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Abstract

The novel coronavirus SARS-CoV-2 is the cause of Coronavirus Disease-2019 (COVID-19). The main
receptor of SARS-CoV-2, angiotensin | converting enzyme 2 (ACE2), is now undergoing extensive scrutiny
to understand the routes of transmission and sensitivity in different species. Here, we utilized a unique
dataset of 410 vertebrates, including 252 mammals, to study cross-species conservation of ACE2 and its
likelihood to function as a SARS-CoV-2 receptor. We designed a five-category ranking score based on the
conservation properties of 25 amino acids important for the binding between receptor and virus,
classifying all species from very high to very low. Only mammals fell into the medium to very high
categories, and only catarrhine primates in the very high category, suggesting that they are at high risk
for SARS-CoV-2 infection. We employed a protein structural analysis to qualitatively assess whether
amino acid changes at variable residues would be likely to disrupt ACE2/SARS-CoV-2 binding, and found
the number of predicted unfavorable changes significantly correlated with the binding score. Extending
this analysis to human population data, we found only rare (<0.1%) variants in 10/25 binding sites. In
addition, we observed evidence of positive selection in ACE2 in multiple species, including bats. Utilized
appropriately, our results may lead to the identification of intermediate host species for SARS-CoV-2,
justify the selection of animal models of COVID-19, and assist the conservation of animals both in native

habitats and in human care.
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Introduction

The 2019-novel coronavirus (2019-nCoV, also, SARS-CoV-2 and COVID-19 virus) is the cause of
Coronavirus Disease-2019 (COVID-19), a major pandemic that threatens millions of lives and the global
economy (1). Comparative analysis of SARS-CoV-2 and related coronavirus sequences has shown that
SARS-CoV and SARS-CoV-2 likely originated in bats, followed by transmission to an intermediate host,
and that both viruses may have an extended host range that includes primates and other mammals
(1-3). However, the immediate source population/species for SARS-CoV and SARS-CoV-2 viruses has not
yet been identified. Several mammalian species host coronaviruses, and these infections are frequently
associated with severe clinical diseases, such as respiratory and enteric disease in pigs and cattle (4, 5).
Molecular phylogenetics revealed that at least one human coronavirus (HCov-OC43), may have
originated in cattle or swine (6), and that this virus was associated with a human pandemic that
emerged in the late 19" century (7). Recent data indicate that coronaviruses can move from bats to
other wildlife species and humans (8) and from humans to tigers (9) and pigs (10). Therefore,
understanding the host range of SARS-CoV-2 and related coronaviruses is essential for improving our
ability to predict and control future pandemics. It is also crucial for protecting populations of wildlife
species in native habitats and under human care, particularly non-human primates, who may also be

susceptible to COVID-19 (11).

The angiotensin | converting enzyme 2 (ACE2) serves as a functional receptor for the spike protein (S) of
SARS-CoV and SARS-CoV-2 (12, 13). Under normal physiological conditions, ACE2 is a dipeptidyl
carboxypeptidase that catalyzes the conversion of angiotensin | into angiotensin 1-9, a peptide of
unknown function, and angiotensin Il, a vasoconstrictor that is important in the regulation of blood
pressure (14). ACE2 also converts angiotensin Il into angiotensin 1-7, a vasodilator that affects the
cardiovascular system (14) and may regulate other components of the renin-angiotensin system (15).
The host range of SARS-CoV-2 may be extremely broad due to the conservation of ACE2 in mammals (2,
13) and its expression on ciliated bronchial epithelial cells and type Il pneumocytes (10). While
coronaviruses related to SARS-CoV-2 use ACE2 as a primary receptor, coronaviruses may use other
proteases as receptors, such as CD26 (DPP4) for MERS-CoV (16), thus limiting or extending their host

range.

In humans, ACE2 may be a cell membrane protein or it may be secreted (14). The secreted form is
created primarily by enzymatic cleavage of surface-bound ACE2 by ADAM17 and other proteases (14).

Sequence variation in ACE2 affects the protein’s functions. ACE2 is polymorphic in humans, with many
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synonymous and nonsynonymous mutations identified, although most are rare at the population level
(17) and few are believed to affect cellular susceptibility to human coronavirus infections (18).
Site-directed mutagenesis and co-precipitation of SARS-CoV constructs have revealed critical residues on
the ACE2 tertiary structure that are essential for binding to the virus receptor binding domain (RBD)
(19). These findings have been strongly supported by co-crystallization and the structural determination
of the SARS-CoV and SARS-CoV-2 S proteins with human ACE2 (13, 20, 21), as well as binding-affinity
with heterologous ACE2 (19). The RBD of human coronaviruses may mutate to change the binding
affinity of S for ACE2, and thus lead to adaptation in humans or other hosts. The best studied example is
the palm civet, believed to have been the intermediate host between bats and humans for SARS-CoV (2).
To date, an intermediate host for SARS-CoV-2 has not been identified definitively, although Malayan

pangolins (Manis javanica) have been proposed as a possible reservoir (22).

