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Abstract
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outbreak has rapidly spread worldwide causing a global severe pneumonia pandemic. Several animals have been proven to

be affected by the SARS-CoV-2, posing an enormous threat to humans. However, to confirm the intermediate hosts in the

epidemic regions, it is unrealistic to detect its presence in each and every animal one by one. An active transmembrane serine

protease 2 (TMPRSS2) which functions in priming of S-protein of SARS-CoV-2 is one of the most important prerequisites for an

animal to be an intermediate host, but the utilizing capability of TMPRSS2 for non-human animals is largely unknown. Here,

we systematically predicted the ability of TMPRSS2 to prime S-protein of SARS-CoV-2 in 164 vertebrates by analyzing the

phylogenetic clustering and possible functional changes induced by amino acid variation in TMPRSS2. Mammals were predicted

to be the most likely animals to effectively use the TMPRSS2 for priming S-protein of SARS-CoV-2. Especially, we predicted

the possible effective utilizing ability of TMPRSS2 in rats and pigs, which are reported non-susceptible to SARS-CoV-2. Given

the wide distribution and the close relationships among human, pig and rat, a periodic and careful monitoring is required for

pigs and rats to prevent the possible SARS-CoV-2 transmission to human.
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Abstract

The coronavirus disease 19 (COVID-19) is caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), and the outbreak has rapidly spread worldwide causing a global severe pneumonia pandemic. Several
animals have been proven to be affected by the SARS-CoV-2, posing an enormous threat to humans. How-
ever, to confirm the intermediate hosts in the epidemic regions, it is unrealistic to detect its presence in each
and every animal one by one. An active transmembrane serine protease 2 (TMPRSS2) which functions in
priming of S-protein of SARS-CoV-2 is one of the most important prerequisites for an animal to be an in-
termediate host, but the utilizing capability of TMPRSS2 for non-human animals is largely unknown. Here,
we systematically predicted the ability of TMPRSS2 to prime S-protein of SARS-CoV-2 in 164 vertebrates
by analyzing the phylogenetic clustering and possible functional changes induced by amino acid variation
in TMPRSS2. Mammals were predicted to be the most likely animals to effectively use the TMPRSS2 for
priming S-protein of SARS-CoV-2. Especially, we predicted the possible effective utilizing ability of TM-
PRSS2 in rats and pigs, which are reported non-susceptible to SARS-CoV-2. Given the wide distribution
and the close relationships among human, pig and rat, a periodic and careful monitoring is required for pigs
and rats to prevent the possible SARS-CoV-2 transmission to human.

Introduction

The COVID-19 has been rapidly spreading worldwide since its outbreak during late 2019[1]. Now it has
become a global pandemic with 7,039,918 cases and 404,396 deaths globally as of 9 June 2020[2]. The COVID-
19 usually causes severe respiratory illness and transmitted human-to-human, like severe acute respiratory
syndrome (SARS) and the Middle East respiratory syndrome (MERS), which has been proved to be caused
by SARS-CoV-2[3]. At present, no effective vaccines and drugs have been developed to prevent or cure the
infection of SARS-CoV-2.

A 96.2% whole genome sequence identity between the human SARS-CoV-2 and the bat (Rhinolophus affinis
) coronavirus Bat-CoV-RaTG13 indicated the probable bat origin of the SARS-CoV-2[4]. However, the
SARS-CoV-2 is less likely to transfer to humans from bats because of the lack of direct contact between
humans and bats. Similar to SARS-CoV, the intermediate hosts are also expected to serve as bridges for
transmission of SARS-CoV2 between humans and animals. To date, several animals have been found to
be potential intermediate hosts, including pangolins, dogs, cats, ferrets and hamsters[5,6,7,8,9,10,11]. A
metallopeptidase, angiotensin converting enzyme II (ACE2) has been proven to be the cell entry receptor
of SARS-CoV[12]. Similarly, SARS-CoV-2 also uses the ACE2 as a cognate receptor to enter into target
cells[4]. The initial interaction between the S-protein of SARS-CoV-2 and ACE2 help SARS-CoV-2 attach
to target cells. In addition, cell entry requires S-protein priming by cellular proteases, the TMPRSS2, which
can activate and cleave the S-protein and facilitate the membrane fusion of virus and cell[13]. ACE2 and
TMPRSS2 are supposed to be indispensable for SARS-CoV-2 infection.

