., Stockhofe-Zurwieden,N., De Jong,

R., Van Der Poel, W. H. M., Vreman, S., Kortekaas, J., Wichgers Schreur,

P. J., & Oreshkova, N. (2021). Predictive value of precision-cut lung slices

for the susceptibility of three animal species for SARS-Cov-2 and valida-

tion in a refined hamster model. Pathogens, 10(7), 824.
Gibbons, A. (2021). Captive gorillas test positive for coronavirus. Science.

http://doi.org/10.1126/science.abg5458

Gortázar, C., Barroso-Arévalo, S., Ferreras-Colino, E., Isla, J., de la Fuente,

G., Rivera, B., et al. (2021). Natural SARS-CoV-2 infection in kept ferrets,

Spain. Emerg Infect Dis., 2021.2001.2014.426652.27(7), 1994–1996.
Hamming, I., Cooper, M. E., Haagmans, B. L., Hooper, N. M., Korstanje, R.,

Osterhaus, A., Timens, W., Turner, A. J., Navis, G., & Van Goor, H. (2007).

The emerging role of ACE2 in physiology and disease. Journal of Pathol-
ogy, 212(1), 1–11.

Hikmet, F.,Méar, L., Edvinsson, Å.,Micke, P., Uhlén,M., & Lindskog, C. (2020).

The protein expression profile of ACE2 in human tissues.Molecular Sys-
tems Biology, 16(7), e9610.

Hoffmann, M., Zhang, L., Krüger, N., Graichen, L., Kleine-Weber, H.,

Hofmann-Winkler, H., Kempf, A., Nessler, S., Riggert, J., Winkler, M. S.,

Schulz, S., Jäck, H.-M., & Pöhlmann, S. (2021). SARS-CoV-2 mutations

acquired in mink reduce antibody-mediated neutralization. Cell Reports,
35(3), 109017.

Hui, K. P.-Y., Cheung, M.-C., Lai, K.-L., Ng, K.-C., Ho, J. C.-W., Peiris, M.,

Nicholls, J.M., &Chan,M. C.-W. (2021). Role of epithelial-endothelial cell

interaction in the pathogenesis of SARS-CoV-2 infection. Clinical Infec-
tious Diseases.

Imai, M., Iwatsuki-Horimoto, K., Hatta, M., Loeber, S., Halfmann, P J., Naka-

jima, N., Watanabe, T., Ujie, M., Takahashi, K., Ito, M., Yamada, S., Fan, S.,

Chiba, S., Kuroda, M., Guan, L., Takada, K., Armbrust, T., Balogh, A., Furu-

sawa, Y., . . . Kawaoka, Y. (2020). Syrian hamsters as a small animal model

for SARS-CoV-2 infection and countermeasure development. Proceed-
ings of the National Academy of Sciences, 117(28), 16587–16595.

Johnson, D. D. P., Jetz, W., & Macdonald, D. W. (2002). Environmental cor-

relates of badger social spacing across Europe. Journal of Biogeography,
29(3), 411–425.

Koopmans, M. (2021). SARS-CoV-2 and the human-animal interface: Out-

breaks onmink farms. Lancet Infectious Diseases, 21(1), 18–19.
Kumar, S., Stecher, G., & Tamura, K. (2016). Mega7: Molecular evolutionary

genetics analysis version 7.0 for bigger datasets. Molecular Biology and
Evolution, 33(7), 1870–1874.

https://orcid.org/0000-0001-7680-5110
https://orcid.org/0000-0001-7680-5110
https://orcid.org/0000-0002-9673-3684
https://orcid.org/0000-0002-9673-3684
https://orcid.org/0000-0002-7498-8002
https://orcid.org/0000-0002-7498-8002
https://doi.org/10.21203/rs.3.rs-406297/v1
https://doi.org/10.21203/rs.3.rs-406297/v1
http://doi.org/10.1126/science.abg5458


LEAN ET AL. 2285

Lamers, M. M., Beumer, J., Van Der Vaart, J., Knoops, K., Puschhof, J.,

Breugem, T. I., Ravelli, R. B. G., Paul Van Schayck, J., Mykytyn, A. Z.,

Duimel, H. Q., Van Donselaar, E., Riesebosch, S., Kuijpers, H. J. H., Schip-

per, D., Van De Wetering, W. J., De Graaf, M., Koopmans, M., Cuppen,

E., Peters, P. J., . . . Clevers, H. (2020). SARS-CoV-2 productively infects

human gut enterocytes. Science, 369(6499), 50–54.
Larsen, H. D., Fonager, J., Lomholt, F. K., Dalby, T., Benedetti, G., Kristensen,

B., Urth, T. R., Rasmussen, M., Lassaunière, R., Rasmussen, T. B., Strand-

bygaard, B., Lohse, L., Chaine, M., Møller, K. L., Berthelsen, A.-S. N., Nør-

gaard, S. K., Sönksen, U. W., Boklund, A. E., Hammer, A. S., . . . Mølbak,

K. (2021). Preliminary report of an outbreak of SARS-CoV-2 in mink

and mink farmers associated with community spread, Denmark, June to

November 2020. Euro Surveillance, 26(5), 2100009.
Lau, S. K. P., Woo, P. C. Y., Li, K. S. M., Huang, Y., Tsoi, H.-W., Wong, B. H. L.,

Wong, S. S. Y., Leung, S.-Y., Chan, K.-H., & Yuen, K.-Y. (2005). Severe acute

respiratory syndrome coronavirus-like virus in Chinese horseshoe bats.