Comparative analysis of ACE2 nucleotide and protein sequences can predict their ability to bind
SARS-CoV-2 S and therefore will yield important insights into the biology and potential zoonotic
transmission of SARS-CoV-2 infection. Recent work has examined ACE2 from different vertebrate species
and predicted its ability to bind SARS-CoV-2 S, but phylogenetic sampling was extremely limited (11, 23).
Here, we made use of sequenced genomes of 410 vertebrates and protein structural analysis, to identify
ACE2 homologs in all vertebrate classes (fishes, amphibians, birds, reptiles, and mammals) that have the
potential to serve as a receptor for SARS-CoV-2, and to understand the evolution of ACE2 SARS-CoV-2 S
binding sites. Our results reinforce earlier findings on the natural host range of SARS-CoV-2, and predict
a broader group of species that may serve as a reservoir or intermediate host for this virus. Importantly,
many threatened and endangered species were found to be at potential risk for SARS-CoV-2 infection,
suggesting that as the pandemic spreads, humans could inadvertently introduce a potentially
devastating new threat to these already vulnerable populations, especially for great apes and other

primates.

Results

Comparison of vertebrate ACE2 sequences and their predicted ability to bind SARS-CoV-2. We identified

410 unique vertebrate species with ACE2 orthologs (Dataset S1) that included representatives of all
vertebrate taxonomic classes. Among these were 252 mammals, 72 birds, 65 fishes, 17 reptiles and 4
amphibians. Twenty-five amino acids corresponding to known SARS-CoV-2 S-binding residues (11, 13,

21) were examined for their similarity to the residues in human ACE2 (Fig. 1, Dataset S1). On the basis of
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known interactions between specific residues on ACE2 and the RBD of SARS-CoV-2 S, a set of rules was
developed for predicting the likelihood of S binding to ACE2 from each species (see Materials and
Methods). Five score categories were predicted: very high, high, medium, low and very low. Results for
all species and all SARS-CoV-2 S binding scores are shown in Dataset S1, and results for mammalian
species are also shown in Fig. 1. The very high classification had at least 23/25 ACE2 residues identical to
their human homolog and other constraints on substitutions at SARS-CoV-2 S binding hot spots (see
Materials and Methods). The 18 species predicted as very high were all Old World primates and apes
completely identical to human across the 25 ACE2 binding residues. The ACE2 proteins of 28 species
were classified as having a high likelihood of binding the S RBD. Among them are twelve cetaceans,
seven rodents, three cervids (deer), three lemuriform primates, two representatives of the order Pilosa
(Giant anteater and Southern tamandua), and one Old World primate (Angola colobus, Fig. 1).
Fifty-seven species scored as medium for the ability of their ACE2 to bind SARS-CoV-2 S. Like the high
score, this category has at least 20/25 residues identical to human ACE2 but more relaxed constraints

for critical binding residues. All species with medium score are mammals distributed across six orders.

Among Carnivora, 9/43 scored medium, 9/43 scored low, and 25/43 scored very low (Fig. 1). The
carnivores scoring medium were only felids, including the domestic cat and Siberian tiger. Among the 13
Primates scoring medium there were 10 New World primates and three lemurs. Of 45 Rodentia species,
11 scored medium. Twenty-one Artiodactyls scored medium, including several important wild and
domesticated ruminants, such as domesticated cattle, bison, sheep, goat, water buffalo, Masai giraffe,
and Tibetan antelope. Species scoring medium also included 2/3 Lagomorphs and one Cetacean (sperm

whale).

All chiropterans (bats) scored low (N=8) or very low (N=29) (Fig. 1), including the Chinese rufous
horseshoe bat (Rhinolophus sinicus), from which a coronavirus very similar to SARS-CoV-2 was identified
(1). Only 7.7% (3/39) primate species’ ACE2 scored low or very low, and 61% of rodent species scored
low (10/46) or very low (18/46). All monotremes (N=1) and marsupials (N=4) scored very low. All birds,
fish, amphibians, and reptiles scored very low, with less than 18/25 ACE2 residues identical to the
human and many non-conservative residues at the remaining non-identical sites (Dataset S1). Notable
species scoring very low include the Chinese pangolin (Manis pentadactyla), Sunda pangolin (Manis

javanica), and white-bellied pangolin (Phataginus tricuspis) (Fig. 1, Dataset S1).

