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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) cause the most serious
pandemics of Coronavirus Disease 2019 (COVID-19), which threatens human health
and public safety. SARS-CoV-2 spike (S) protein uses angiotensin-converting enzyme
2 (ACE2) as recognized receptor for its entry into host cell that contributes to the
infection of SARS-CoV-2 to hosts. Using computational modeling approach, this study
resolved the evolutionary pattern of bonding affinity of ACE2 in 247 jawed vertebrates
to the spike (S) protein of SARS-CoV-2. First, high-or-low binding affinity phenotype
divergence of ACE2 to the S protein of SARS-CoV-2 has appeared in two ancient
species of jawed vertebrates, Scyliorhinus torazame (low-aftinity, Chondrichthyes) and
Latimeria  chalumnae (high-affinity, Coelacanthimorpha). Second, multiple
independent affinity divergence events recur in fishes, amphibians-reptiles, birds, and
mammals. Third, high affinity phenotypes go up in mammals, possibly implying the
rapid expansion of mammals might accelerate the evolution of coronaviruses. Fourth,
we found natural mutations at eight amino acid sites of ACE2 can determine most of
phenotype divergences of bonding affinity in 247 vertebrates and resolved their related
structural basis. Moreover, we also identified high-affinity or low-affinity-associated

concomitant mutation group.The group linked to extremely high affinity may provide
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novel potentials for the development of human recombinant soluble ACE2 (hrsACE2)
in treating patients with COVID-19 or for constructing genetically modified SARS-
CoV-2 infection models promoting vaccines studies. These findings would offer
potential benefits for the treatment and prevention of SARS-CoV-2.

Keywords: Vertebrates, ACE2, SARS-CoV-2, Bonding Affinity

Introduction

An ongoing global pandemic of coronavirus disease 2019 (COVID-19), caused by
the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), have resulted in
more than 70 million confirmed cases in 190 countries and more
than 1.5 million deaths. The SARS-CoV-2 is a positive-strand RNA virus that causes
severe respiratory syndrome in human. The genome of SARS-CoV-2 shares about 96%
identity to the Bat Coronavirus BatCoV RaTG13[1]. SARS-CoV-2-like CoV was found
in the pangolin species (Malayan pangolins), showing 91.02% identical to SARS-CoV-
2[2]. Accordingly, Rhinolophus affinis and Malayan pangolin (Manis javanica) are
considered as potentially natural hosts of SARS-CoV2[1, 2]. Aside from bat and
pangolin, experiments with infectious SARS-CoV-2 suggested that SARS-CoV-2
replicates poorly in dogs, pigs, chickens, and ducks, but ferrets and cats are permissive
to infection[3]. SARS-CoV-2 on mink farms was found to be transmitted between
humans and mink and back to humans [4]. For non-human primates, Macaca mulatta
is the most susceptible to SARS-CoV-2 infection, followed by M. fascicularis and
Callithrix jacchus[5]. Syrian hamsters (Mesocricetus auratus) are also susceptible to
SARS-CoV-2[6]. Anecdotal reports in a variety of news media reported that tigers in a
New York Zoo tested positive for HCoV-19, in which these animals exhibited
symptoms of the illness
(https://www.nationalgeographic.com/animals/2020/04/tigercoronavirus-covid19-
positive-test-bronx-zoo/). Thus, to resolving why the SARS-CoV-2 has both broad host
ranges and various infection phenotypes is very important for the control of SARS-
CoV-2. Some clues are implicated by two recent computer modeling studies[7, 8] but
still remains limited.

ACE2 is the cellular receptor for SARS-CoV-2[3, 9-11]. Binding to ACE2 receptor
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is a critical initial step for the SARS-CoV-2 to enter into target cells[9]. Structural
biologists have consecutively resolved structure of SARS-CoV-2 spike(S) protein and
found SARS-CoV-2 S protein binds ACE2 with higher affinity than does SARS-CoV
S protein[ 10], which may contribute to fast spread of COVID-19 from human to human,
even human to animals (cat, tiger, and dog). Three following studies further provided
deeply structural basis for the recognition of the SARS-CoV-2 by human ACE2
(hACE2), and found about 22 amino acid sites are involved in the interaction with the
receptor binding domain (RBD) of spike protein of SARS-CoV-2[3, 11, 12]. ACE2
variants underlined interindividual variability and susceptibility to COVID-19 in Italian
population[13]. Hence, it is very vital to elucidate whether natural and functional
variations of the ACE2 determine both broad host ranges and diversified infection
phenotypes of SARS-CoV-2 as well as to choose animal models, track down
intermediate hosts, and develop recombinant or soluble ACE2 for the treatment of
COVID-19. Even it would be helpful to understand why the bat species are natural
reservoirs of SARS-CoV2 or SARS-CoV or SARSr CoV.

Results
Multiple independent affinity divergences between SARS-CoV-2 and ACE2 in
different lineages of 247 Vertebrates

We obtained 247 complete ACE2 protein sequences about the length of 800 amino
acids from NCBI and Uniprot databases. Those ACE2 proteins represent 247 jawed
vertebrates, belonging to Chondrichthyes, Coelacanthimorpha, Cladistia, Actinopteri,
Amphibia, Crocodylia, Testudines, Lepidosauria, Aves and Mammalia (including
Homo species) (Supplementary Data Table S1). All 247 ACE2 protein sequences
were aligned and the regions that ranged from 19 to 619 amino acid sites referred to
hACE2 were used to construct ACE2 protein tree and to perform homologous modeling
of SARS-CoV2 RBD-ACE2 complex using Swiss-Modeling
(https://swissmodel.expasy.org/). Binding affinity (1/Kq4) is typically measured and
reported by the equilibrium dissociation constant (Kq), which is used to evaluate
molecular interactions[ 14]. The smaller the K4 value, the greater the binding affinity of

