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Abstract

Along with the control and prevention of coronavirus disease 2019 transmission,

infected animals might have potential to carry the virus to spark new outbreaks.

However, very few studies explore the susceptibility of animals to severe acute

respiratory syndrome coronavirus 2 (SARS‐CoV‐2). Viral attachment as a crucial

step for cross‐species infection requires angiotensin‐converting enzyme 2 (ACE2) as

a receptor and depends on TMPRSS2 protease activity. Here, we searched the

genomes of metazoans from different classes using an extensive BLASTP survey and

found ACE2 and TMPRSS2 occur in vertebrates, but some vertebrates lack

Tmprss2. We identified 6 amino acids among 25 known human ACE2 residues are

highly associated with the binding of ACE2 to SARS‐CoV‐2 (p value < .01) by Fisher

exact test, and following this, calculated the probability of viral attachment within

each species by the randomForest function from R randomForest library. Further-

more, we observed that Ace2 selected from seven animals based on the above

analysis lack the hydrophobic contacts identified on human ACE2, indicating less

affinity of SARS‐CoV‐2 to Ace2 in animals than humans. Finally, the alignment of 3D

structure between human ACE2 and other animals by I‐TASSER and TM‐align
displayed a reasonable structure for viral attachment within these species. Taken

together, our data may shed light on the human‐to‐animal transmission of

SARS‐CoV‐2.
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1 | INTRODUCTION

An unusual pneumonia caused by human severe acute respiratory syn-

drome coronavirus 2 (SARS‐CoV‐2), a novel coronavirus with ~79% si-

milarity of the genome sequence with SARS‐CoV, is threatening global

public health and economy.1–3 This disease was named coronavirus dis-

ease 2019 (COVID‐19) by theWorld Health Organization. Until March 9,

2021, SARS‐CoV‐2 has spread to more than 188 countries and regions

and caused 117,236,336 COVID‐19 positive cases with 2,603,942 deaths

(https://coronavirus.jhu.edu/map.html).

The origin and transmission routes of SARS‐CoV‐2 is still un-

clear. Generally, other coronaviruses SARS‐CoV and Middle East

respiratory syndrome coronavirus transmitted from bats to an in-

termediate host and then spillover to humans.4–6 Bats are con-

sidered as the original host of SARS‐CoV‐2 according to isolation of

bat coronavirus RaTG13, which has 96.1% genome identity with

SARS‐CoV‐2.7,8 Malayan pangolin is a potential intermediate host of

SARS‐CoV‐2 because of the isolation of pangolin‐CoV with 100%,

98.6%, 97.8%, and 90.7% amino acid identity with human SARS‐CoV‐2
in the E, M, N, and S proteins. Meanwhile, infected pangolins showed
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clinical signs and circulating antibodies against pangolin‐CoV, which

can react with S protein of SARS‐CoV‐2.9–11

In addition to the unclear molecular events in which inter-

mediate host during bat‐to‐human transmission of SARS‐CoV‐2, the
transmission of SARS‐Cov‐2 between human and other mammals is

becoming the new concern along with more and more reported

emerging of cases in animals. In the experimental approach, rhesus

macaques, golden hamster, domestic cats, dogs, ferret, Egyptian fruit

bat, and rabbit are susceptible to infection by SARS‐CoV‐2.12–28 To

date, pet dogs and cats in contact with COVID‐19 patients,29 lion and

tiger in New York city zoo,30 and mink on farms in the Netherlands

have tested positive for COVID‐19.31–33 At this moment, the risk of

catching SARS‐CoV‐2 from an infected animal is much lower than

from COVID‐19 positive person. Nevertheless, along with the re-

strictions on the movement of COVID‐19 person and numbers of

infected people fall, the virus might jump back and forth between

humans and animals to spark a new outbreak. Therefore, to effec-

tively prevent new spillovers to control future pandemics, more

studies should be carried out to understand the susceptibility of the

virus to various livestock.

Effective SARS‐CoV‐2 cell entry is the first line for viral infection

and determines the host range. Coronaviruses entry into target cells

depends on: (1) the binding of the spike (S) protein of coronaviruses

to cellular receptors, which facilitates virus attachment to the sur-

face of cells; (2) the requirement of S protein priming by cellular

proteases, which undertakes S protein cleavage to fuse cell mem-

branes and virus.34,35 The present studies indicated that SARS‐Cov‐2
employs angiotensin‐converting enzyme 2 (ACE2) as the cellular

receptors and requires the cellular serine protease transmembrane

serine protease 2 (TMPRSS2) for S protein priming.36–41

ACE2 is a type I transmembrane protein that was first discovered

in humans as a homologous of ACE.42–44 ACE2 has two domains,

namely peptidase_M2 domain in N‐terminus and collectrin domain in

C‐terminus.45 Evidence shows that human ACE2 is widely distributed

in several tissues, including the heart, kidney, lung, liver, testis, and

intestine.43 Biological functions of ACE2 could be divided into two

categories: peptidase‐dependent and ‐independent. The peptidase‐
independent function of ACE2 refers to a receptor of SARS‐CoV‐2 for

cell entry.45 TMPRSS2 is a type II transmembrane serine protease that

was first identified in prostate cancer.46 TMPRSS2 has three domains:

Low‐density lipoprotein receptor domain class A (LDLa), scavenger

receptor cysteine‐rich domain (SR), and trypsin‐like serine protease

(Tryp_SPc) domain. TMPRSS2 is widely expressed in the prostate, in-

testine, stomach, liver, lung, and kidney and so on.47

In this study, we performed an extensive BLASTP search to

identify ACE2 and TMPRSS2 gene homologs in lower vertebrate

classes (cyclostomata, fishes, amphibians, reptiles, birds,) and each

order and family in mammals. We found ACE2 and TMPRSS2 origi-

nated from vertebrates, but TMPRSS2 disappeared in some verte-

brates. The phylogenetic tree of ACE2 demonstrates a structure

consistent with a topology law of species evolution and two main

clades within highly advanced mammals along with SARS‐CoV‐2
positive case animals and cells, which is similar to those observed in

the TMPRSS2 gene family. Importantly, the distribution of 25 known

human ACE2 residues affinity to SARS‐CoV‐2 among different spe-

cies was analyzed using Fisher exact test by SAS 9.4, and 6 of those

residues is highly associated with viral susceptibility with p < .01.

Subsequently, the probability of the interplay of SARS‐CoV‐2 with

ACE2 across different species was predicted by random forest ana-

lysis for those highly associated amino acids using randomForest

function from R randomForest library. To further confirm our pre-

diction, the hydrophobicity, the prediction, and alignment of three‐
dimensional (3D) structure of ACE2 from seven selected species

were analyzed. Compared to human ACE2, less binding of SARS‐
CoV‐2 to ACE2 was observed in seven animals, but with a reasonable

structure for viral cell entry. Overall, our study is taken to identify

viral entry in potential hosts through sequence comparison, predic-

tion of probability for infectious and homology modeling, which can

provide clues to better understand the potential human‐to‐animals

transmission of SARS‐CoV‐2.