Structural analysis of the ACE2/SARS-CoV-2 S binding interface. We complemented the

sequence-identity based scoring scheme with a qualitative approach that combined structural homology
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modeling and best fit rotamer positioning. We examined the 25 ACE2 binding residues in a subset of 28
representative species (Fig. S1) and 17 sites were variable and not glycosylation sites. First, we assessed
the similarity of every contact at the binding interface between two recently solved crystal structures for
the human ACE2/SARS-CoV-2 S RBD complex in humans, 6M0J and 6WV1 (13, 21). Both structures were
in agreement except for the position of S19, which was excluded from subsequent analysis (24). We
then generated homology models, and alighed them to the human ACE2/SARS-CoV-2 S RBD 6M0)
structure. This showed a high degree of similarity along the Ca backbone (25) for each of the 28 species.

We selected the most favorable rotamer at each residue using CHIMERA (Fig. S2).

We examined a total of 55 substitutions and assigned each to one of three types: neutral (N; likely to
maintain similar contacts; 18 substitutions); weaken (W; likely to weaken the interaction; 14
substitutions); or unfavorable (U; likely to introduce unfavorable interactions; 23 substitutions) (Fig. S1).
Our assighnments show good agreement with those made in a second study (26) based on experimental
data, with 83.4% of the 55 substitutions evaluated concordant between the two approaches (Fig. S1).
The structural homology binding assessments support the sequence identity analysis, with the fraction
of residues ranked as U, correlating very strongly with the substitution scoring scheme (Spearman

correlation rho=0.76; p< 2.2e-16; Fig. 2).

Structural analysis of variation in human ACE2. We applied the same approach used to compare species,

sequence identity and protein structural analysis, to examine the variation in ACE binding residues
within humans, some of which have been proposed to alter binding affinity (18, 27-30). We integrated
data from six different sources: dbSNP (31), 1KGP (32), Topmed (33), UK10K (34) and CHINAMAP (28),
and identified a total of 11 variants in ten of the 25 ACE2 binding residues (Dataset S2). All variants
found are rare, with allele frequency less than 0.01 in any populations, and less than 0.0007 over all
populations. Three of the 11 variants were synonymous changes, seven were conservative missense
variants, and one, S19P, was a semi-conservative substitution. S19P has the highest allele frequency of
the 11 variants, with a global frequency of 0.0003 (17). We evaluated, by structural homology, six
missense variants. Four were neutral and two weakening (E35K, frequency=0.000016; E35D,
frequency=0.000279799). S19P was not included in our structural homology assessment, but a recent
study predicted it would increase binding affinity (26). Thus, with an estimated summed frequency of
0.001, genetic variation in the ACE2 S-binding interface is overall rare, and it is unclear whether the

variation that does exist increases or decreases susceptibility to infection.
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Evolution of ACE2 across mammals. We next investigated the evolution of ACE2 variation in vertebrates,

including how patterns of positive selection compare between bats, a mammalian lineage known to
harbor a diversity of coronaviruses (35), and other mammalian clades. We first inferred the phylogeny of
ACE2 using our 410-vertebrate alignment and IQTREE, using the best-fit model of sequence evolution
(JTT+F+R7) and rooting the topology on fishes (Dataset S3; Fig. S3). We then assayed sequence
conservation with PhyloP (36). The majority of ACE2 codons are significantly conserved across
vertebrates and across mammals, likely reflecting its critical function in the renin-angiotensin system
(37) (Dataset S4.1), with ten residues in the ACE2 binding domain exceptionally conserved in Chiroptera

and/or Rodentia (Dataset S4.2).

We next used phyloP and CODEML to test for acceleration and positive selection (36). PhyloP compares
the rate of evolution at each codon to the expected rate in a model estimated from third nucleotide
positions of the codon, and is agnostic to synonymous versus nonsynonymous substitutions (dN/dS).
CODEML uses w=dN/dS>1 and Bayes Empirical Bayes (BEB) scores to identify codons under positive

selection, and was run on a subset of 64 representative mammals (see Materials and Methods).

