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A B S T R A C T

Recently, the severe acute respiratory syndrome coronavirus 2 (SARS-Cov-2), a novel coronavirus, which results
in corona virus disease 2019 (COVID-19), has caused over 40 millions of people infected and over 1 million
fatalities, challenging the public health. The recognition of its functional receptor, angiotensin converting enzyme
2 (ACE2), have facilitated the antivirus drugs testing and vaccines development. Due to the natural resistance of
mouse model to SARS-Cov-2, there is an urgent need to find out the alternative animal model. Considering the
crucial role of ACE2 in the host cell entry, we analyzed the phylogeny and expression pattern of ACE2 from
various mammals. Firstly, crab-eating macaque possesses all of the 5 identical hotspot residues with human,
suggesting high likelihood of interaction between ACE2 and spike protein of SARS-CoV-2 to occur. Cattle and pig
show 4 identical sites. Ferret, cat and dog possess 3 identical sites. Bat and mouse only share 2 same amino acids
with human. Secondly, in humans, ACE2 is widely present, with particularly high expression in adipose, thyroid,
lung and colon tissues. In crab-eating macaque, liver, lung, thyroid and colon showed high expression level of
ACE2. For dog, ACE2 is most highly expressed in colon with obvious differential expression level between female
and male group. The results would provide clues for establishing the appropriate animal model in the research
and clinical cure of COVID-19.
1. Introduction

Recently, the severe acute respiratory syndrome coronavirus 2 (SARS-
Cov-2), has caused an outbreak of respiratory illness, named corona virus
disease 2019 (COVID-9), that was first detected in Wuhan City, Hubei
Province, China. With the virus reportedly spreading from person-to-
person, numerous infected cases are being detected in other parts of
China and international locations [1, 2]. Until 25th October 2020, it has
been reported over 40 millions of infected cases with over 1 million
deaths and the number is still growing (https://covid19.who.int/). On
30th January 2020, International Health Regulations Emergency Com-
mittee of the World Health Organization declared the outbreak event a
“public health emergency of international concern, PHEIC” [3]. Chinese
health authorities firstly released the full genome of the SARS-Cov-2 in
the GenBank and the Global Initiative on Sharing All Influenza Data
portal, GISAID [4, 5]. Subsequently, 5 other viral genomes were pub-
lished as well [4, 5, 6]. Phylogenetic analysis showed that these six
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SARS-Cov-2s were clustered together belonging to the Betacoronavirus
genus [6, 7]. Betacoronavirus is enveloped, single-stranded RNA virus that
infects wild animals, herds and humans, resulting in occasional out-
breaks, like Severe Acute Respiratory Syndrome (SARS) and Middle East
respiratory syndrome (MERS) [8, 9]. The most recent study found that
SARS-Cov-2 is 96% identical at the whole genome level to a bat coro-
navirus, RaTG13 [10]. Although these results suggest that the original
host was a bat reservoir, the transmission path and intermediate host of
COVID-19 remain unclear [11].

The genetic analysis raised another question: does the SARS-Cov-2
apply the same strategy as the SARS-CoV used for human-to-human
transmission. In the SARS-CoV, the envelope anchored spike protein
(S-protein) mediates coronavirus entry into the host cells [12, 13, 14]. A
defined receptor binding domain (RBD) of SARS-CoV S-protein specif-
ically recognizes its host receptor angiotensin converting enzyme 2
(ACE2) [15,16]. The interaction between the four ACE2 residues (resi-
dues 31, 35, 38, and 353) and 2 RBD residues (residues 479 and 487)
ember 2020
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determines the major species barrier and the host susceptibility to
SARS-CoV [11, 12, 13]. The researchers evaluated the SARS-Cov-2
S-protein's ability to interact with human cell receptors by crystal
structure. They found that the variance in SARS-Cov-2 RBD lead to a
much stronger binding between the SARS-Cov-2 and the human cell re-
ceptor than SARS-CoV, suggesting its rapid transmission capability
among humans [17]. Zhou et al. further determined that ACE2 is the
functional receptor of SARS-Cov-2 by performing the virus infectivity
experiment using HeLa cells expressing ACE2 proteins derived from
humans, Chinese horseshoe bats, civet, pig, and mouse. They found that
SARS-Cov-2 is able to infect the all of the ACE2-expressing cells but
mouse, providing further evidence of ACE2 as the cell entry receptor of
SARS-Cov-2 [18]. Studies showed that human ACE2 protein was pre-
sented in various human organs [19]. Recently, by using the single-cell
RNA-Seq, Zhao and Zhang reported that the ACE2 expression is
enriched in lung type 2 alveolar epithelial cells, esophagus upper and
stratified epithelial cells [20, 21].