2 | MATERIALS AND METHODS

2.1 | Gene extraction

All ACE, ACE2, and TMPRSS2 genes from different species present

in this study were retrieved as follows: the amino acid sequences of

Human ACE (Genbank number: NP_000780), Human ACE2

(Genbank number: NP_001358344) and Human TMPRSS2 (Genbank

number: NP_001128571) were download from the National Center

for Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/

). According to the topology law of species evolution, representative

animals from mammals, aves, peptile, amphibian, teleost fishes, cy-

clostomata, arthropoda, and nematomorpha were selected. The ACE,

ACE2, and TMPRSS2 genes from those representative animals were

extracted based on the best hits using extensive BLASTP against

NCBI and Ensembl (https://useast.ensembl.org/index.html) database

with human ACE, ACE2, and TMPRS2 as the queries.

2.2 | Sequence analysis

Functional domains or motifs in ACE2 and TMPRSS2 genes were

confirmed by SMART (http://smart.embl-heidelberg.de/). The presence

of signal peptide and transmembrane regions of ACE2 and TMPRSS2

were predicted by SignaIP 5.0 server (http://www.cbs.dtu.dk/services/

SignalP/) and TMHHM Server 2.0 (http://www.cbs.dtu.dk/services/

TMHMM/). The locations of N‐glycosylation site were predicted by

NetNGlyc 1.0 Server (http://www.cbs.dtu.dk/services/NetNGlyc).

2.3 | Evolutionary analysis

Multiple alignments of ACE, ACE2 and TMPRSS2 from re-

presentative species were performed using Clustal X. Phylogenetic
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tree was constructed using Neighbor‐Joining (NJ) by MEGA X

package, and in each case, branch confidence values were obtained

by bootstrapping with 1000 replications. Substitutions model were

analyzed with p‐distance correction, and gaps were removed by

Pairwise deletion.

2.4 | Statistical analysis for prediction

The frequencies of amino acids were summarized by the status of SARS‐
CoV‐2 infection for each interested position for the 13 species including

9 known species has positive receptor binding and 4 species has negative

receptor binding. The association of amino acid with the status virus

infection were tested using Fisher exact test by SAS 9.4. The heatmap of

amino acids on each interested potion for the 13 species were generated

using Heatmap function from R library ComplexHeatmap (https://

jokergoo.github.io/ComplexHeatmap-reference/book/). To further pre-

dict the probability of the recognition of ACE2 to SARS‐CoV‐2 from

other species, we first choose the six position that have a p value less

than .01 from the Fisher exact test, which are Ser19, Lys26, Thr27,

Asp30, Leu79, and Met82. For these positions, if the amino acids are in

species which are recognized by the virus, then the amino acid will be

coded as 1, if the amino acids are in species which are not recognized

with the virus, then it will be coded as 0, otherwise, the amino acids will

be coded as unknown. Using the transferred data, we conducted a ran-

dom forest analysis for the five positions using randomForest function

from R randomForest library. The 13 species are treated as training

datasets and the virus infection status of the rest species are predicted

accordingly.

2.5 | Protein structure analysis

The amino acid sequences of ACE2 from seven representative spe-

cies were selected from the multiway alignment and loaded into

GOR IV (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=

npsa_gor4.html) for secondary protein structure, DNAMAN for the

hydrophobicity of amino acids, and I‐TASSER (http://zhanglab.ccmb.

med.umich.edu/I‐TASSER), ranked as the Top one server in template‐
based protein structure modeling, for 3D structural prediction. The

alignment of 3D structure was performed by TM‐align (https://

zhanglab.ccmb.med.umich.edu/TM-align/).48,49

3 | RESULTS

3.1 | Summary of animals and cells affected by
SARS‐CoV‐2

To date, limited emergence of COVID‐19 cases in animals and cells

has been reported. For animals, rhesus macaques, golden hamsters,

domestic cats, dogs, ferret, Egyptian fruit bat, and rabbits are sus-

ceptible to experimental infection by SARS‐CoV‐2. Lion and tiger

were confirmed by the United States Department of Agriculture

(Table S1). Viral RNA can be detected in the related tissues or cell

lines in all species listed in Table S1. The clinical sign of respiratory

tract was confirmed in rhesus macaques, golden hamster, domestic

cats, tiger, lion, mink, and ferret; Viral transmission was observed in

rhesus macaques, golden hamster, domestic cats, lion, tiger, mink,

ferret, and Egyptian fruit bat.12–23,25–29,31–33,50 For cell lines, SARS‐
CoV‐2 can infect and replicate in human Caco2, Calu3, NHBE, and

lung epithelial line A549.25,51–56 Meanwhile, SARS‐CoV‐2 can re-

plicate in rhesus monkey LLCMK2, rabbit RK‐13, cat CRFK, and pig

ST, and PK‐15 cells lines.25,57 Overall, the above reports revealed

that the SARS‐CoV‐2 cell entry, or at the least, the recognition of

ACE2 to SARS‐CoV‐2 has widely existed in livestock and wide ani-

mals. Given the reported important role of ACE2 and TMPRSS2 in

SARS‐CoV‐2 cell entry, we subsequently carried out the bioinfor-

matics analysis for these two genes to explore the potential clues to

the identification of intermediate host and human‐to‐animals trans-

mission of SARS‐CoV‐2.

3.2 | Sequence identification of ACE2

To define ACE2 genes in different species, amino acids of human

ACE2 were used as a means to identify homologues in NCBI and

Ensembl database by BLASTP. As shown in Table 1, the number of

ACE2 homologous in almost all vertebrates and invertebrates is 1,

only in fresh‐water polyp Hydra vulgaris is it 2. Vertebrate ACE2

contains peptidase M2 domain and signal peptide in N‐terminus, and

collectrin domain and transmembrane region in C‐terminus; How-

ever, collectrin domain and trans‐membrane region are not present

in homolog/orthologues from invertebrate fruit fly D. melanogaster,

roundworm C. elegans and fresh‐water polyp H. vulgaris (Figure S1).

The absence of collectrin domain in inveterate homologous/ortho-

logues is similar to vertebrate ACE, the orthologues of the ACE2

gene family. Consistently with the domain composition, the homol-

ogy of invertebrate homolog/orthologues to human ACE is higher

than human ACE2. For instance, the identity of fruit fly ACE to hu-

man ACE is 44.35%, while the identity to human ACE2 is 36.47%. To

further examine the evolutionary relationship of ACE and ACE2, an

NJ tree was created by MEGA X based on their amino acid se-

quences. As shown in Figure S1, the tree can be split into two clades,

one clade contains vertebrate ACE2, and the other clade contains

invertebrate homologous/orthologues and vertebrate ACE, sug-

gesting invertebrate homologous/orthologues is closed to vertebrate

ACE. Therefore, the earliest of ACE2 occurs invertebrate.