ACE2 shows significant evidence of positive selection across mammals (w=1.83, LRT=194.13, p<0.001;
Dataset 4.3, 4.4). Almost 10% of codons (N=73; 9 near the RBD) are accelerated within mammals
(Dataset S4.1, 4.5), and 18 of these have BEB scores greater than 0.95, indicating positively selected
residues (Dataset S4.5, 4.6, Fig. S4). Nineteen accelerated residues, including two positively-selected
codons (Q24, H34), are critical for the binding of the ACE2 RBD and SARS-CoV-2 S (Dataset S4.5; Fig. 3;
Fig. S5). Q24 has not been observed to be polymorphic within the human population, and H34 harbors a

synonymous polymorphism (AF=0.00063) but no non-synonymous polymorphisms (Dataset S2).

This pattern of acceleration and positive selection in ACE2 also holds for individual mammalian lineages.
Using CODEML, positive selection was detected within the orders Chiroptera (LRT=346.40, w=3.44
p<0.001), Cetartiodactyla (LRT=92.86, w=3.83, p<0.001), Carnivora (LRT=65.66, w=2.27. p<0.001),
Primates (LRT=72.33, w=3.16, p<0.001) and Rodentia (LRT=91.26, w=1.77, p<0.001). Overall, bats had
more positively selected sites with significant BEB scores (29 sites in Chiroptera compared to 10, 8, 7 and
15 sites in Cetartiodactyla, Carnivora, Primates and Rodentia, respectively). Positive selection at key sites
for the binding of ACE2 and SARS-CoV-2 was only found in the bat-specific alignment. PhyloP was used
to assess shifts in evolutionary rate within mammalian lineages, for each assessing signal relative to a
neutral model trained on species from the specified lineage (Dataset $4.6-11, Fig. S6). We discovered six

important binding residues, five of which showed evidence for positive selection, that are accelerated in
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one or more of Chiroptera, Rodentia, or Carnivora, with G354 accelerated in all of these lineages

(Dataset S4.12).

Given pervasive signatures of adaptive evolution in ACE2 across mammals, we next sought to test if any
mammalian lineages are evolving particularly rapidly compared to the others. CODEML branch-site tests
identified positive selection in both the ancestral Chiroptera branch (1 amino acid, w=26.7, LRT=4.22,
p=0.039) and ancestral Cetartiodactyla branch (2 amino acids, w=10.38, LRT= 7.89, p=0.004, Dataset
S4.3) using 64 mammals. These residues did not correspond to known viral binding sites. We found no
evidence for lineage-specific positive selection in the ancestral primate, rodent or carnivore lineages.
PhyloP identified lineage-specific acceleration in Chiroptera, Carnivora, Rodentia, Artiodactyla and
Cetaceans relative to mammals (Dataset S4.13-17, Fig. S7). Bats have a particularly high level of
accelerated evolution (18 codons; p<0.05). Of these accelerated residues, T27 and M82 are known to be
important for binding SARS-CoV-2, with some bat subgroups having amino acids predicted to lead to less
favorable binding of SARS-CoV-2 (Fig. S1, Fig. S8). Surprisingly, a residue that is conserved overall in our
410 species alignment and in the mammalian subset, Q728, is perfectly conserved in all 37 species of
bats except for fruit bats (Pteropodidae), which have a substitution from Q to E. These results support

the theory that ACE2 is under lineage-specific selective pressures in bats relative to other mammals.

Positive selection in SARS-CoV-2 S protein. Positive selection was found using CODEML at sites L455,
E484, F490 and S494 in the SARS-CoV-2 S sequence (w=1.15, LRT=116.7, p<0.001); however this signal

was not particularly high, possibly due to the small sample size (N=8). All of these sites lie within or near

the ACE2 SARS-CoV-2 S RBD binding sites (Fig. 3) (38).

Discussion

Phylogenetic analysis of coronaviruses has demonstrated that SARS-CoV-2 most likely originated in a bat
species (1). However, whether SARS-CoV-2 or the progenitor of this virus was transmitted directly to
humans or through an intermediary host is not yet resolved. To determine if amino acid substitution
analysis and structural information could be used to identify candidate intermediate host species, we
undertook a deep comparative genomic, evolutionary and structural analysis of ACE2, the SARS-CoV-2
receptor in humans. To accomplish this we drew on the rapidly growing dataset of annotated
vertebrate genomes as well as predicted protein sequences from recently acquired whole genome

sequences produced by the Genomes 10K-affiliated Bat1K Consortium, Zoonomia, and Vertebrate
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Genomes Project, and other sources (39, 40). We conducted a phylogenetic analysis of ACE2 orthologs
from 410 vertebrate species and made predictions of their likelihood to bind the SARS-CoV-2 S using a
score that was based on amino acid substitutions at 25 consensus human ACE2 binding residues (13,
21). We supported these predictions with comprehensive homology modeling of the ACE2 binding site.
We also tested the hypothesis that the ACE2 receptor is under selective constraints in different
mammalian lineages, and correlated these results with data on the known species distribution of

coronaviruses.