Identifying possible intermediate hosts can directly contribute to the prevention and control for the trans-
mission of SARS-CoV-2. As COVID-19 is a worldwide pandemic now, it is difficult to detect SARS-CoV-2 in
animals which are distributed all across the world to determine the hosts. Phylogenetic analysis and critical
site comparison of ACE2 has been used for predicting the intermediate hosts of SARS-CoV-2, showing that
mammals,pangolins and cats are supposed to be more susceptible to SARS-CoV-2 than birds[14]. However,
it is to be noted that the SARS-CoV-2 cannot enter into target cells without S-protein priming mediated by
TMPRSS2. In this study, we combined sequence alignment, phylogenetic analysis and potential damaging
effects on amino acid changes in TMPRSS2 to systematically predict the most likely intermediate hosts by
screening 164 species from the perspective of TMPRSS2’s function on S-protein priming of SARS-CoV-2.

2 Material and Methods

2.1 Samples and data

164 complete TMPRSS2 protein sequences of 164 animal species (one protein sequence for each species) were

2
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collected from NCBI, including 80 Mammalia, 34 Aves, 13 Reptilia, 3 Amphibia, and 34 fish. Pig, horse,
cattle, duck, goose, chicken, dog, cat, and hamster that have potentially direct contacts with humans.. The
accession number of each sequence is listed in Table S1.

2.2 Phylogenetic analysis

The phylogenetic tree of all 164 species and 38 selected species was constructed by MEGA X[15] using
the neighbor-joining (NJ) method with 1000 bootstrap replicates. Multiple sequences alignment used for
phylogenetic tree construction was generated by the MAFFT software[16] with default parameters. We
further searched for conserved domains within human TMPRSS2 protein against the NCBI’s CDD v3.18
– 55570 PSSMs database[17] by setting the expected value threshold of 0.01 and 500 maximum number of
hits. We then constructed a phylogenetic tree using protein sequences of domain regions by use of the same
NJ method as the whole amino sequences.

2.3 Predicting the impact of amino acid substitutions on the function of TMPRSS2

The human TMPRSS2 protein sequence was selected as the reference to screen all amino changes across
164 species. The impact of an amino acid change on the structure and function of the TMPRSS2 was
finally estimated by the PolyPhen-2[18]. Scores were calculated by PolyPhen-2 for estimating the effects of
amino acid changes on the protein, and were divided into three groups: probably damaging (score [?] 0.957),
possibly damaging (0.453 < score < 0.956) and benign (score [?] 0.452). To facilitate the prediction of
capability of TMPRSS2 for S-protein priming, we marked each species based on the PolyPhen-2 scores. We
only focused on domain regions. Firstly, we considered the full mark as 100, as the human TMPRSS2 protein
sequence has been proved to work in human cells. Secondly, if amino acid changes was not found to occur at
catalytic triad; 0.1, 0.5 and 1 point deduction was made for “benign”, “possibly damaging” and “probably
damaging”, respectively. Thirdly, if one amino acid change occurred at the catalytic triad of TMPRSS2
(His296, Ser441 and Asp435), 15 points deduction was made for three reasons: 1) the change of catalytic
triad greatly reduced the enzyme activity; 2) the poultry were proven much less susceptible to SARS-CoV-2;
3) scores of all Aves were less than 85. Finally, we ranked scores for all species to predict the potential
function of TMPRSS2 for S-protein priming of SARS-CoV-2.

3 Results

3.1 Phylogenetic relationship of TMPRSS2 among 164 vertebrates

A phylogenetic tree consisting of 164 vertebrate species were constructed using the whole protein sequence of
TMPRSS2 to evaluate the homology across species (Fig S1). The tree showed four main clades. The Chon-
drichthyes TMPRSS2 formed the most basal branch, followed bt the Osteichthyes and Amphibia TMPRSS2
clades. The TMPRSS2 of Mammalia, Reptilia, and Aves formed the last clade, in which the Mammalia
TMPRSS2 formed the sister cluster with that of Reptilia and Aves. The phylogenetic relationship of TM-
PRSS2 among different species was highly consistent with the evolutionary relationships at the species level,
as well as the genetic distance (Table S2). We further confirmed the start and end positions of three main
conserved domain regions of TMPRSS2 to focus on this analysis in more conserved functional regions (Fig
1, Fig S2, Fig S3). The overall structure of the tree built with the conserved region was well in line with
the tree constructed using the complete sequences with only a few detailed differences. We further built a
phylogenetic tree of TMPRSS2 using selected species that are closer to humans (Fig 2). Important livestock,
like pig, sheep and cattle, was closely clustered with cat, dog, and pangolin, which are shown to be effected
by SARS-CoV-2. The horse was also placed with the human. In addition, rat, mouse and hamster shared the
same clade with human. Bird, reptile, amphibian and fish were not found to be mixed into the susceptible
animals.