the ligand for its target. The protein-protein binding affinity of ACE2 and SARS-CoV-
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94 2 S RBD were estimated using online PRODIGY tool[15, 16] based on swill-modeling
95 results. To estimate binding affinity phenotypes of jawed vertebrate ACE2 and SARS-
96 CoV2 RBD (Figure 1, Figure S1 and Supplementary Data TableS1), all estimated
97  Kq values were normalized using the K4 value of hACE2 and S protein interplay for
98  obtaining relative differential expression pattern of binding affinity as follows: K others/
99  Kdnomo>1, defined as lower affinity than human; Ky others/ Kahomo=1, the same affinity to
100  human; K4 homo/ Kd others >1, higher affinity than human.
101 We firstly revealed the divergence of high-or-low affinity between ACE2 and
102 SARS-CoV2 occurs in two most ancient jawed vertebrates Chondrichthyes (about 16
103 times lower than human, Kd(hACE2) = 2.1nM) and Coelacanthimorpha (nearly 10
104  times higher than human) (Figure 1A and Figure S1A). During the evolution of jawed
105  vertebrates, we gradually unveiled multiple independent events of binding affinity
106  divergence appearing in Actinopteri, Amphibia, Lepidosauria, Aves and Mammals.
107  Compared with Mammals, high-affinity phenotypes are rare in Actinopteri (28%) and
108  Aves (13%) (Figure 1B, Figure S1B and Supplementary Data TableS1). In
109  mammalian species, the prevalence of high-affinity phenotypes is up to 51%, indicating
110  the presence of mammal species might drive fast evolution of SARS-CoV-2 or SARS-
111 CoV-2-like CoVs. We further found distinct binding affinity divergences in the different
112 orders of mammals (Figure 1C-1D and Figure S1C-1D). High prevalence of high-
113 affinity phenotypes appears in Artiodactyla (86%) and Carnivora (96%) (Figure 1D
114  and Figure S1D). Different from Artiodactyla, Perissodactyla species (Horses) which
115  is the most closely related to Artiodactyla show low-aftinity phenotypes (7.3nM). Low-
116  affinity phenotypes were dominant in Chiroptera (88%) and Rodentia (83%). Moreover,
117  the Kd values (14.56+4.08 nM) (mean+S.E.) of Chiroptera species are significantly
118  higher than those (3.63+0.51 nM) of Rodentia species. Rhinolophus sinicus showed
119  high Kd value of 68nM. This finding suggests most of Chiroptera species have low
120  affinity or high tolerance to SARS-CoV-2 and theoretically can be considered as the
121 most suitable carriers of SARS-CoV-2 or SARS-CoV-2-like CoVs. In Primates (54%
122 high and 29% low) and their closely outgroup Scandentia, we found slightly high or
123 consistent affinity phenotypes in Old World Monkeys (OWMs) with one exception of

124  Golden snub-nosed monkey with weakly low affinity. In contrast, low-affinity
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125  phenotypes appeared in New World Monkeys (NWMs), Tarsiiformes, Lorisiformes as
126 well as Chinese tree shrew (Scandentia order as the closely relative of Primates).

127 Surprisingly, Coquerel's sifaka (Propithecus coquereli) belonging to ancient
128  primates (Lemuriformes species) shows high affinity (1.2nM). In other rare orders of
129  mammals, we also found the presence of high-or-low affinity phenotypes, such as the
130  most ancient mammal Platypus (Ornithorhynchus anatinus) showing high affinity
131 (0.83nM) and Cape golden mole (Chrysochloris asiatica) showing greatly low affinity
132 (52nM).

133 We systematically explored the ACE2 affinity to the S protein of SARS-CoV-2
134  across 247 vertebrate hosts. 54 animal species from our studied cohort were
135  experimentally confirmed by published or pre-printed reports so far, including 48
136  susceptible and six uninfected animal species[3, 6, 17-25]. In this study, 39 of 48
137  reported infected animals had highly predicted affinity and 5 of 6 experimentally
138 showing no infection were predicted having low affinity. Accordingly, high consistence
139  between our predicated and experimentally confirmed phenotypes suggests the
140  reliability of predicted phenotypes in this study.

141  Detecting the effect of known amino acid sites in ACE2 involved in the interaction
142 with SARS-CoV-2 on affinity divergences in vertebrates

143 To investigate what amino acid variations in ACE2 leading to affinity divergences
144  between ACE2 and the S protein of SAR-CoV-2, we firstly characterized all mutations
145  of 247 vertebrates in known 22 amino acid sites[12] determining the function of ACE2
146  binding to S protein and then estimated affinity changes of all mutants by mutating
147  corresponding amino acids in hACE2. According to affinity fold changes of mutated
148  type (MT) and wild type (WT), we found 55.9%, 76.5%, and 91.9% of WT can be
149  recovered in MT below 1.41, 2.00, and 4.00-fold changes, respectively (Figure S2).
150  These results suggested that the variations of known 22 amino acid sites were unable
151  to completely explain our predicted affinity phenotype variations.

152 To determine what natural variations in ACE2 protein determine our predicted
153  affinity divergence, we selected top 3 species with high-or-low affinity in Actinopteri,
154  Aves, and Mammals and detected amino acid changes corresponding to high-or-low

155  affinity phenotypes, which were shared by at least two species with consistent
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156  phenotype but absent in species with converse phenotype (Figure 2A). All detected
157  amino acid variations were traced into two ancient species Scyliorhinus torazame (low-
158  affinity, Chondrichthyes) and Latimeria chalumnae (high-affinity, Coelacanthimorpha)
159  (Figure 2A). Total 64 amino acid sites were detected possibly involved in altering
160  bonding affinity of ACE2 to S protein (Figure 2A), which showed host specificities of
161  fishes, birds, and mammals. To confirm whether those amino acid changes in each
162  species lead to similar phenotypes, we constructed amino acid mutants in hACE2 and
163  tested bonding affinity of the mutants to S-protein. We found wild phenotypes can be
164  almost recovered in hACE2 (Figure S3). Crossed amino acid replacements linked to
165  high or low affinity phenotypes in hACE2 also confirmed phenotypic reversal (Figure
166 S3). These results suggested our detected conserved amino acid changes had potentials
167  to yield observed phenotype divergences. By testing affinities of different mutations,
168  we found that natural variations of 16 amino acid sites might be linked to affinity
169  divergences of top 3 species with high-or-low affinity in Actinopteri (e.g., Q27 and
170  A27), Aves (e.g., N27 and 127), and Mammals (e.g., Q79 and H41) (Figure 2B). These
171 findings suggested multiple independent amino acid mutation events might contribute
172 to convergent affinity divergences in different jawed vertebrate lineages.

173 To further determine what amino acid changes result in high-or-low affinity
174  phenotype divergences in fish, bird, and mammals, we performed hACE2-based
175  affinity tests using step-by-step single amino acid mutation of conserved amino acid
176  residues associated with binding affinity changes in four vertebrate animal pairs. Our
177  results showed that Q27 and A27 led to most of high-and-low affinity divergences in
178  fishes (Figure 2B and Figure S4). N27 and 127 caused crucial differences of high-and-
179  low affinity phenotypes in birds (Figure 2B and Figure S5). Q79 and H41 produced
180  major divergences of high-and-low affinity in mammals (Figure 2B and Figure S6).
181  Other amino acid mutations relying on those key amino acid mutations can strengthen
182  or weaken bonding affinities (Figure 2B, 2C). Combined with phenotype testing based
183  on step-by-step single amino acid mutation (Figures S4-S7), we speculated that
184  concomitant amino acid mutations of 19-82 amino acid region (referring hACE2) might
185  be involved in affinity divergences in jawed vertebrates. Even so, we found 41Y to H

186  mutation only covering 20 of 41 low-affinity mammal species and five species in non-
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187 mammals (Figure S8), indicating that novel mutations still need to be further
188  investigated.