Several recent studies examined the role of ACE2 in SARS-CoV-2 binding and cellular infection, and its
relationship to experimental and natural infections in different species (30, 41-46). Our study design
differs substantially from those studies in several aspects: 1) we analyzed a larger number of primates,
carnivores, rodents, cetartiodactyls and other mammalian orders, and an extensive phylogenetic
sampling of fishes, birds, amphibians and reptiles; 2) we analyzed the full complement of S-binding
residues across the ACE2 binding site, which was based on a consensus set from two independent
studies (13, 21); 3) we used different methodologies to assess ACE2 binding capacity for SARS-CoV-2 S;
and, 4) our study tested for selection and accelerated evolution across the entire ACE2 protein. While
our results are strongly consistent with the results and conclusions of Melin and colleagues (44) on the
predicted susceptibility of primates to SARS-CoV-2, particularly Old World primates, our work made
predictions for a larger number of primates (N=39 vs N=27), bats (N=37 vs N=7), other mammals (N=176
vs N=5) and other vertebrates (N=158 vs N=0). When ACE2 from species in our study were compared
with results of other studies there were many consistencies, such as for rodents, but some predictions
that differ, such as the relatively high risk described for SARS-CoV-2 binding in pangolin and horse (45),
civet (46), Rhinolophus sinicus bats (46) and turtles (45). In one recent study, binding affinity of soluble
ACE2 for the SARS-CoV-2 S RBD was analyzed by saturation mutagenesis (26). Results obtained at each
ACE2 binding residue were generally consistent with ours, particularly in the binding hotspot region of
ACE2 residues 353-357. Importantly, as compared with other studies, our results greatly expanded the
potential number of intermediate hosts and identified many more threatened species that could be

infected by SARS-CoV-2 via their ACE2 receptors.

Evolution of ACE2. Variation of ACE2 in the human population is rare (17). We examined a large set of

ACE2 variants for their potential differences in binding to SARS-CoV-2 S and their relationship to selected
and accelerated sites. We found rare variants that would result in missense mutations in 7 out of the 25
binding residues (Dataset S2). Some of those (e.g. E35K with an AF of 0.00001636) could reduce the

virus binding affinity, thus potentially lowering the susceptibility to the virus in a very small fraction of
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the population. The analysis suggests that some variants (e.g. D38E) might not affect the binding while
others (e.g. S19P) have uncertain effects. Further studies are needed to confirm and correctly address
recent discoveries (18, 27, 28) and the data presented here, investigating the possible effect of these

rare variants in specific populations.

When exploring patterns of codon evolution in ACE2, we found that a number of sites are evolving at
different rates in the different lineages represented in our 410-species vertebrate alignment. Multiple
ACE2 RBD residues important for the binding of SARS-CoV-2 are evolving rapidly across mammals, with
two (Q24 and H34) under positive selection (Fig. 3, Fig. S5). Relative to other lineages analyzed,
Chiroptera has a greater proportion of accelerated versus conserved residues, particularly at the
SARS-CoV-2 S RBD, suggesting the possibility of selective forces on these codons in Chiroptera driven by
their interactions with SARS-CoV-2-like viruses (Dataset S4.12, Fig. S8). Indeed, distinct signatures of
positive selection found in bats and in the SARS-CoV S protein support this hypothesis that bats are

evolving to tolerate SARS-CoV-2-like viruses.