Under the current public health emergency, it is imperative to find
out the effective antiviral drugs. Due to the natural resistance of mouse
model to the SARS-Cov-2, there is an urgent need to find out the alter-
native animal model for drug testing and vaccine development. Consid-
ering the crucial role of ACE2 in the viral entry, we analyzed its
phylogeny, variance and tissue distribution of human and several
frequently used animal models. The results would provide valuable clues
for the selection of ideal animal model for the research and clinical cure
of COVID-19.

2. Materials and methods

2.1. Phylogenetic tree

The amino acid sequence of ACE2 from 106 species, spanning the
order of Primates, Rodents, Artiodactyla, Perissodactyla, Chiroptera and
Carnivora, etc., were used to construct the phylogenetic tree. Consensus
circular phylogenetic tree was generated in MEGA X (v10.1.7) [22] with
the Maximum Likelihood method, the Jones-Taylor-Thornton (JTT)
substitution model, 100 bootstrap replicates. The phylogenetic tree was
then rendered for publication in iTOL online website (https://itol.embl
.de/) and Adobe Illustrator CC (2018, v22.1).

2.2. Sequence alignment

Protein sequence alignments were done using ClustalW2 [23]. The
figure was rendered for the publication in Adobe Illustrator CC (2018,
v22.1).

2.3. Expression analysis

The human expression data were obtained from the Genotype-Tissue
Expression (GTEx) database (https://gtexportal.org/home/). The
following tissues termed as described in GTEx: skin (not sun-exposed),
heart (left ventricle), muscle (skeletal), brain (cortex), spleen, adipose
(visceral omentum), thyroid, colon (transverse), lung, liver, pituitary,
and adrenal gland. Then these samples were subjected to a series of
filtering procedure described as following. At the sample level, we
excluded samples if they met any of the following criteria: unreliable
transcriptome information, RNA integrity number (RIN number) less
than 6.0, or autolysis score greater than 2. RNA integrity number rep-
resents a basic measure of the quality of RNA isolated. Autolysis score
represents the destruction of organism cells or tissues by the organisms'
own enzymes or processes. To minimize the effect on ACE2 expression
from disease and medical treatment, only samples from individuals in
health state before death would be retained. Thus samples would be
removed if individual met any of the following status: 1) hardy scale
death classification is 4 (referring to a category of deaths after a long
illness, with a terminal phase longer than 1 day (commonly cancer or
2

chronic pulmonary disease) or deaths that are not unexpected); 2) died of
metabolic acidosis or shock; 3) greater than 72 h on a ventilator prior to
death; 4) medical history of any of the following: ascites, lupus, reye's
syndrome, scleroderma, or sarcoidosis. Meanwhile, a number of addi-
tional medical histories and causes of death, which were not mentioned
above, were also excluded. The expression data of other 4 mammals,
including crab-eating macaque, dog, mouse and rat were obtained from
the intergovernmental Group on Earth Observations (GEO) database with
the accession number of GSE125483. Boxplot and histogram of ggplot2
in R package (https://cran.r-project.org/web/packages/ggplot2/index.h
tml) were used to show the expression distribution of ACE2. Student t-
test was applied to detect the significant difference between female and
male groups.

3. Results

3.1. Phylogeny and variance of mammalian ACE2

To analyze the phylogeny of ACE2 in mammals, we constructed the
maximum likelihood phylogenetic tree on the collection of ACE2 protein
sequence from 106 species, spanning the orders of Primates, Rodents,
Artiodactyla, Perissodactyla, Chiroptera and Carnivora, etc. The result
showed that Rodents are closer to Primates, while Carnivora, Artio-
dactyla and Perissodactyla are suited closer with Chiroptera. The bats
within the order of Chiroptera are considered as the natural host of most
coronavirus (Figure 1). Several species in Carnivora, Artiodactyla and
Perissodactyla, such as pig, camel (intermediate host of MERS-CoV),
palm civet and ferret (intermediate host of SARS-CoV), are susceptible
to the infection of coronavirus. Then, we analyzed the amino acid vari-
ance of 5 hotspots of ACE2, which are considered as critical for its affinity
to the SARS-Cov-2 and cross-species transmission [14]. The alignment
sequence showed that the crab-eating macaque and chimpanzee share
identical amino acids with human in all of these 5 sites, suggesting it an
ideal animal model for SARS-Cov-2 affection. While, cattle and pig show
4 identical sites and 1 various site (amino acid 82: M > T). Ferret, cat,
ferret and dog possess 3 identical sites and 2 different sites (amino acid
38: D > E, 82: M > T). Bat (amino acid 38 and 353) and mouse (amino
acid 35 and 38) only share 2 same amino acids with human (Figure 2).