189  Novel amino acid mutations contributing to recurred affinity divergences in
190  vertebrates

191 By performing the alignment of 19-82 amino acid region of 247 vertebrates, we
192  found candidate amino acid changes of eight conserved amino acid sites including 19,
193 24, 27, 30, 34, 41, 79, and 82 (referred to as hACE2) associated with phenotype
194  divergences (Figures 2 and 3, Figure S8). To confirm this observation, we conducted
195  a series of affinity tests by mutating all single amino acids at each of the 8§ sites from
196 247 vertebrates in hACE2 (Figure 3A). S19 and T27 potentially linked to low-affinity
197  phenotype is dominant in mammals and D19 and E27 is in non-mammals. Q24 deletion
198  leading to low affinity appear in non-mammals. Q30 and N30 resulting in high affinity
199  appeared in both mammals and non-mammals. K30 and S30 could bring about high
200  affinity in non-mammals. R34, K34, and Y34 (specific to Carnivora) may contribute to
201  high affinity. 79M was mainly associated with low affinity in Artiodactyla order species
202  of mammals. All other mutations at site 79 could be linked with high affinity. Mutations
203  at site 82 also contribute to increased affinity. Totally, mutations with lower affinity at
204  sites 24 and 34 could explain low-affinity phenotypes in about 50% mammal species
205 lack of H41 (Figure 3A). By screening those mutations with the most extreme affinity
206 at any one of eight sites, we preliminarily identified a high-affinity-associated
207  concomitant mutation group (N(P)19-N27-Q30-Y41-Q79-T82) and low-affinity-
208 associated concomitant mutation group (L19-24Del-A27-N34-H41-M79-M82)
209  (Figure 3B and 3C). By performing consistent mutations in vertebrate species with
210  converse phenotypes, we found candidate functional concomitant mutations obviously
211 reversed bonding affinity phenotypes across vertebrates (boosted affinity in Figure 3B
212 and reduced affinity in Figure 3C). These results further suggested that amino acid
213  variations of eight conserved amino acid sites (referred to as hACE2: 19, 24, 27, 30, 34,
214 41, 79, and 82) across 247 jawed vertebrates might contribute to bonding affinity
215  divergences with the SARS-CoV-2 S protein.

216  Structural basis determining affinity divergence of different lineages in

217  vertebrates


https://doi.org/10.1101/2021.01.28.428568
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.28.428568; this version posted February 2, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

218 We found there are the mutations of eight amino acid sties in ACE2 contributing to
219  significant SARS-CoV-2-interacting changes (Figure 4). The presence of polar
220  interaction bonds or the shrink of contacting face contributed by amino acid mutations
221  can increase bonding affinity of ACE2 to the S protein. For example, compared with
222 hACE2, N27/Q27 residues form novel polar bonds to Y473 in the S protein of SARS-
223 CoV-2, which can increase bonding affinity implicated by lower Kd values (1.0nM and
224 1.1 nM, respectively). Q30 (1.6nM), Q79 (1.0nM) and T82 (1.4nM) showed higher
225  affinity mainly due to the shrink of interacting face to S protein. In contrast, the loss of
226  polar bonds or the enlargement of contacting face to S protein determine lower bonding
227  affinity of ACE2 to S protein. For example, H41 lost hydrogen bond to both N501 and
228  T500 of S protein and then resulted in the lowest bonding affinity (9.2nM). The deletion
229  of Q24 also caused low affinity (4.3nM). By enlarging the contacting face with the S
230  protein, the residues A27 and 127 showed the second low bonding affinity (7.3nM and
231 6.9 nM). L19, N34, and M79 weakly reduced bonding affinity by changing the
232  interacting face between ACE2 and S protein. Those predicted structural interacting
233  changes can potentially support extreme phenotype divergences of bonding affinity
234  between ACE2 and the S protein of SARS-CoV-2.

235

236  Discussion

237 Multiple studies have confirmed that ACE2 is the cellular receptor for SARS-CoV-
238 2 and have found about 22 key amino acid sites of human ACE2 (hACE2) to be
239  responsible for the interaction with SARS-CoV-2[1, 3, 9, 12]. However, whether natural
240  ACE2 variants from various vertebrates could contribute to probable SARS-CoV-2
241  infections to non-human animals or transmissions from animals to humans is still
242  unclear, although computational modeling, cell studies and animal experiments
243  implicated that SARS-CoV-2 might infect non-human animals, such as some mammals
244  including civet, ferrets, dog, cat, mink, pangolin, and so on. Our predicted affinity
245  phenotype divergences recurring in different lineages (the oldest species, bony fishes,
246  birds, and mammals) in 247 jawed vertebrates led to a possibility that the SARS-CoV-
247 2 or SARS-CoV-2-like viruses are experiencing relaxed selection, which might partially

248  contribute to intermittent appearances of diversified CoVs in recent years, such as
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249  SARS-CoV (2002-2003 years)[26], MERS-CoV (2012-2015 years)[26], and SARS-
250  CoV-2 (2019 years to date).

251 Few high-affinity non-mammalian hosts, such as those species in Cichlidae family
252  of Actinopteri, Pipridae family of Aves, and Testudines might have possible risks for
253  SARS-CoV-2 infection. Nevertheless, considering those animals as potential
254  intermediate hosts of SAR-CoV-2 could be ignored due to their habitats apart from
255  human or small population sizes or potential effects of other unknown functional
256  molecules. According to this perspective, Turtles were thought to be potential
257  intermediate hosts[27] is unconvincing. For animals with low affinity phenotypes, the
258  predicted affinity (2.8nM) of chicken is lower than hACE2 affinity (2.1nM), consistent
259  with the report that chicken was not susceptible to SARS-CoV-2 infection[3, 28]. Our
260  predicted low affinity of snakes (Ophiophagus Hannah, 5.8n1M; Pseudonaja textilis,
261  6.9nM; Python bivittatus, 7.2nM) did not support that snakes were thought to be
262  potential intermediate hosts[27]. On June 14 (2020), SARS-CoV-2 virus was detected
263  in the cutting board of imported salmon (Chinook salmon) (Oncorhynchus tshawytscha)
264  rising the discussion of whether salmon fish could be infected by SARS-CoV-2.
265  Chinook salmon was not included in our studied cohorts but its close relative rainbow
266  trout (Oncorhynchus mykiss) was predicted 3.6 times lower affinity (7.6nm) than
267 hACE2 (2.1nm), indicating that Chinook salmon is not susceptible to SARS-CoV-2
268 infection. These findings suggested frequent detections of SARS-CoV-2 virus in
269  Chinook salmon and even other non-mammal vertebrates might be resulted from
270  unknown contaminations.