The cryo‐electron microscopy structures of the full‐length hu-

man ACE2 indicated that the extracellular region is highly glycosy-

lated, and Asn90 was confirmed to prevent the binding of ACE2 and

SARS‐CoV‐2.58 Based on some experimental evidence and bioinfor-

matics predictions,59 the number of N‐glycosylation sites appears to

be varied across different species as following (Table 1). Firstly, the

number of glycosylation sites is different in the range from 1 in very

lowly advanced vertebrates (zebrafish and sea lamprey) to 8 in
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mammals (chicken, bat, and golden hamster). Human, monkey, dog,

cattle, horse, aardvark, elephant, and penguin have 7 sites, while

other animals have 2‐6. Secondly, the position of N‐glycosylation
sites is varied. Asn53 (50/51) is the highest conserved sites among

different species and then subsequently is Asn690 (39/51), Asn322

(29/51), Asn90 (28/51), Asn432(18/51), Asn546 (10/51), and Asn103

(3/51), whereas Asn103 only appears in primates.

3.3 | Sequence identification of TMPRSS2

A blast search identified TMPRSS2 homologous in representative

organisms (Table 2), including 1 homolog in mammals, aves, reptiles,

and teleost fishes, 10 homologous in frog Xenopus tropicalis, but not

in lower vertebrate sea lamprey Petromyzon marinus (cyclostomata)

and invertebrates, such as fruit fly D. melanogaster (arthropoda) and

roundworm C. elegans (nematomorpha). Interestingly, possibly due to

the incompleteness of the genome sequencing or lineage‐specific
gene loss/evolution in vertebrates, masked palm civet Paguma lar-

vata, raccoon dog Nyctereutes procyonoides, pig Sus scrofa domesticus,

and cape elephant shrew Elephantulus edwardii lacked Tmprss2

genes.

Compared to the homology of human ACE2 with other species,

the homology between human TMPRSS2 and other species is much

lower. For example, in rhesus macaque, Macaca mulatta, an experi-

mental model widely used in SARS‐CoV‐2 research, the homology of

ACE2 with humans is 94.96%, while the homology of TMPRSS2 with

humans is 88.06%. Vertebrate TMPRSS2 is composed of three do-

mains: low‐density LDLa for calcium binding, SR for the binding to

other cell surface or extracellular molecules, and Tryp_SPc for

cleaving peptide bonds after lysine or arginine residues.60 Interest-

ingly, LDLa domain is not represented in ferret Mustela putorius furo,

hedgehog Erinaceus europaeus and sea cow Trichechus manatus; X.

tropicalis tmprss 2.2, 2.4, 2.5, 2.6, 2.7, 2.14, and 2.15 contains many

(≥2) LDLa. SR domain is not identified in cougar Puma concolor and

frog tmprss 2.4. Conversely, Tryp_SPc domain was conserved in all

representative species except frog tmprss 2.4. To date, all char-

acterized vertebrate TMPRSS2 has a signal peptide and transmem-

brane region. However, hedgehog lacked signal peptide, while ferret

and great roundleaf bat Hipposideros armiger and frog tmprss 2.5

lacked trans‐membrane region.

3.4 | Phylogenetic analysis of ACE2 and TMPRSS2
gene family

To examine the evolutionary relationship of ACE2 gene family, a NJ

tree with bootstrapping branch confidence was constructed with

MEGA X using ACE2 homologs from vertebrates, including mammals,

birds, reptiles, amphibians, fishes, and cyclostomata (Figure 1). En-

tirely, the tree is consistent with the topology law of species evolu-

tion. The fishes (D. rerio) and cyclostomata (P. marinus) locate at the

base, suggesting they are likely the ancestors of the ACE2 gene

family. In addition to ACE2 from platypus Omithorhynchus anatinus

(prototheria) and koala Plethodon cinereus (Metatheria) located out-

side the branches of vertebrate ACE2, ACE2 homologous from eu-

theria clusters together. In most of Eutheria, exceptt for cape

elephant shrew E. edwardii (macroscelidea), aardvark Orycteropus afer

afer (tubulidentata), sea Cow T. manatus latirostris (sirenia), elephant

Loxodonta africana (proboscidea), hedgehog E. europaeus (insectivora),

nine‐banded armadillo Dasypus novemcinctus (edentata), and tupaia

Tupaia chinensis (scandentia), ACE2 splits into two main branches:

one branch contains species from primates, rodentia and lagomor-

pha; the other branch contains species from carnivora, pholidota,

artiodactyla, perissodactyla, and chiroptera.

Moreover, an NJ tree of TMPRSS2 from different species was

created to detect its evolutionary relationship. Entirely, the

TMPRSS2 tree is similar to ACE2 tree, consistently with the species

phylogeny (Figure 1). In addition to frog tmprss2.1, other 9 frog

tmprss2 genes situ in the root of the tree, indicating a lineage‐
specific duplication or gene conversion to produce massive homo-

logs occurs in frogs. Compared to the ACE2 tree, hedgehog E.

europaeus (insectivora) in TMPRSS2 tree locates at the base of

vertebrates, while tupaia T. chinensis (scandentia) clusters closely to

primates. Given the reported cases of animals or cell lines

(Table S1) that appear in both branches 1 and 2, it is therefore

possible that animals from those two branches is susceptible to

SARS‐CoV‐2 infections.

3.5 | Comparison of interacting amino acids of
ACE2 and SARS‐CoV‐2

Cocrystallization and the structural determination of SARS‐CoV‐2 S

protein with full‐length human ACE2 identified a total of 25 amino

acids in ACE2 was critical for its binding to SARS‐CoV‐2.58,61–65 To

confirm the conservation of these 25 residues across different spe-

cies, the amino acid sequence alignments by Clustal X were per-

formed. As shown in Table 3, Gly352, Gly355, and Gly357 were

conserved among all vertebrate ACE2; Phe28 (50/51), Arg393 (50/

51), Leu45 (47/51), and Asn330 (48/51) is highly conserved across all

vertebrates; Met82 only presents in primates. To identify which re-

sidues are highly associated with the recognition of ACE2 to SARS‐
CoV‐2, we performed Fisher exact test by SAS 9.4. Based on the

receptor recognition summarized in Table S1, we selected nine

species as the positive samples and four lower advanced species

including snake, frog, fish, and sea lamprey, as the negative samples.

We observed the Phe28, Asp355, Arg357, and Arg93 are present in

both negative and positive animals, indicating that they might be not

relevant to the recognition of ACE2 to SARS‐CoV‐2 among different

species (Table S2). Nevertheless, the p‐value of His34, Glu35, Asp38,

Tyr41, Gln42, Leu45, Asn330, and Gly354 is above .05, whereas

other residues are under .05 (Figure S2). In particular, the p‐value of

Ser19, Lys26, Thr27, Asp30, Leu79, and Met82 is lower than .01

(Figure 2A), implying those amino acids are highly associated with

the binding of ACE2 to SARS‐CoV‐2.