PNAS, 102(39), 14040–14045.
Lean, F. Z. X., Lamers, M.M., Smith, S. P., Shipley, R., Schipper, D., Temperton,

N., Haagmans, B. L., Banyard, A. C., Bewley, K. R., Carroll, M.W., Brookes,

S. M., Brown, I., & Nuñez, A. (2020). Development of immunohistochem-

istry and in situ hybridisation for the detection of SARS-CoV and SARS-

CoV-2 in formalin-fixed paraffin-embedded specimens. Scientific Reports,
10(1), 21894.

Lee, A. C.-Y., Zhang, A. J., Chan, J. F.-W., Li, C., Fan, Z., Liu, F., Chen, Y., Liang,

R., Sridhar, S., Cai, J.-P., Poon, V. K.-M., Chan, C. C.-S., To, K. K.-W., Yuan,

S., Zhou, J., Chu, H., & Yuen, K.-Y. (2020a). Oral SARS-CoV-2 inocula-

tion establishes subclinical respiratory infection with virus shedding in

golden Syrian hamsters. Cell RepMed, 1(7), 100121.
Lee, I. T., Nakayama, T., Wu, C.-T., Goltsev, Y., Jiang, S., Gall, P. A., Liao, C.-K.,

Shih, L.-C., Schürch, C. M., Mcilwain, D. R., Chu, P., Borchard, N. A., Zara-

banda, D., Dholakia, S. S., Yang, A., Kim, D., Chen, H., Kanie, T., Lin, C.-

D., . . . Jackson, P. K. (2020b). Ace2 localizes to the respiratory cilia and

is not increased by ace inhibitors or arbs. Nature Communications, 11(1),
5453.

Leung, W. K., To, K.-F., Chan, P. K. S., Chan, H. L. Y., Wu, A. K. L., Lee, N.,

Yuen, K. Y., & Sung, J. J. Y. (2003). Enteric involvement of severe acute

respiratory syndrome-associated coronavirus infection. Gastroenterol-
ogy, 125(4), 1011–1017.

Liu, Y., Hu, G., Wang, Y., Ren,W., Zhao, X., Ji, F., Zhu, Y., Feng, F., Gong, M., Ju,

X., Zhu, Y., Cai, X., Lan, J., Guo, J., Xie,M., Dong, L., Zhu, Z., Na, J.,Wu, J., . . .

Ding, Q. (2021). Functional and genetic analysis of viral receptor ACE2

orthologs reveals a broad potential host range of SARS-CoV-2. Proc Natl
Acad Sci U S A, 118(12), e2025373118.

Lu, S., Zhao, Y., Yu, W., Yang, Y., Gao, J., Wang, J., Kuang, D., Yang, M., Yang,

J., Ma, C., Xu, J., Qian, X., Li, H., Zhao, S., Li, J., Wang, H., Long, H., Zhou, J.,

Luo, F., . . . Peng, X. (2020). Comparison of nonhuman primates identified

the suitable model for covid-19. Signal Transduct Target Ther, 5(1), 157.
Mao, R., Qiu, Y., He, J.-S., Tan, J.-Y., Li, X.-H., Liang, J., Shen, J., Zhu, L.-R.,

Chen, Y., Iacucci,M., Ng, S. C., Ghosh, S., &Chen,M.-H. (2020).Manifesta-

tions and prognosis of gastrointestinal and liver involvement in patients

with covid-19: A systematic review and meta-analysis. Lancet Gastroen-
terol Hepatol, 5(7), 667–678.

Martina, B. E. E., Haagmans, B. L., Kuiken, T., Fouchier, R. A. M., Rim-

melzwaan, G. F., Van Amerongen, G., Peiris, J. S. M, Lim, W., & Oster-

haus, A.D.M. E. (2003). Virology: SARSvirus infection of cats and ferrets.

Nature, 425(6961), 915.
Mcaloose, D., Laverack, M., Wang, L., Killian, M. L., Caserta, L. C., Yuan, F.,

Mitchell, P. K.,Queen,K.,Mauldin,M.R., Cronk, B.D., Bartlett, S. L., Sykes,

J. M., Zec, S., Stokol, T., Ingerman, K., Delaney, M. A., Fredrickson, R.,
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