271 Consistent with the findings from non-mammal species, we found consistent
272  affinity phenotype divergences but an expansion of high-affinity phenotypes in 127
273  mammals, offering possible implication that the rapid expansion of mammals might
274  accelerate the evolution of SARS-CoV-2-like CoVs. As expected, high-affinity
275  phenotypes were significantly enriched in Artiodactyla and Carnivora. Among 48
276  mammals’ species that were susceptible to infection of SARS-CoV-2 reported by in
277  vitro as well as animal infection studies[1, 3, 6, 17-25], 28 animal species were from
278  Artiodactyla and Carnivora orders. In Carnivora, whether SARS-CoV-2 can infect dogs

279  or not triggered some controversies. Shi et al. study found dogs showed low
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280  susceptibility to virus and poorly infected[3] but another study considered dogs as
281  intermediate hosts for SARS-CoV-2 virus transmission[24]. Our predicted affinity of
282  dog (Canis lupus) (1.6nM) tended to support SARS-CoV-2 infection to dog. Two dogs
283  from households with confirmed human cases of COVID-19 in Hong Kong were found
284  to be infected with SARS-CoV-2, further suggesting that these are instances of human-
285  to-animal transmission of SARS-CoV-2[29]. It is unclear whether infected dogs can
286  transmit the virus to other animals or back to humans. Bosco-Lauth er al/ study
287  suggested that while neither dog nor cat developed clinical disease with the infection
288  of SARS-CoV-2, cats shed infectious virus for up to 5 d and infected naive cats via
289  direct contact, while dogs do not appear to shed virus. Cats that were reinfected with
290 SARS-CoV-2 mounted an effective immune response and did not become
291  reinfected[30]. Pig (Sus scrofa) from Artiodactyla order was another controversial
292  animal. Some studies reported pigs were not susceptible to SARS-CoV-2[3, 28], yet
293  other studies reported pig ACE2 could efficiently facilitated virus entry[1, 24]. We
294  found that pig showed a slightly lower affinity (2.3nM) than hACE2 and thought that
295 the infection risk of pig could not be ignored. By contrast, low affinity phenotypes were
296  dominant in Rodentia and Chiroptera. Our predicted phenotypes of rodent animals were
297  consistent with failure cases of SARS-CoV-2 infection in common rat and mouse
298  model[1, 23, 24, 31]. Extreme low affinities were found in most of species in Chiroptera
299  order in which Rhinolophus sinicus with the extremely low affinity (68nM) was
300 considered as the natural host of SARS-CoV-2[1]. Extremely low affinity of Chiroptera
301  order species might explain why bats are considered as natural reservoirs of SARS-
302  CoV-like viruses[32, 33]. SARS-Cov-2 infection barely succeeded or succeeded just at
303  very low level in Rhinolophus sinicus cells[1, 34, 35]. Nevertheless, SARS-CoV-2 can
304  successfully infect Rhinolophus sinicus bat intestinal epithelium organoid[31]. Such
305 differences of infection phenotypes might be partially due to technological bias of the
306 intestinal epithelium organoid simulating real environment of Rhinolophus sinicus bat
307 intestines.

308 Primate animals is the most convincing animal model for evaluating potential
309  drugs and vaccines during the COVID-19 outbreak. In primate orders, we observed

310  slightly high or consistent affinity phenotypes with hACE2 exited in OWMSs, with one
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311  exception of Golden snub-nosed monkey (2.6nM) with slightly lower affinity. The low-
312  affinity phenotypes occur in NWMs, Tarsiiformes, Lorisiformes as well as Chinese tree
313  shrew (2.6nM) (Scandentia order as the closely relative of Primates). Consistent with
314  our predicted affinity phenotypes, Macaca mulatta (1.8nm) and Macaca fascicularis
315 (1.9nM) of OWMs were successfully infected by SARS-CoV-2 while Callithrix
316  jacchus (6.8nM) of NWMs failed in SARS-CoV-2 infection[5]. Ocular conjunctival
317  inoculation of SARS-CoV-2 can cause mild COVID-19 in rhesus macaques (Macaca
318  mulatta) and could not be re-infected after symptoms were alleviated with the specific
319 antibody tested positively[5, 36]. Cynomolgus macaques (Macaca fascicularis) could
320  shed virus for a prolonged period of time with COVID-19-like symptom[25]. These
321  findings suggested that rhesus and cyophagous macaques are appropriate as animal
322  models for evaluating vaccines and drugs for the treatment or prevention of COVID-
323 19.

324 To determine what amino acid variations of ACE2 contribute to diversified affinity
325  phenotypes is vital for the development of both drug and vaccine during the progress
326  of COVID-19. We found 22 known amino acid residues in ACE2 were unable to explain
327  affinity phenotype diversities from 247 vertebrates. In contrast, at the 8§ amino acid sites
328 around 19-82 amino acid region (referred to as hACE2), we found several novel natural
329  mutations contributing to various binding affinity phenotypes. For example, N27/Q27,
330 Q30, Q79 and T82 could increase the hACE2 binding affinity; yet, L19, N34, M79,
331 H4l1, and deletion of Q24 enable clearly lower the affinity (Figure 4). H41 always
332  existed in the extreme low affinity hosts, it could clearly lower the affinity of hosts that
333  was with a higher than hACE2 affinity (Figure 3c) if the amino acid change of Y41 to
334  H41 occurs. Structure analyses showed the losing of hydrogen bond to both N501 and
335  T500 of S protein which was formed by Y41, resulting the lower affinity (Figure 4).
336  Combining the amino acid residues with the extreme affinity phenotype at each of the
337 8 sites, we further identified a high-affinity-associated concomitant mutation group
338  (I9N(P)-27N-30Q-41Y-79Q-82T) and low-affinity-associated concomitant mutation
339  group (19L-24Del-27A-34N-41H-79M-82M) which could clearly reverse affinity
340 phenotypes between high-or-low-affinity animal species. The hrsACE2 can
341  significantly block early stages of SARS-CoV-2 infections[37]. The combined amino
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342  acid residues contributing to extreme higher affinity may provide novel potentials for
343  the development of potential human recombinant soluble ACE2 (hrsACE2) in treating
344  patients with COVID-19 or for constructing genetically modified SARS-CoV-2
345 infection models promoting vaccines studies.