5494 | HUANG ET AL.



T
A
B
L
E

2
T
M
P
R
SS

2
ge

n
e
fr
o
m

re
p
re
se
n
ta
ti
ve

an
im

al
s

Sp
ec

ie
s

C
o
m
m
o
n
N
am

e
A
cc
es
si
o
n
n
u
m
b
er

Id
en

ti
ti
es

to

h
u
m
an

(%
)

Le
n
gt
h

(a
a)

P
o
si
ti
o
n
o
f
LD

La
d
o
m
ai
n

(l
o
w
‐d
en

si
ty

lip
o
p
ro
te
in

re
ce

p
to
r
d
o
m
ai
n
cl
as
s
A
)

P
o
si
ti
o
n
o
f
SR

d
o
m
ai
n

(S
ca
ve

n
ge

r
re
ce

p
to
r

C
ys
‐r
ic
h
)

P
o
si
ti
o
n
o
f
T
ry
p
_S
P
c

d
o
m
ai
n
(T
ry
p
si
n
‐li
ke

se
ri
n
e
p
ro
te
as
e)

Si
gn

al
p
ep

ti
d
e

T
ra
n
s‐
m
em

b
ra
n
e

re
gi
o
n

H
.s
ap

ie
ns

H
u
m
an

N
P
_0
0
1
1
2
8
5
7
1
.1

1
0
0

5
2
9

1
4
9
–
1
8
7

1
8
6
–
2
7
9

2
9
2
–
5
2
1

1
–
4
9

1
2
1
–
1
4
3

M
.m

ul
at
ta

R
h
es
u
s

m
ac
aq

u
e

X
P
_0
2
8
7
0
1
1
4
8
.1

8
8
.0
6

5
3
4

1
5
4
–
1
9
2

1
9
1
–
2
8
4

2
9
7
–
5
2
6

1
–
2
9

1
2
6
–
1
4
8

M
.f
as
ci
cu
la
ri
s

C
ra
b
‐e
at
in
g

m
ac
aq

u
e

X
P
_0
0
5
5
4
8
7
0
0
.1

8
6
.6

5
2
5

1
4
5
–
1
8
3

1
8
2
–
2
7
5

2
8
8
–
5
1
7

1
–
4
6

1
1
7
–
1
3
9

M
.a

ur
at
us

G
o
ld
en

h
am

st
er

X
P
_0
1
2
9
7
1
6
8
4
.1

7
6
.6
7

4
9
1

1
1
2
–
1
5
0

1
4
9
–
2
4
2

2
5
4
–
4
8
3

1
–
1
3

8
5
–
1
0
7

M
.m

us
cu
lu
s

M
o
u
se

N
P
_0
5
6
5
9
0
.2

7
8
.4
1

4
9
0

1
1
1
–
1
4
9

1
4
8
–
2
4
1

2
5
3
–
4
8
2

1
–
1
3

8
6
–
1
0
8

C
.p

or
ce
llu
s

G
u
in
ea

p
ig

X
P
_0
1
3
0
0
1
5
2
4
.1

6
7
.8
2

5
2
3

1
0
9
–
1
4
7

1
4
6
–
2
3
9

2
5
1
–
4
8
0

1
–
3
8

8
3
–
1
0
5

O
.c
un

ic
ul
us

R
ab

b
it

X
P
_0
0
8
2
5
0
6
9
7
.1

7
4
.2
2

5
1
1

1
3
5
–
1
7
1

1
7
0
–
2
6
2

2
7
4
–
5
0
3

1
–
3
6

1
0
7
–
1
2
9

F.
ca
tu
s

C
at

X
P
_0
2
3
0
9
4
4
7
7
.1

7
9
.6
7

4
9
2

1
1
2
–
1
5
0

1
4
9
–
2
4
2

2
5
5
–
4
8
4

1
–
1
3

8
4
–
1
0
6

P
.c
on

co
lo
r

C
o
u
ga

r
X
P
_0
2
5
7
6
8
8
7
3
.1

5
8
.4
2

4
4
6

1
1
2
–
1
5
0

N
2
1
2
–
4
0
2

1
–
1
3

8
4
–
1
0
6

P
.t
ig
ri
s
al
ta
ic
a

T
ig
er

X
P
_0
1
5
3
9
6
6
8
8
.1

6
9
.1
1

5
1
8

1
1
2
–
1
5
0

1
4
9
–
2
4
2

2
2
4
–
5
1
0

1
–
1
3

8
4
–
1
0
6

C
.c
ro
cu
ta

Sp
o
tt
ed

h
ye

n
a

K
A
F
0
8
8
6
1
3
2
.1

7
9
.3
8

4
9
2

1
1
2
–
1
5
0

1
4
9
–
2
4
2

2
5
5
–
4
8
4

1
–
5
0

8
4
–
1
0
6

S.
su
ri
ca
tt
a

M
ee

rk
et

X
P
_0
2
9
7
9
4
7
9
6
.1

7
7
.8

4
9
2

1
1
2
–
1
5
0

1
4
9
–
2
4
2

2
5
5
–
4
8
4

1
–
5
0

8
4
–
1
0
6

P
.l
ar
va
ta

M
as
ke

d
p
al
m

ci
ve

t

N

U
.a

rc
to
s
ho

rr
ib
ili
s

G
ri
zz
ly

b
ea

r
X
P
_0
2
6
3
5
5
7
5
5
.1

7
9
.4
3

4
9
2

1
1
2
–
1
5
0

1
4
9
–
2
4
2

2
5
5
–
4
8
4

1
–
4
1

8
4
–
1
0
6

U
.m

ar
it
im

us
P
o
la
r
b
ea

r
X
P
_0
0
8
7
0
8
4
2
5
.1

7
8
.8
6

5
2
4

1
1
2
–
1
5
0

1
4
9
–
2
4
2

2
5
5
–
4
8
7

1
–
4
1

8
4
–
1
0
6

A
.m

el
an

ol
eu
ca

P
an

d
a

X
P
_0
3
4
5
1
1
2
9
6
.1

7
8
.4
1

4
9
2

1
1
2
‐–
1
5
0

1
4
9
–
2
4
2

2
5
5
–
4
8
4

1
–
4
1

8
4
–
1
0
6

P
.l
ot
or

R
ac
co

o
n

N

M
.p

ut
or
iu
s
fu
ro

F
er
re
t

X
P
_0
1
2
9
1
6
7
2
1
.1

7
2
.8
9

5
5
1

N
2
3
6
–
3
0
1

3
1
4
–
5
4
3

1
–
4
6

N

C
.l
up

us
di
ng
o

D
in
go

(D
o
g)