3
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Fig 1. The conserved domain regions and the catalytic triad of TMPRSS2 in selected animals. A. The
protein secondary structure of TMPRSS2 predicted by SWISS-MODEL[19] and the catalytic triad amines.
B. The TMPRSS2 has three conserved domain regions: LDLa, SRCR 2 and Tryp SPc. Three catalytic triad
H296, S435 and D441 were ultra-conserved across species.
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Fig 2. The phylogenetic tree of TMPRSS2 from selected species. The tree was constructed using the NJ
method (1000 bootstraps) implanted in the MEGA X based on whole amino sequences of TMPRSS2.

3.2 Prediction of functional constraints of the TMPRSS2 across vertebrate species

We scored the TMPRSS2 protein sequence for all the collected 164 species (Table 1 & Table S3). Scores from
high to low were correspondent to Mammalia, Aves, Reptilia, Amphibia, Osteichthyes and Chondrichthyes,
except for the Puma concolor, Athene cunicularia, Geospiza fortisand Anarrhichthys ocellatus , because
these four species have amino change at the catalytic triad of TMPRSS2. From the global point of view, this
result was highly consistent with the prediction from the phylogenetic tree. As expected, the primates scored
the highest marks of over 95. Besides, other animals have been proven to be infected with the SARS-CoV-2,
including pangolin, cat, dog, and hamster, have scored higher than 91. Especially, no damaging amino acid
change was predicted in the hamster. In addition, only one probably or possibly damaging mutation was
found in rat and mouse, even lesser than that of pangolin and cat. When focusing on animals that are closely
related to humans, livestock has a much higher score than that of poultry.

Table 1. Prediction of functional constraints of the TMPRSS2 in 36 selected species.

5
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Species Number of amino acid changes Number of amino acid changes Number of amino acid changes H296 D435 S441 Score

Benign Possibly damaging Probably damaging
Rhinolophus ferrumequinum 55 1 0 0 0 0 94
Canis lupus dingo 58 1 0 0 0 0 93.7
Ovis aries 59 1 0 0 0 0 93.6
Mus pahari 60 1 0 0 0 0 93.5
Bos taurus 63 1 0 0 0 0 93.2
Mesocricetus auratus 68 0 0 0 0 0 93.2
Bubalus bubalis 64 1 0 0 0 0 93.1
Eptesicus fuscus 65 1 0 0 0 0 93
Rattus norvegicus 66 1 0 0 0 0 92.9
Mus musculus 63 0 1 0 0 0 92.7
Sus scrofa 64 2 0 0 0 0 92.6
Manis javanica 64 3 0 0 0 0 92.1
Pteropus alecto 61 2 1 0 0 0 91.9
Felis catus 59 3 1 0 0 0 91.6
Mustela erminea 61 3 1 0 0 0 91.4
Lynx canadensis 62 3 1 0 0 0 91.3
Equus caballus 76 3 0 0 0 0 90.9
Desmodus rotundus 67 3 3 0 0 0 88.8
Phyllostomus discolor 65 5 3 0 0 0 88
Gallus gallus 125 4 0 0 0 0 85.5
Columba livia 110 7 1 0 0 0 84.5
Coturnix japonica 120 7 1 0 0 0 83.5
Anas platyrhynchos 127 8 0 0 0 0 83.3
Parus major 122 8 1 0 0 0 82.8
Chrysemys picta bellii 98 11 4 0 0 0 80.7
Pelodiscus sinensis 104 12 3 0 0 0 80.6
Alligator sinensis 112 16 1 0 0 0 79.8
Protobothrops mucrosquamatus 117 17 7 0 0 0 72.8
Lacerta agilis 109 21 8 0 0 0 70.6
Rhinatrema bivittatum 121 19 10 0 0 0 68.4
Microcaecilia unicolor 121 23 8 0 0 0 68.4
Geotrypetes seraphini 113 22 14 0 0 0 63.7
Oncorhynchus tshawytscha 134 26 10 0 0 0 63.6
Oncorhynchus mykiss 135 26 10 0 0 0 63.5
Mus caroli 51 6 20 0 V 0 56.9
Amblyraja radiata 120 34 35 0 0 0 36