346 SARS-CoV-2 uses ACE2 as recognized receptor for its entry into host cell and
347  the virus surface S protein mediates SARS-CoV-2 entry into cells[9, 38, 39], which
348  comprises two functional subunits responsible for binding to the host cell receptor (S1
349  subunit) and fusion of the viral and cellular membranes (S2 subunit). During SARS-
350 CoV-2infection, once the RBD of S1 subunit binds to hosts ACE2, S protein is cleaved
351 by host proteases into S1 and S2 subunits at the S2’ site before extensive irreversible
352  conformational changes for the membrane fusion[39, 40]. This cleavage can activate
353  the membrane fusion[39, 40]. Some studies have confirmed that the cathepsin B and L
354  (CatB/L) and TMPRSS2 play important roles in S protein cleavage of SARS-CoV-2[9,
355  41-43]. BOAT1 (SLC6A19) often serves as a transporter for ACE2 and the presence of
356 BOATI1 may block TMPRSS2 to the cutting site on ACE2[11]. However, whether
357  BOATI can suppress SARS-CoV-2 infection by blocking ACE2 cleavage still remain
358 to be explored. Distinct from SARS-CoV, SARS-CoV-2 virus shares a similar furin
359 cleavage sites at S1/S2 sites with MERS-CoV virus[2]. Like MERS-CoV, pre-cleavage
360 at the S1/S2 site mediated by furin protein might promote subsequent TMPRSS2-
361 dependent entry of SARS-CoV-2[39, 44, 45]. Besides ACE2, CD147-SP also could be
362  recruited by SARS-CoV-2 for invading host cells[46]. Using human furin (GeneBank
363 accession: NP 001276752.1), cathepsin L (GeneBank accession: NP 001903),
364 TMPRSS2 (GeneBank accession: NP_005647.3), and CD147-SP (GeneBank accession:
365 BAC76828.1) proteins blasting against Non-redundant protein sequences (NR) in
366  NCBI, we found 308 placental mammals share amino acid sequence identity of furin
367  higher than 90% with human. Only 26 species from Simiiformes infraorder share higher
368 than 90% identity of cathepsin L with human and 39 species from Hominoidea
369  superfamily share higher than 90% identity with human TMPRSS2. The human
370  CD147-SP protein only shared higher than 90% identity with those of three Apes
371  species, including Sumatran orangutan, chimpanzee, and western lowland gorilla.

372  These results suggested that furin protein is highly conserved but TMPRSS2 and
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373  CD147-SP are greatly diverged or lineage specific across vertebrates. Recently, a new
374  host factor Neuropilin-1 was reported associated with SARS-Cov-2 infection [47]. By
375  Dblasting against NR database, human Neuropilin-1 (GeneBank accession: AAP80144.1)
376  were found shared more than 93% identity with placental mammals. Like furin protein,
377  Neuropilin-1 is also highly conserved. It further indicated that TMPRSS2 and CD147-
378  SP with highly species specificity might contribute to various infection phenotypes to
379  SARS-CoV-2 to different animal hosts. Despite binding to ACE2 is well-known to a
380 critical step for cell entry of SARS-CoV-2 or SARS-CoV-2 like virus, our study
381  suggested that only the affinity testing of ACE2 could not completely estimate SARS-
382  Cov-2 infection. In the future, it is crucial to elucidate pathogenetic mechanism of
383  SARS-CoV-2 by considering comprehensive understanding of combined multiple host
384  factors, such as cleavage proteases or novel functional molecules.

385 This study provides four major findings for better understanding the evolutionary
386  pattern of bonding affinity of ACE2 in 247 jawed vertebrates to the S protein of SARS-
387  CoV-2. First, high-or-low binding affinity phenotype divergence of ACE2 to the S
388  protein of SARS-CoV-2 has appeared in two ancient species of jawed vertebrates,
389  Scyliorhinus torazame (low affinity, Chondrichthyes) and Latimeria chalumnae (high
390 affinity, Coelacanthimorpha). Second, multiple independent affinity divergence events
391 recur in fishes, amphibians-reptiles, birds, and mammals, which could be explained to
392  great extent by lineage-specific amino acid mutations. Third, high affinity phenotypes
393  goup in mammals, possibly implying the rapid expansion of mammals might accelerate
394  the evolution of coronaviruses. Fourth, we found natural mutations at eight amino acid
395  sites of ACE2 can determine most of phenotype divergences of bonding affinity in 247
396  vertebrates and resolved structural basis of divergent bonding affinity phenotypes.
397  Moreover, our identified high-affinity or low-affinity-associated concomitant mutation
398  group would offer potential benefits for the treatment and prevention of SARS-CoV-2.
399  In the future, much more attention was needed focusing on the cleavage proteins to
400  obtain a detail and comprehensive description for preventing SARS-CoV-2 infection.
401

402  Materials and Methods

403  Obtaining amino acid sequences of ACE2 and the S protein of SARS-CoV-2
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404 Raw ACE2 amino acid (AA) sequences belonging to vertebrates were downloaded
405  from the nr database from NCBI and UniProt database. After manually removing AA
406  sequences with length < 700aa or duplicated in the same host or that labeled by low
407 quality in sequence title, a total of 247 ACE2 AA sequences representing 247
408  vertebrates were finally kept. SARS-Cov-2 AA sequence were downloaded from
409  GenBank with accession number MN908947.

410  Protein structure homology modeling and affinity prediction between wild ACE2
411  peptidase domain (PD) and the RBD of the S protein of SARS-CoV-2

412 To test the bonding affinity between SARS-CoV-2 and vertebrate ACE2, we
413  focused on the bonding affinity between ACE2 PD and the RBD of S protein of SARS-
414  CoV-2. We first aligned ACE2 AA sequences of 247 vertebrates including hACE2 using
415  MEGA X[48] with manually corrections using BioEdit v7.2.5 and then the PD regions
416  ranging from 19 to 615 amino acid residues were extracted from all 247 vertebrates
417  referring to hACE2[11]. The ACE2 protein tree of 247 vertebrates was built using
418  MEGA X[48] and annotated with Interactive Tree Of Life (iTOL) v 5.51[49]. The RBD
419  region of SARS-CoV-2 ranging from 318 to 510 amino acid residues was extracted
420  according to the RBD domain of SARS-CoV BJ01[50].

421 Protein structure homology modeling were performed using SWISS-modeling
422  workspace[51] using all 247 vertebrates ACE2 PD AA sequences and RBD AA
423  sequences of SARS-CoV-2 in automated mode.