X
P
_0
2
5
3
1
7
8
2
7
.1

8
0
.2
4

4
9
2

1
1
2
–
1
5
0

1
4
9
–
2
4
2

2
5
5
–
4
8
4

1
–
1
3

8
4
–
1
0
6

C
.l
up

us
fa
m
ili
ar
is

D
o
g

B
B
D
3
3
8
6
1
.1

8
0
.0
4

4
9
2

1
1
2
–
1
5
0

1
4
9
–
2
4
2

2
5
5
–
4
8
4

1
–
1
3

8
4
–
1
0
6

N
.p

ro
cy
on

oi
de
s

R
ac
co

o
n
d
o
g

N

V
.v

ul
pe
s

R
ed

fo
x

X
P
_0
2
5
8
3
9
1
6
5
.1

7
9
.8
4

4
9
2

1
1
2
–
1
5
0

1
4
9
–
2
4
2

2
5
5
–
4
8
4

1
–
1
3

8
4
–
1
0
6

M
.j
av
an

ic
a

M
al
ay

an

p
an

go
lin

X
P
_0
1
7
5
0
8
1
2
4
.1

7
8
.1
6

5
2
7

1
1
2
–
1
5
0

1
4
9
–
2
4
2

2
5
5
–
4
8
4

1
–
5
0

8
4
–
1
0
6

O
.a

ri
es

Sh
ee

p
X
P
_0
2
7
8
1
6
5
0
5
.1

7
9
.0
2

4
9
0

1
1
2
–
1
4
8

1
4
7
–
2
4
0

2
5
3
–
4
8
2

1
–
1
3

8
4
–
1
0
6 (C

o
n
ti
n
u
es
)

HUANG ET AL. | 5495



T
A
B
L
E

2
(C
o
n
ti
n
u
ed

)

Sp
ec

ie
s

C
o
m
m
o
n
N
am

e
A
cc
es
si
o
n
n
u
m
b
er

Id
en

ti
ti
es

to

h
u
m
an

(%
)

Le
n
gt
h

(a
a)

P
o
si
ti
o
n
o
f
LD

La
d
o
m
ai
n

(l
o
w
‐d
en

si
ty

lip
o
p
ro
te
in

re
ce

p
to
r
d
o
m
ai
n
cl
as
s
A
)

P
o
si
ti
o
n
o
f
SR

d
o
m
ai
n

(S
ca
ve

n
ge

r
re
ce

p
to
r

C
ys
‐r
ic
h
)

P
o
si
ti
o
n
o
f
T
ry
p
_S
P
c

d
o
m
ai
n
(T
ry
p
si
n
‐li
ke

se
ri
n
e
p
ro
te
as
e)

Si
gn

al
p
ep

ti
d
e

T
ra
n
s‐
m
em

b
ra
n
e

re
gi
o
n

C
.h

ir
cu
s

G
o
at

X
P
_0
0
5
6
7
5
6
8
6
.1

7
7
.3
9

4
9
0

1
1
2
–
1
4
8

1
4
7
–
2
4
0

2
5
3
–
4
8
2

1
–
1
3

8
4
–
1
0
6

B
.t
au

ru
s

T
au

ri
n
e
ca
tt
le

N
P
_0
0
1
0
7
5
0
5
4
.1

7
8
.4
1

4
9
0

1
1
2
–
1
4
8

1
4
7
–
2
4
0

2
5
3
–
4
8
2

1
1
3

8
4
–
1
0
6

B
.m

ut
us

W
ild

Y
ak

X
P
_0
0
5
8
9
3
0
8
1
.1

7
8
.2
1

4
9
0

1
1
2
–
1
4
8

1
4
7
–
2
4
0

2
5
3
–
4
8
2

1
–
1
3

8
4
–
1
0
6

B
.i
nd

ic
us

H
u
m
p
ed

ca
tt
le

X
P
_0
1
9
8
1
8
4
4
4
.1

7
8
.4
1

4
9
0

1
1
2
–
1
4
8

1
4
7
–
2
4
0

2
5
3
–
4
8
2

1
–
1
3

8
4
–
1
0
6

M
.m

un
tj
ak

B
ar
ki
n
g
d
ee

r
K
A
B
0
3
5
6
9
5
0
.1

7
7

5
0
3

1
1
0
–
1
4
6

1
4
5
–
2
3
8

2
5
1
–
4
8
0

1
–
4
5

8
2
–
1
0
4

S.
sc
ro
fa

do
m
es
ti
cu
s

P
ig

N

S.
sc
ro
fa

W
id
e
p
ig

B
A
F
7
6
7
3
7
.1

7
6
.9
2

4
9
5

1
1
4
–
1
5
2

1
5
1
–
2
4
4

2
5
8
–
4
8
7

1
–
1
3

8
6
–
1
0
8

C
.f
er
us

C
am

el
X
P
_0
3
2
3
1
7
7
2
9
.1

7
7
.6

4
9
2

1
1
2
–
1
5
0

1
4
9
–
2
4
2

2
5
5
–
4
8
4

1
–
1
3

8
4
–
1
0
6

E.
ca
ba

llu
s

H
o
rs
e

X
P
_0
0
5
6
0
6
2
1
7
.1

7
4
.7
5

4
9
0

1
1
2
–
1
4
8

1
4
7
–
2
4
0

2
5
3
–
4
8
2

1
–
1
3

8
4
–
1
0
6

H
.a

rm
ig
er

G
re
at R
o
u
n
d
le
af

B
at

X
P
_0
1
9
4
8
1
5
8
5
.1

8
4
.3
3

3
8
4

4
–
4
2

4
1
–
1
3
4

1
4
7
–
3
7
6

1
–
2
7

N

R
.f
er
ru
m
eq
ui
nu

m
gr
ea

te
r

h
o
rs
es
h
o
e

b
at

X
P
_0
3
2
9
4
4
6
9
4
.1

8
0
.8
6

4
9
2

1
1
2
–
1
5
0

1
4
9
–
2
4
2

2
5
5
–
4
8
4

1
–
1
3

8
4
–
1
0
6

T.
ch
in
en
si
s

C
h
in
es
e
tr
ee

sh
re
w

X
P
_0
2
7
6
3
0
6
9
9
.1

7
0
.9
2

5
0
0

1
1
2
–
1
4
8

1
4
7
–
2
4
0

2
5
3
–
4
9
2

1
–
1
3

8
4
–
1
0
6

D
.n

ov
em

ci
nc
tu
s

N
in
e‐
b
an

d
ed

ar
m
ad

ill
o

X
P
_0
0
4
4
6
6
3
6
1
.1

7
9
.3
2

4
6
0

8
0
–
1
1
8

1
1
7
–
2
1
0

2
2
3
–
4
5
2

1
–
4
4

5
2
–
7
4

E.
eu
ro
pa

eu
s

H
ed

ge
h
o
g

X
P
_0
1
6
0
4
9
8
3
1
.1

6
8
.9
1

4
7
9 (p

ar
ti
-

al
)