3.2. Tissue specific expression profile of ACE2

The expression profile and distribution of ACE2 can potentially
identify the possible route of virus infection, that has a major implication
for understanding the pathogenesis and evaluation of the ideal animal
model. To analyze the expression profile of ACE2, we searched the
currently accessible data and totally obtained the expression data of 706
human samples and 207 samples of 4 most frequently-used animal
models, including crab-eating macaque, dog, mouse and rat. The data
from 12 tissues were used for further analysis. The samples were divided
into male and female groups to check the sex-bias expression. As shown
in Figure 3, 4 types of tissues, including heart, adipose, colon and thyroid,
displayed high expression level of ACE2 in human. Meanwhile, the ACE2
expression exhibited obvious variance in the analyzed population in
tissues like colon, adipose and thyroid etc., suggesting the difference of
individual susceptibility while exposed to the SARS-Cov-2. In crab-eating
macaque, liver, lung and thyroid showed high expression level of ACE2.
For dog, ACE2 is highly expressed in colon, liver and skin. Meanwhile,
colon tissue showed obvious differential expression level between female
and male dogs. The high expression of ACE2 was observed in skin, ad-
renal and lung of both mouse and rat. In addition, ACE2 expression is also
high in the colon of mouse and thyroid of rat.

4. Discussion

The break out of COVID-19 has caused a significant public health
emergency not only in China but worldwide [1, 2, 24, 25]. The lack of
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Figure 1. The phylogenetic tree of various mammals constructed by maximum likelihood method. The species in red were chosen to analyze the tissue-specific
expression profile of ACE2.

Figure 2. Alignment of 5 hotspot residues of ACE2. The amino acids in red are considered to be crucial for the interaction with coronavirus.
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effective therapeutic strategy and drugs give rise to an urgent need for
the antiviral drug testing and vaccine development. Due to the natural
resistance of mouse model to SARS-Cov-2, it is imperative to screen out
the ideal animal model for the clinical cure and research [18]. Hereon,
we analyzed the phylogeny and expression profile of ACE2 by bioinfor-
matics methods, which provide important hints for choosing the ideal
3

animal model for the studies of SARS-Cov-2. ACE2 is widely expressed in
human body with the organs of colon, heart, thyroid and adipose
showing relatively high expression level. The tissue presence of ACE2,
which normally helps regulate blood pressure, marks the tissues
vulnerable to SARS-CoV-2 infection. Although, the respiratory failure
was the most frequently reported clinical syndrome, SARS-CoV-2 can



Figure 3. The tissue-specific expression profile of ACE2 in 12 tissues among 5 mammals. TPM, transcripts per kilobase million.
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extend to many organs. The syndrome of acute diarrhea and myocarditis
may attribute to the high expression of ACE2 in heart and colon [25].
Recently, an infected patient from Italy was reported to be suffered from
subacute thyroiditis [26]. The researcher suggested the thyroid disorder
as a potential marker for SARS-CoV-2 infection. Jia et al., found that
people suffer from obesity were more susceptible to SARS-CoV-2 infec-
tion [27]. Meanwhile, the expression level of ACE2 did not show sig-
nificant difference between females and males, manifesting no sex-bias
4

infection while exposed to this virus. While the higher male infected
individuals in the infected population may due to the higher frequency of
expose opportunity of males compared to females [28]. There is an
obvious expression variance of ACE2 observed, indicating the difference
in viral susceptibility. But, the covariant needs to be figured out with
detail sample information. The crab-eating macaque, also refers to
long-tailed monkey, is the most studied non-human primate and exhibits
marked similarities to humans in almost all aspects of their anatomy,
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endocrinology, and physiology [29, 30]. In our study, we also found the
identical viral binding sites of ACE2 in crab-eating macaque with those of
human compared to other animal models, suggesting it an ideal animal
model for research of COVID-19. Lu et al., found that increased body
temperature and chest radiographic abnormality were observed in
crab-eating macaque. Viral genome was detected in nasal swabs, throat
swabs, anal swabs and blood [31]. Meanwhile, Bao et al., reported that
the transgenic mice that express human ACE2 could be infected with
SARS-CoV-2 and the pathogenicity of the virus was further studied [32].
Ferret is also considered as a potential animal model. The researchers
found that SARS-CoV-2 replicates poorly in dogs, pigs, chickens, and
ducks, but ferrets and cats are permissive to infection showing mild
syndrome [33]. Due to the risk of infection experiment data and urgency
to screen out the ideal animal model, we have been relied on the bio-
informatic tools to study the SARS-Cov-2 in terms of protein structure,
phylogeny, viral affinity and gene expression of viral receptor. Although
such analysis provided much insights into the viral biology, the conclu-
sions still need to be further validated by the animal infection
experiments.
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