424 Affinity prediction were performed on PRODIGY (PROtein binDIng enerGY
425  prediction, https://bianca.science.uu.nl/prodigy) [16] with pdb file generated by
426 SWISS-modeling. Temperature was set to 37°C.

427  Protein structure homology modeling and affinity prediction between vertebrate-
428  derived-hACE2 mutants and the RBD of S protein of SARS-Cov-2

429 Based on known protein contact residues between SARS-CoV-2 RBD and
430  hACE2[12], we obtained 22 protein contact residues including S19, Q24, T27, F28,
431 D30, K31, H34, E35, E37, D38, Y41, Q42, L45, L79, M82, Y83, N330, K353, G354,
432  D355,R357 and R393 in hACE2. Corresponding to hACE2, we extracted from contact
433 22 amino acid residues from 247 vertebrates’ ACE2 based on the Mega X aligned file
434  using BioEdit v7.2.5.
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435 We next mutated all 22 residues described above from hACE2 to 247 vertebrates
436  to build vertebrate-derived-hACE2 mutants. The 247 vertebrate-derived-hACE2 PD
437  AA sequence and SARS-CoV-2 RBD AA sequence were used to conduct protein
438  structure homology modeling and affinity prediction according to the methods
439  described above.

440  Screening potential amino acid sites contributing to the affinity diversity between
441 247 vertebrates’ ACE2 PD and SARS-CoV-2 RBD

442 To find amino acid residues that initially determined the diverse affinity between
443 247 vertebrates’ ACE2 PD and SARS-CoV-2 RBD, we selected three vertebrates with
444 top high affinity (from at least two orders) and another three vertebrates with top low
445  affinity (from at least two orders) in Actinopteri (High: Takifugu flavidus,
446  Mastacembelus armatus, Pundamilia nyererei; Low: Anarrhichthys ocellatus,
447  Xiphophorus maculatus, Poecilia mexicana), Aves (High: Manacus vitellinus, Pipra
448  filicauda, Neopelma chrysocephalum; Low: Zonotrichia albicollis, Numida Meleagris,
449  Nothoprocta perdicaria) and Mammals (High: Physeter catodon, Procyon lotor,
450  Zalophus californianus; Low: Rhinolophus pearsonii, Rhinolophus sinicus,
451 Chrysochloris asiatica) respectively. For six species from Actinopteri class, if the same
452  amino acid residue appears at given amino acid site in two host species with converse
453  affinity phenotypes, such amino acid sites were excluded from consensus amino acid
454  residues determining high-or-low affinity phenotypes. The remaining consensus amino
455  acid changes of ACE2 in at least two of host species with consistent affinity phenotypes
456  were considered as potentially functional amino acid variations contributing to the
457  affinity diversity. The same standards were performed for six animal species from Aves
458  and those from Mammals. We obtained 12, 31, and 32 putative affinity-associated
459  amino acid sites for Actinopteri class, Aves class, and Mammals class, respectively
460  (Figure 2A).

461 To confirm the potentials of putative affinity-associated amino acid variations in
462  each vertebrate class causing affinity changes, we reconstructed amino acid variants by
463  replacing corresponding amino acid residues in both hACE2 and those species with
464  converse affinity phenotypes. The bonding affinities were estimated based on protein

465  structure homology modeling of mutated ACE2 PD AA sequence and SARS-CoV-2


https://doi.org/10.1101/2021.01.28.428568
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.28.428568; this version posted February 2, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

466  RBD AA sequence as described above (Figure S2).

467 By integrating putative affinity-associated amino acid sites from three vertebrate
468  classes, we obtained a total of 64 sites each of which could differentiate between high-
469  or-low affinity species in at least one vertebrate class. To trace whether amino acid
470  changes at the 64 sites could reverse bonding affinity of two oldest vertebrate species
471  in our studied cohort, Latimeria chalumnae (high-affinity) and Scyliorhinus torazame
472  (low-affinity), we cross-replaced amino acid residues at corresponding 64 sites of
473  ACE2 in Latimeria chalumnae and Scyliorhinus torazame. The built mutants were used
474  to perform homology modeling and affinity prediction according to the method
475  described above (Figure S2).

476  Identifying key amino acid changes or potential co-variants determining bonding
477  affinity of ACE2 and the RBD of S protein of SAR-CoV-2

478 To identify key amino acid changes contributing to bonding affinity changes from
479  three vertebrate classes above, we employed a step-by-step splicing strategy to
480  construct a series of mutants. For example, based on our obtained 12 putative affinity-
481  associated sites in each of six species of Actinopteri class, we successively sliced from
482  1lst to 2nd,1st to 3rd, Ist to 4th, ..., 1st to 12" sites in Actinopteri species and final
483  obtained 72 aa-slicing groups. Next, we replaced corresponding amino acid residues in
484  hACE2 with those in each slicing group from Actinopteri species and performed protein
485  structure homology modeling and affinity prediction of mutated hACE2 and SARS-
486  CoV-2 RBD as described above. Similar slicing was also performed for those putative
487  affinity-associated sites in Aves class and Mammals class as well as two oldest
488  vertebrate species (Figures S4-S7).

489 According to predicted affinity phenotypes following the change of slicing amino
490  residues in species from each vertebrate class (Actinopteri, Aves, and Mammals), we
491  selected amino acid residues at those sites leading to significant affinity changes as key
492  amino acid residues determining bonding affinity and verified by homology modeling
493  and affinity prediction based on hACE2 mutant building. In turn, we grouped multiple
494  amino acid residues causing strong affinity shift to obtain amino acid co-variants
495  contributing to extremely high or low affinity and verified by homology modeling and

496  affinity prediction based on hACE2 mutants. To further confirm the reliability of amino


https://doi.org/10.1101/2021.01.28.428568
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.28.428568; this version posted February 2, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

497  acid co-variants that boost or lower bonding affinity, we would mutate all amino acid
498  residues from co-variants at corresponding amino acid sites in the ACE2 of all
499  vertebrate species with converse affinity phenotypes (Figure 3B and 3C). If predicted
500 affinity phenotypes of at least 95% host species were reversed significantly (at least
501  two-fold changes), thus such amino acid co-variants were selected as candidate targets
502  determining affinity phenotypes.

503 The Structures alteration for MT hACE2 mutated by functional AA changes
504  relative to WT hACE2

505 The 3D Complex Structure presentation was performed using PyMOL v2.0[52]
506  with pdb file generated from protein structure homology modeling with SWISS-
507 modeling workspace in automated mode (Figure 4).