N
1
5
2
–
2
3
6

2
4
3
–
4
7
2

N
1
7
–
3
9

L.
af
ri
ca
na

E
le
p
h
an

t
X
P
_0
2
3
4
1
4
8
7
9
.1

7
4
.4
9

4
9
7

1
1
1
–
1
4
9

1
4
8
–
2
4
1

2
5
4
–
4
8
3

1
–
1
3

8
4
–
1
0
6

T.
m
an

at
us

la
ti
ro
st
ri
s

Se
a
C
o
w

X
P
_0
2
3
5
9
4
8
9
0
.1

6
9
.8
2

4
9
1

N
1
4
8
–
2
4
1

2
5
4
–
4
8
3

1
–
3
8

8
1
–
1
0
3

O
.a

fe
r
af
er

A
ar
d
va

rk
X
P
_0
0
7
9
4
5
5
0
7
.1

7
8
.9
4

5
2
4

1
1
2
–
1
5
0

1
4
9
–
2
4
2

2
5
5
–
4
8
4

1
–
1
3

8
4
–
1
0
6

E.
ed
w
ar
di
i

C
ap

e
el
ep

h
an

t

sh
re
w

N

P
.c
in
er
eu
s

K
o
al
a

X
P
_0
2
0
8
3
1
9
2
0
.1

6
9
.9
8

4
9
2

1
1
1
–
1
4
9

1
4
8
–
2
4
2

2
5
5
–
4
8
4

1
–
4
8

8
3
–
1
0
5

5496 | HUANG ET AL.



T
A
B
L
E

2
(C
o
n
ti
n
u
ed

)

Sp
ec

ie
s

C
o
m
m
o
n
N
am

e
A
cc
es
si
o
n
n
u
m
b
er

Id
en

ti
ti
es

to

h
u
m
an

(%
)

Le
n
gt
h

(a
a)

P
o
si
ti
o
n
o
f
LD

La
d
o
m
ai
n

(l
o
w
‐d
en

si
ty

lip
o
p
ro
te
in

re
ce

p
to
r
d
o
m
ai
n
cl
as
s
A
)

P
o
si
ti
o
n
o
f
SR

d
o
m
ai
n

(S
ca
ve

n
ge

r
re
ce

p
to
r

C
ys
‐r
ic
h
)

P
o
si
ti
o
n
o
f
T
ry
p
_S
P
c

d
o
m
ai
n
(T
ry
p
si
n
‐li
ke

se
ri
n
e
p
ro
te
as
e)

Si
gn

al
p
ep

ti
d
e

T
ra
n
s‐
m
em

b
ra
n
e

re
gi
o
n

O
.a

na
ti
nu

s
P
la
ty
p
u
s

X
P
_0
2
8
9
0
2
4
6
7
.1

7
1
.4
9

4
9
2

1
1
1
–
1
4
9

1
4
8
–
2
4
2

2
5
5
–
4
8
4

1
–
5
7

8
3
–
1
0
5

G
.g

al
lu
s

C
h
ic
ke

n
X
P
_0
1
5
1
5
6
6
6
6
.1

5
9
.3
4

4
8
6

1
0
4
–
1
4
2

1
4
1
–
2
3
5

2
4
9
–
4
7
8

1
–
5
3

7
7
–
9
9

A
.p

la
ty
rh
yn

ch
os

D
u
ck

X
P
_0
2
1
1
3
2
3
0
1
.2

5
6
.2
2

4
8
2

1
0
1
–
1
3
8

1
3
7
–
2
3
1

2
4
5
–
4
7
4

1
–
6
1

7
5
–
9
7

A
.f
or
st
er
i

P
en

gu
in

X
P
_0
0
9
2
8
1
3
7
0
.1

5
8
.5
1

4
8
4

1
0
2
–
1
4
0

1
3
9
–
2
3
3

2
4
7
–
4
7
6

1
–
4
9

7
6
–
9
8

P
.b

iv
it
ta
tu
s

Sn
ak

e
X
P
_0
0
7
4
4
1
8
3
2
.1

5
7
.2
6

4
8
7

1
0
5
–
1
4
3

1
4
2
–
2
3
6

2
5
0
–
4
7
9

1
–
5
4

7
8
–
1
0
0

X
.t
ro
pi
ca
lis

F
ro
g

X
P
_0
0
4
9
1
2
2
6
5
.1

4
8
.4
7

4
8
2

1
1
0
–
1
4
5

1
4
8
–
2
4
1

2
4
7
–
4
7
4

1
–
5
9

8
2
–
1
0
4

X
P
_0
0
4
9
1
2
2
6
2
.1

5
1
.7
3

5
2
1

1
0
1
–
1
3
6
,
1
4
1
–
1
7
6

1
7
5
–
2
6
9

2
8
1
–
5
1
3

1
–
6
0

6
7
–
8
9

X
P
_0
3
1
7
5
2
3
9
1
.1

2
8
.5
7

5
7
1

1
4
2
–
1
7
7
,
2
0
3
–
2
4
1
,

2
6
7
–
3
0
5
,3

3
8
–
3
7
6
,

3
9
8
–
4
3
6
,4

4
1
–
4
7
6
,

4
8
3
–
5
1
8
,5

2
5
–
5
6
0

N
N

1
–
3
4

1
0
6
–
1
2
8

X
P
_0
3
1
7
5
2
3
9
4
.1

5
0
.6
7

4
9
7

2
–
3
3
,3

8
–
7
3
,7

8
–
1
1
3
,

1
2
0
–
1
5
5

1
5
4
–
2
4
8

2
6
0
–
4
8
9

1
–
1
8

N

X
P
_0
0
2
9
3
6
5
3
5
.2

5
1
.2
1

6
9
5

1
0
7
–
1
4
2
,
1
4
9
–
1
8
4
,

1
9
3
–
2
2
8
,2

3
5
–
2
7
0
,

2
7
7
–
3
1
2
,3

1
9
–
3
5
4

3
5
3
–
4
4
7

4
5
9
–
6
8
7

1
–
6
0

7
2
–
9
4

X
P
_0
3
1
7
5
2
3
9
7
.1

5
0

5
1
1

9
4
–
1
2
9
,1

3
0
–
1
6
6

1
6
5
–
2
5
9

2
7
1
–
5
0
3

1
–
4
1

6
7
–
8
9

X
P
_0
3
1
7
5
2
4
0
0
.1

4
5
.7
2

4
9
7

1
2
2
–
1
5
7

1
5
6
–
2
4
9

2
6
0
–
4
8
9

1
–
3
7

9
6
–
1
0
8

X
P
_0
0
2
9
4
3
0
0
1
.1

4
5
.5
2

4
6
0

6
4
–
9
9

1
2
1
–
2
1
6

2
2
1
–
4
5
2

1
–
4
7

3
5
–
5
7

X
P
_0
3
1
7
5
2
4
0
2
.1

5
0
.1
3

5
0
4

8
8
–
1
2
3
,1

2
6
–
1
6
1

1
6
0
–
2
5
3

2
6
4
–
4
9
5

1
–
2
3

5
5
–
7
7

X
P
_0
3
1
7
5
2
2
0
6
.1

4
3
.6
5

5
0
4

8
8
–
1
2
3
,1

2
6
–
1
6
1

1
6
0
–
2
5
3

2
6
4
–
4
9
5

1
–
2
3

5
5
–
7
7

D
.r
er
io

Z
eb

ra
fi
sh

N
P
_0
0
1
0
0
8
6
2
3
.1

4
4
.4

4
8
6

1
3
3
–
1
7
0

1
7
3
–
2
2
4

2
5
1
–
4
7
9

1
–
3
9

1
0
7
–
1
2
9

P
.m

ar
in
us

Se
a
la
m
p
re
y

N

D
.m

el
an

og
as
te
r

F
ru
it
fl
y

N

C
.e

le
ga
ns

R
o
u
n
d
w
o
rm

N

N
ot
e:

“N
”
m
ea

n
s
n
o
t
fo
u
n
d
.