4 Discussion

Overall, Mammalia, Aves, and Reptilia formed a distinct cluster, indicating the TMPRSS2 was more likely to
be used for recognizing and processing S-protein of SARS-CoV-2 in Aves and Reptilia rather than Amphibia
and fish. Human, pangolin, cat, dog and hamster are proved to be be infected by SARS-CoV-2 in previous
studies[5,6,7,8,9,10,11], especially for human, the TMPRSS2 was shown to be used for priming S-protein on
ACE2 to help SARS-CoV-2 to enter into cells[13]. We then focused on these species to predict the utilizing
capability of TMPRSS2 for S-protein priming. Primates closely clustered together with human (Fig S1, Fig
S2), indicating the TMPRSS2 could be effectively used in primates for S-protein priming. Cat, dog clustered
with bat (Fig 2), which was inconsistent with the phylogenetic result of ACE2[14], and also showed the high
possibility of TMPRSS2 utilizing capability. The brown bear was placed with pangolin, bat and dog forming
a distinct clade (Fig S1), showing yet another possible wild animal of high probability to use TMPRSS2 to
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cleave S-protein of SARS-CoV-2. Considering the lack of direct contact with the human, brown bear was
less likely to be the intermediate host to transfer the virus to human. Interestingly, the TMPRSS2 of horse
closely clustered with hamster, but not with its much closer relatives (Fig S1), showing a potentially effective
function of TMPRSS2 in horse to process the S-protein for priming. When focused on animals that have a
close relationship with humans; the pig, sheep, cattle and pangolin formed a distinct clade (Fig 2). Although
the incubation test showed the pig was not susceptible with SARS-CoV-2 infection[7], our result indicated
the probable availability of TMPRSS2 for S-protein priming in the pig. A previous study showed that the
SARS-CoV-2 was not able to use ACE2 to enter into the mouse cell[4]. In our study, however, rat and
mouse TMPRSS2 were closely clustered with human and hamster TMPRSS2, showing that the TMPRSS2
in mouse and rat should be able to activate the S-protein of SARS-CoV-2.

ACE2 can tolerate a variety of amino acid changes among animals, making the low species barrier of SARS-
CoV-2[20]. We expected the same situation for TMPRSS2, so we further used the PolyPhen-2 to evaluate
the possible impact on the function of TMPRSS2 at single amino level, but not at the whole sequence level,
because many amino acid changes will not cause change in function. By scoring the TMPRSS2 of all 164
species, we found that the prediction result was highly similar to prediction from the phylogenetic tree,
with Mammalia having the highest scores, and then Aves, Reptilia, Amphibia and fish. However, the most
important three amines (His296, Ser441 and Asp435)[21] located at the catalytic triad of TMPRSS2 were
ultra-conserved (Fig 1, Fig S4). Only four out of 164 species were found to have mutations at these three
amines, indicating a conserved utilizing capability of TMPRSS2 across species, although other amino acid
changes may also influence the efficiency of TMPRSS2 to cleave the S-protein of SARS-CoV-2. Animals that
have been proven to be affected by the SARS-CoV-2, like pangolin, cat, dog, and hamster, exhibited very
high scores (Table 1), which showed the rationality of this scoring method. Both high score and less damaging
amino acid changes were found in rat, mouse and pig than pangolin and cat, which in turn supported the
prediction of the phylogenetic tree, showing the effective utilizing capability of TMPRSS2 in rat, mouse
and pig. In addition, both the phylogenetic tree and PolyPhen-2 scores showed relatively low TMPRSS2
capability in poultry.

COVID19 is still progressing and SARS-COV-2 strains are constantly evolving. It needs to be emphasized
again that we need to pay more attention to mammals, especially pigs and rats, to prevent these animals
from becoming intermediate hosts of a future pandemic, considering the more effective utilizing capability
of TMPRSS2 in mammals than in other animals.
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