508  Quantification and Statistical Analysis

509 Enrichment analysis of hosts with high or low affinity in each class or each
510 mammalian order were performed with Fisher's exact test, and statistic p-values were
511  corrected with Benjamini-Hochberg (BH) method. Enrichments with Py <0.05 were
512  considered to be significant.
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677

678  Figure legends

679  Figure 1. Predicted bonding affinities between ACE2 of 247 jawed vertebrates and
680  the RBD of the S protein of SARS-COV-2. Linked to Figure S1. A. ACE2 protein
681  tree 247 vertebrates with affinity fold change relative to hACE2. Red bars indicated
682  higher affinity (1/Kq) than hACE2. Green bars indicated lower affinity (1/Kq) than
683  hACE2. B. Enrichment analysis of affinity phenotypes in Mammalia, Actinopteri, and
684  Aves using Fisher exact test under p-value <0.05 corrected by Benjamini-Hochberg
685  (BH) method. C. ACE2 protein tree 127 mammals with affinity fold change relative to
686  hACE2. Red bars indicated higher affinity (1/Kq) than hACE2. Green bars indicated
687  lower affinity (1/Kq) than hACE2. D. Enrichment analysis of affinity phenotypes in
688  Carnivora, Artiodactyla, Primates, Chiroptera, and Rodentia orders from mammals
689  using Fisher exact test under p-value <0.05 corrected by the BH method.

690  Figure 2. Amino acid changes corresponding to high-or-low affinity phenotypes
691  from 247 vertebrates. Linked to Figure S3. A. Amino acid (AA) changes
692  corresponding to high-or-low affinity phenotypes in top 3 high and 3 low affinity hosts
693  from Actinopteri, Aves, Mammalia classes. High affinity AA changes were marked by
694  red color, low affinity AA changes were marked by green color. High-or-low affinity
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695  associated AA changes were shared by at least two species with consistent phenotype
696  but absent in reverse phenotype. For Latimeria chalumnae and Scyliorhinus torazame,
697  affinity-associated AA changes were based on the AA combination of Actinopteri, Aves,
698  Mammalia classes. Heatmap indicated the fold change in bonding affinity relative to
699  hACE2 when replaced hACE2 with the affinity-associated AA changes from the
700  corresponding non-human animals. Positive values in heatmap mean increase folds and
701  negative values mean decreased folds relative to hACE2. B. Composition of AA
702  changes leading to top high or low affinity combined with predicted affinities of
703 mutated hACE2 in Actinopteri, Aves, and Mammalia classes. C. Frequency of specific
704  amino acid changes linked to high-or-low affinities in Actinopteri, Aves, Mammalia
705  classes across different vertebrate lineages.

706  Figure 3. Amino acid characteristics at eight conserved amino acid sites leading to
707  high-or-low affinity divergence in 247 vertebrates. Linked to Figures S4-S8. A.
708  Frequency of amino acid residues at eight conserved amino acid sites in mammalian
709  hosts and non-mammalian hosts contributing to different affinity phenotypes after
710  mutated in hACE2 independently. Higher than wild hACE2 affinity marked by red;
711 equal to hACE2 by blue; and lower than hACE2 by green. B. Affinity renversement of
712 low-affinity animal hosts when related amino acids were replaced by high-affinity
713 amino acid group (19N,27N,30Q,41Y,79Q, and 82T). The 1-5 vertebrates with affinity
714  equal to wild hACE2 affinity and 6-157 vertebrates with affinity lower than wild
715  hACE?2 affinity. 41H to Y was used as control to eliminate the effect of 41H linked to
716  extreme low affinity. C. Affinity renversement of high-affinity animal hosts when
717  related amino acids were replaced by low affinity amino acid group
718  (19L,24Del,27A,34N,41H,79M and 82M. The 1-90 vertebrates with affinity higher
719  than wild hACE2 affinity and 91-95 vertebrates with affinity equal to wild hACE2
720  affinity. 41Y to H was used as control due to its contribution to extreme low affinity.
721 Figure 4. 3D complex structure corresponding to key amino acid changes
722  associated with affinity divergence. Linked to Figure 3. 3D complex structures were
723 reconstructed based on those key amino acid changes resulting in high-or-low affinity
724  divergence. Amino acids from wild hACE2 was marked by golden color. In brackets,
725  high-or-low-affinity associated amino acid residues were marked by green. Amino
726  acids and structures marked by blue color belonged to the RBD of the S protein of
727  SARS-CoV-2.
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729

730  Supplemental Information

731  Figure S1. Ka value details across 247 vertebrates. Linked to Figure 1. A. ACE2
732  protein tree of 247 vertebrates with K4 value. Bar height indicated value of log2.1(Kq).
733 B. Kd distribution of all host species in each different class of 247 vertebrate hosts. C.
734  ACE2 protein tree of 127 mammals with Kd value. Bar height indicated value of
735  log2.1(Kd). D. Ky distribution of all host species in each order of mammals.

736 Figure S2. Relative to wild-type (WT) hACE2, affinity changes of mutated (MT)
737  hACE2 based on co-occurring amino acid changes of 247 vertebrates at 22 known
738  contact amino acid sites[12]. Affinity changes were normalized using log?2.

739  Figure S3. Affinity phenotype reversal after crossed replacements between high-
740  or-low affinity animal species and those animal species in the same lineage with
741  converse phenotypes. Linked to Figure 2. WT means affinity fold change of WT
742 ACE2 relative to wild type (WT) hACE2. As controls, MT in hACE2 means affinity
743 change of mutated (MT) hACE2 using affinity-associated amino acid residues from
744  four animal lineages relative to WT hACE2. Relative to the affinity of WT ACE2 of a
745  given animal species, MT1-MT3/WT means affinity change of ACE2 of the animal
746 species replaced by affinity-associated amino acid residues from the first animal species
747  with converse phenotype in same class.

748  Figure S4. MT-hACE?2 affinity changes relative to WT hACE2 following step by
749  step replacement in hACE2 with amino acids at affinity-associated sites from top
750 3 high affinity hosts (left panel) and top 3 low affinity hosts (right panel) in
751  Actinopteri. Linked to Figures 2 and 3.

752  Figure S5. MT-hACE2 affinity changes relative to WT hACE2 following step by
753  step replacement in hACE2 with amino acids at affinity-associated sites from top
754 3 high affinity hosts (left panel) and top 3 low affinity hosts (right panel) in Aves.
755  Figure S6. MT-hACE?2 affinity changes relative to WT hACE2 following step by
756  step replacement in hACE2 with amino acids at affinity-associated sites from top
757 3 high affinity hosts (left panel) and top 3 low affinity hosts (right panel) in

758  mammals. Linked to Figures 2 and 3.
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759  Figure S7. In two ancient jaw vertebrates (left panel: Coelacanthimorpha; right
760  panel: Chondrichthyes), MT-hACE2 affinity changes relative to WT hACE2
761  following step by step replacement in hACE2 with amino acids linked to affinity-
762  associated sites based on the integration of Actinopteri, Aves, and Mammalian
763  classes in Figures S4-S6. Linked to Figures 2 and 3.