A
b
b
re
vi
at
io
n
s:

LD
La

,l
ip
o
p
ro
te
in

re
ce
p
to
r
d
o
m
ai
n
cl
as
s
A
;
SR

,s
ca
ve

n
ge

r
re
ce
p
to
r
cy
st
ei
n
e‐
ri
ch

d
o
m
ai
n
;
T
ry
p
_S
P
c,

tr
yp

si
n
‐li
ke

se
ri
n
e
p
ro
te
as
e.

HUANG ET AL. | 5497



To further dissect the probability of the recognition of ACE2 to

SARS‐CoV‐2 in other unknown species, a random forest analysis

using the randomForest function from the R randomForest library

was performed. As Leu79 has too many species with unknown status

of amino acids, only Ser19, Lys26, Thr27, Asp30, and Met82 were

used for this analysis. The identified receptor recognition shown in

“Yes” in Figure 2B is mainly distributed in two classes, carnivora and

artiodactyla, and contains horse, malayan pangolin, and sea cow.

These identified species comprise wide animals and many important

economy livestock, such as sheep and cows.

3.6 | Structure analysis of ACE2 gene family

To further explore the recognition of ACE2 to SARS‐CoV‐2 across

different species, we selected ACE2 genes from 7 animals according

to the reported cases in Table S1 (rabbit and pig), analysis on

Figure 2 (the “Yes” for horse, cattle, and malayan pangolin; “NA” for

platypus), and snake for negative binding and carried out their

structure analysis. It is known that the networks of hydrophobic

interactions and hydrogen‐bonding within the interface between

ACE2 and the receptor‐binding domain (RBD) of SARS‐CoV‐2 could

enhance this receptor binding.61 The hydrophobic contact of Phe486

of RBD with ACE2 is situated in a pocket fenced by Leu79, Met82,

and Tyr83 at the N‐terminal end of ACE2. Indeed, Tyr83 contributes

a hydrogen bond to Asn487 of the RBD.61 Therefore, we first ana-

lyzed the hydrophobicity of the amino acids of 76 to 85 among

various species by DNAMAN. As per Figure 3A, compared with the

hydrophobicity value of human ACE2 above zero, the hydrophobicity

value within the other seven animals is below zero, indicating the key

part of ACE2 from the other seven species is not hydrophobic. Given

the enhancement of hydrophobic contact on the binding of ACE2 and

F IGURE 1 Neighbor‐joining phylogenetic tree of ACE2 (left) and TMPRSS2 (right) gene family. The confidence values of bootstrap derived from
1000 replications, and the percentage of bootstrap is shown on interior branches. The scale bar shows the number of substitutions per site. (A) ACE2
tree. (B) TMPRSS2 tree. X. tropicalis tmprss2 gene is shown as gene symbols from Genbank to species names distinguish different tmprss2
homologous. The gene accession numbers used in this figure refer to Tables 1 and 2. Entirely, both ACE2 and TMPRSS2 gene from different species
clusters as species taxonomy, which is labeled next to the tree. ACE2 and TMPRSS2 genes from the highly advanced animals could be split into two
branches (Branches 1 and 2). *Labeled the animals or cells which has been confirmed to be recognized by SARS‐CoV‐2. #Labeled the species whose
position is quite different between ACE2 and TMPRSS2 trees. ACE2, angiotensin‐converting enzyme 2; SARS‐CoV‐2, severe acute respiratory
syndrome coronavirus 2
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RBD, ACE2 from horse, cow, and malayan pangolin to RBD probably

has less affinity of RBD to ACE2. Secondly, GOR IV prediction dis-

plays a similar composition of the secondary structure of ACE2 from

different species, including alpha helix (average value is 41.7%), ex-

tended strand (average value is 17.53%), and random coil (average

value is 40.78%), whereas the lower advanced species snake has a

more extended strand than other higher species (Figure 3B).

Furthermore, the 3D structure of the full‐length ACE2 from the

other 7 animals was predicted by I‐TASSER program. C‐score and

TM‐score of the first‐ranked model from 7 animals are from (−2, 0)

and 0.49 ±0.15, respectively (data not shown). As scores range from

(−5, 2) and a large value means more confidence in the model, our

model, therefore, is a good model (Figure S3B–H). For TM‐score, a
value > 0.5 means the model has correct topology. To gain an un-

derstanding of the structural basis for the binding of RBD with ACE2,

we focused on the key binding contact region with those 25 amino

acids. The structural alignments by TM‐align serve showed that the

TM‐score between human ACE2 (1R42A) and horse, cow, and

Malayan pangolin is 0.99889, 0.99699, and 0.99867 respectively,

while the human and the snake is 0.87201. Consistently, the 3D

structure of the binding site region of human ACE‐SARS‐CoV‐2 is

almost completely overlapped with horse, cattle or Malayan pangolin

ACE2 (Figure S3I–K), while partially overlapped with snake ACE2

(Figure S3L).

4 | DISCUSSION

To our acknowledge, according to the limited information available

to date, several species including pet dogs, cats, lions, tigers, and

farmed mink can be naturally infected with SARS‐CoV‐2 from hu-

mans and cause COVID‐19. There is no evidence that the infected

pet dogs and cats could spread SARS‐CoV‐2 to humans, thereby the

risk of animals transmitting SARS‐CoV‐2 to humans is considered to

be very low. However, the genetic code of SARS‐CoV‐2 detected in

three infected people demonstrate great resemblance to the viral

genetic code previously found in the mink at the infected farm in the

Netherlands, suggesting SARS‐CoV‐2 is probably able to transmit

TABLE 3 Comparison of ACE2 residues binding to SARS‐CoV‐2 spike from different species

Note: The 25 residues in human ACE2 interfacing with SARS‐CoV‐2 RBD were listed and compared for the conservation among different species. The

letters in red highlight the amino acid at the corresponding positions, which has an identity to human ACE2. ACE2 sequence accession numbers used in

this analysis refer to Table 2. “−” means the negative recognition of ACE2 to SARS‐CoV‐2; “+”means the known positive binding of ACE2 to SARS‐CoV‐2.
Abbreviations: ACE2, angiotensin‐converting enzyme 2; RBD, receptor‐binding domain; SARS‐CoV‐2, severe acute respiratory syndrome coronavirus 2.
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F IGURE 2 (See caption on next page)
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from mink to human (the COVID‐19 update 209 on International

Society for infectious Disease). Particularly, some virus could end up

passing back and forth between animals and people. For example, the

2009 pandemic H1N1 influenza virus originated in pigs, transmitted

to humans, spread worldwide and then jumped back to pigs.66,67

Notably, given the livestock and pets are closely connected to human

beings and very few related investigations have been explored, more

studies are needed to be conducted to understand if different ani-

mals could be affected by SARS‐CoV‐2, so as to avoid a potential

outbreak by animal transmission in the further, which would become

a critical aspect for controlling pneumonia.