764  Figure S8. Distribution of amino acid variations at 8 conserved loci across 247
765  jawed vertebrates. Linked to Figures 2 and 3.

766  Table S1. Details of affinity prediction between ACE2 PD from 247 vertebrates
767  and the RBD of the S protein of SARS-COV-2. Linked to Figure 1.

768
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Figure S1
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Candidate high-affinity aa changes of ACE2 in fish species
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Figure S8
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Mus pahari

Mus musculus

Mus caroli

Jaculus jaculus
Urocitellus parryii
Ictidomys tridecemlineatus
Marmota flaviventris
Marmota marmota
Dipodomys ordii
Heterocephalus glaber
Fukomys damarensis
Octodon degus
Chinchilla lanigera
Ochotona princeps
Oryctolagus cuniculus
Otolemur garnet
Propithecus coquer:
Carlito syrichta
Callithrix jacchus
Aotus nancymaae
Cebus capucinus
Saimiri boll i

Pan troglodytes

Pan paniscus

Homo sapiens

Nomascus leucogenys

ocolobus tephrosceles

Rhinopithecus roxellana

Mandrillus leucophaeus

Theropithecus gelada

Papio anubis

Cercocebus atys

Chlorocebus aethiops

Chlorocebus sabaeus

Macaca fascicularis

Macaca nemestrina

Macaca mulatta

Tupaia chinensis

Globicephala melas

Lagenorhynchus obliquidens

Orcinus orca

Tursiops truncatus

Neophocaena asiaeorientalis

Monodon monoceros

Delphinapterus leucas

Lipotes vex

Physeter catodon

Balaenoptera acutorostrata

Sus scrofa

Sus scrofa domesticus

Camelus bactrianus

Vicugna pacos

Ovis aries

Capra hircus

Bubalus bubalis

Bos indicus

Bos mutus

Bos indicus x Bos taurus

Bos taurus

Equus caballus

Equus przewalskii

Manis javanica

Felis catus

Acinonyx jubatus

Lynx pardinus

Lynx canadensis

Puma concolor

Panthera pardus

Panthera tigris

Paguma larvata

Suricata suricatta

Vulpes vulpes

Nyctereutes procyonoides

Canis lupus

Canis lupus familiaris

Enhydra lutris

Mustela putorius

Procyon lotor

Ursus arctos

Ursus americanus

Ailuropoda melanoleuca

Neomonachus schauinslandi

Zalophus californianus

Callorhinus ursinus

Eumetopias jubatus

Phyllostomus discolor

Desmodus rotundus

Pipistrellus abramus

Myotis lucifugus

Miniopterus natalensis

Rousettus aegyptiacus

Rousettus leschenaul

Pteropus vampyrus

Pteropus alecto

Hipposideros armiger

Rhinolophus landeri

Rhinolophus alcyone

Rhinolophus ferrumequinum

Rhinolophus pearson
Rhinolophus si

R

Rhinolophus macrotis

Erinaceus europaeus

Sorex araneus

Condylura cristata

Echinops telf:

Dasypus novemcinctus

Chrysochloris asiatica

Elephantulus edward

Loxodonta africana

Trichechus manatus

Monodelphis domestica

Sarcophilus har

Vombatus ursinus

Ornithorhynchus anatinus
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Non-mammals

hACE2

Meleagris gallopavo
Phasianus colchicus
Gallus gallus

Numida meleagris
Coturnix japonica
Nothoprocta perdicaria
Struthio camelus
Apteryx rowi

Lonchura striata
Taeniopygia guttata
Erythrura gouldiae
Serinus canaria
Zonotrichia albicollis
Camarhynchus parvulus
Corvus moneduloides
Corvus cornix

Parus major
Pseudopodoces humilis
Cyanistes caeruleus
Ficedula albicollis
Sturnus vulgaris
Empidonax traillii
Neopelma chrysocephalum
Corapipo altera

Manacus vi
Pipra filicauda

Chaetura pelagica

Calypte anna

Calidris pugnax
Mesitornis unicolor
Charadrius vociferus
Eurypyga helias
Patagioenas fasciata
Melopsittacus undulatus
Amazona aestiva

Strigops habroptila
Chlamydotis macqueenii
Cathartes aura
Phalacrocorax carbo
Phaethon lepturus

Aquila chrysaetos

Falco cherrug

Athene cunicularia

Gavia stellata
Aptenodytes forsteri
Aptenodytes patagonicus
Pygoscelis papua
Pygoscelis antarcticus
Spheniscus humboldti
Spheniscus demersus
Megadyptes antipodes
Eudyptula minor
Eudyptula albosignata
Eudyptula novaehollandiae
Eudyptes schlegeli
Eudyptes filholi

Eudyptes chrysocome
Eudyptes chrysolophus
Eudyptes sclateri
Eudyptes robustus
Eudyptes pachyrhynchus
Gekko japonicus
Paroedura picta

Pogona vitticeps

Anolis carolinensis

Python bivittatus
Pseudonaja textilis
Ophiophagus hannah
Crocodylus porosus
Alligator sinensis
Pelodiscus sinensis
Gopherus evgoodei
Chrysemys picta
Terrapene carolina
Rhinatrema atum
Microcaecilia unicolor
Nanorana parkeri
Xenopus tropical
Anarrhichthys ocellatus
Sander lucioperca
Parambassis ranga
Scophthalmus maximus
Mastacembelus armatus

Seriola dumerili

Aves

Lepidosauria

Crocodylia

Testudines

Amphibia

Labrus bergylta

Takifugu flavidus

Takifugu rubripes

Tetraodon nigroviridis

Sparus aurata

Stegastes partitus
0

Echeneis naucrates
Poecilia formosa

Poe mexicana
Xiphophorus maculatus
Xiphophorus couchianus
Myripristis murdjan
Gouania willdenowi
Salarias fasciatus
Astatotilapia calliptera
Maylandia zebra
Haplochromis burtoni
Pundamilia nyererei
Neolamprologus brichardi
Gasterosteus aculeatus

F vp
Ictalurus punctatus
Tachysurus fulvidraco
Bagarius yarrelli
Pygocentrus nattereri
Astyanax mexicanus

Esox lucius

Salmo trutta
Oncorhynchus mykiss
Erpetoichthys calabaricus
Scyliorhinus torazame
Latimeria chalumnae

W D I B —
Coelacanthimorpha
Chondrichthyes
Actinopteri
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