4.1 | ACE2 and TMPRSS2 in SARS‐CoV‐2 cell
entry

Coronavirus entry into host cells is an important determinant of viral

pathogenesis. ACE2 and TMPRSS2 are known to function as a cell

surface receptor for viral attachment and cell surface protease for

viral‐cell fusion, respectively.36,37,68 To gain insight to viral cell entry,

we first determined ACE2 and TMPRSS2 homologs from in-

vertebrates to vertebrates and found both of two genes occur in

vertebrates. Interestingly, compared to the stable existence and

domain composition of ACE2 in each order of vertebrate, TMPRSS2

F IGURE 2 Probability of the interface of ACE2 from different species with SARS‐CoV‐2. (A) The heatmap of frequencies of human Ser19,
Lys26, Thr27, Asp30, Leu79, and Met82 across different species. The heatmap was produced by Heatmap function from R library
Complexheatmp. (B) Probability of the binding of ACE2 to SARS‐CoV‐2 from different species. A random forest analysis was generated by
randomForest function from the R randomForest library. “1” means the amino acid is the same as those nine species which are known to be
recognized by the virus, whereas “0” means is the same as those four species which do not have receptor binding. “NA” means “unknown”; “Y”
means “Yes.” ACE2, angiotensin‐converting enzyme 2; SARS‐CoV‐2, severe acute respiratory syndrome coronavirus 2

F IGURE 3 The hydrophobicity and secondary protein structure of ACE2 gene from representative animals. (A) The hydrophobicity of amino
acid 76–85 of ACE2 genes was analyzed by DNAMAN with windows size 6 and scale from −2 to 2. (B) The secondary protein structure of ACE2
genes was analyzed by GOR IV prediction. The left is the overall architecture of the secondary protein structure and the right is the ratio of
different elements. The blue rectangle indicates alpha‐helix and the red rectangle indicates extended strand. ACE2, angiotensin‐converting
enzyme 2
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vary considerably across different species as following. First,

TMPRSS2 is absent in many animals, even in some mammals;

Secondly, the identities of TMPRSS2 between human and animals is

much lower than the identities of ACE2 between human and animals;

Thirdly, TMPRSS2 from ferret and great roundleaf bat lack the trans‐
membrane region, indicating that TMPRSS2 on those two animals is

not able to function as protease. Given the ferret and fruit bats is

susceptible to SARS‐CoV‐2,27 TMPRSS2 might be not necessary for

viral cell entry in these animals, or some other redundant genes

could replace the TMPRSS2 role. Coincidentally, a single‐cell RNA‐
seq data analysis of ACE2 and TMPRSS2 from multiple tissues from

healthy donors demonstrated that although no co‐expression of

ACE2 and TMPRSS2 in placenta/decidua and fetal liver and thymus,

co‐expression is observed in multiple tissue including airways, cor-

nea, esophagus, ileum, colon, liver, gallbladder, heart, kidney and

testis, in the eight subsets of ACE2+ airway epithelial cells, including

nasal, goblet, basal, and Type II alveolar, TMPRSS2 was only ex-

pressed in one subset of ACE2+ cells, while cathepsin B, another

protease is expressed in more than 70%–90% of ACE2+ cells, in-

dicating that cathepsin or other proteases probably functionally re-

places TMPRSS2 during the cell entry of SARS‐CoV‐2, and along with

that ACE2, rather than TMPRSS2, may be a limiting factor for viral

entry.69 Therefore, in this study, we focused on ACE2 on the fol-

lowing analysis, including sequence comparison, prediction of prob-

ability for infectious, and homology modeling and prediction.

4.2 | The N‐glycosylation and hydrophobicity on
the recognition of ACE2 to SARS‐CoV‐2

Receptor recognition is mainly determined by two factors, the

binding specificity and affinity. A recent study identified the glyco-

sylation at Asp90 could partly disrupt the interaction of the

SARS‐CoV‐2 with ACE2 receptors,58 whereas Wang et al.,61 discovered

the hydrophobic contacts at Leu79, Met82, and Tyr83 of ACE2 can

enhance receptor recognition. Our predictions of the number and po-

sition of N‐glycosylation sites appeared to vary across different species

(Table 1). However, few studies about which N‐glycosylation can play a

role in receptor binding have been reported. It is therefore hard to

calculate the correlation of glycosylation sites across species and their

susceptibility to viral cell entry. To some extent, the various N‐
glycosylations might result in varied receptor affinity. Moreover, our

prediction about hydrophobicity implied less receptor affinity in all

animals than humans, consistent with the current phenomenon that the

virus is now spreading from person to person.

4.3 | The prediction of SARS‐CoV‐2
transmissibility

The phylogenetic tree of ACE2 among different organisms imply that

the ACE2 is highly conserved in mammals. In many different classes

of mammals, there are organisms with confirmed receptor binding,

indicating that other species from the same class are possibly sus-

ceptible to SARS‐CoV‐2 infections. Nevertheless, our analysis about

the probability of viral attachment across different species in

Figure 2B demonstrated the probability varies in the same class.

Moreover, a recent study in the human community described the

viral entry/receptor binding is not the only factor that determines

viral infection in COVID‐19 cases, while host age, underlying con-

ditions, behavior, and population density can also determine infec-

tion.70 It will be the same in the animals' world.

4.4 | SARS‐CoV‐2 transmissibility in pig

Chu et al.,25 examined the greater increase of SARS‐CoV‐2 replicates

in pig and rabbit cell lines, revealing that ACE2 can recognize SARS‐
CoV‐2. Therefore we selected pig and rabbit ACE2 as the positive case

for its binding to SARS‐CoV‐2 in the following analysis, including

Figure 1–3 and Table 3. However, pig orally/intranasally/in-

tratracheally inoculation inoculated with SARS‐CoV‐2 was negative for

viral RNA in all organ samples and contact animals during all check-

points within 21 days infections, declaring that the pig is not suscep-

tible to SARS‐CoV‐2 in vivo.27,57 The sharp contrast of studies between

cell lines and in vivo raises a concern, the viral receptor binding pre-

dictions is not sufficient to determine the susceptibility to SARS‐CoV‐2
infection. In future, more experiments on viral transmission should be

performed to study the susceptibility of animals to SARS‐CoV‐2.
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