Relationship of the ACE2 binding score to known infectivity of SARS-CoV-2. Data on susceptibility of wild

animals to SARS-CoV-2 is still very limited. It has been reported that a captive Malayan tiger was infected
by SARS-CoV-2 (9) and that domestic cats, ferrets (47), rhesus macaques (48) and Syrian golden
hamsters (49) are susceptible to experimental infection by SARS-CoV-2. These results agree with our
predictions of ACE2 binding ability to SARS-CoV-2 S (Fig. 1, Dataset S1); 4/5 five species with
demonstrated susceptibility to SARS-CoV-2 score very high (Rhesus macaque) or medium (domestic cat,
tiger and Golden hamster). The only inconsistency was observed for ferrets, which had a low ACE2
binding score. This inconsistency could be related to the high infectivity dose used for experimental
infection that likely does not correspond to virus exposure in nature. Dogs have low susceptibility to
SARS-CoV-2 under experimental conditions (47), and score low for binding of their ACE2 to SARS-CoV-2
S. However, kidney cell lines derived from dog showed ACE2-dependent SARS-CoV-2 S entry, suggesting
that in vitro experiments may be overestimating true infectivity potential (39, 50). Pigs (low), ducks
(very low) and chickens (very low) were similarly exposed to SARS-CoV-2 and showed no susceptibility
(47), providing further support of our methodology. A recent publication reporting that SARS-CoV-2
could use pig, masked palm civet and Chinese rufous horseshoe bat ACE2 expressed in Hela cells were
inconsistent with our predictions, while data for mouse was in agreement (1). Indeed, while mouse ACE2
scored very low in our analysis, pig and Chinese rufous horseshoe bat score low, while the masked palm
civet scored very low. As for the ferret, high-level exposure to the virus in vitro could potentially result

in infection via low affinity interactions with ACE2. Another possibility is that other cellular machinery
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present in the human Hela cells is facilitating the infection, and that infectivity does not relate directly
to ACE2 differences in these species. Confirmation of in vitro and in vivo susceptibility of these species
under physiological conditions and with proper controls is clearly necessary. In addition, the expression
of ACE2 varies across animal age, cell types, tissues and species (51, 52), which may lead to
discrepancies between SARS-CoV-2 susceptibility gleaned from experimental infections or laboratory

experiments and predictions made from the ACE2-based binding score.

Mammals with high predicted risk of SARS-CoV-2 infection. Of the 19 catarrhine primates analyzed,

18/19 scored very high for binding of their ACE2 to SARS-CoV-2 S and one scored high (the Angola
colobus); the 18 species scoring very high had 25/25 identical binding residues to human ACE2, including
rhesus macaques (Macaca mulatta), which are known to be infected by SARS-CoV-2 and develop
COVID-19-like clinical symptoms (3, 48). Our analysis predicts that all Old World primates are
susceptible to infection by SARS-CoV-2 via their ACE2 receptors. Thus, many of the 21 primate species
native to China could be a potential reservoir for SARS-CoV-2. The remaining primate species were

scored as high or medium, with only the Gray mouse lemur and the Philippine tarsier scoring as low.

We were surprised to find that all three species of Cervid deer and 12/14 cetacean species have high
scores for binding of their ACE2s to SARS-CoV-2 S. There are 18 species of Cervid deer found in China.
Therefore, Cervid deer cannot be ruled out as an intermediate host for SARS-CoV-2. While coronavirus
sequences have been found in white tailed deer (53) and gammacoronaviruses have been found in
beluga whales (54, 55) and bottlenose dolphins (56) and are associated with respiratory diseases, the

cellular receptor used by these viruses is not known.

Other artiodactyls. A relatively large fraction (21/30) of artiodactyl mammals were classified with

medium score for ACE2 binding to SARS-CoV-2 S. These include many species that are commonly found
in Hubei Province and around the world, such as domesticated cattle, sheep and goats, as well as many
species commonly found in zoos and wildlife parks (e.g., Masai giraffe, okapi, hippopotamus, water
buffalo, scimitar horned oryx, and Dama gazelle). Although cattle MDBK cells were shown in one study
to be resistant to SARS-CoV-2 in vitro (50), we propose immediate surveillance of common artiodactyl
species for SARS-CoV-2 and studies of cellular infectivity, given our predictions. If ruminant artiodactyls
can serve as a reservoir for SARS-CoV-2, it would have significant epidemiological implications as well as
implications for food production and wildlife management (see below). It is noteworthy that camels and

pigs, known for their ability to be infected by coronaviruses (35), both score low in our analysis. These
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data are consistent with results (discussed above) indicating that pigs cannot be infected with

SARS-CoV-2 both in vivo (47) and in vitro (50).

Rodents. Among the rodents, 7/46 species score high for ACE2 binding to SARS-CoV-2 S, with the
remaining 11, 10 and 18 scoring medium, low or very low, respectively. Brown rats (Rattus norvegicus)
and the house mouse (Mus musculus), scored very low, consistent with infectivity studies (1, 50). Given
that wild rodent species likely come in contact with bats as well as with other predicted high risk species,

we urge surveillance of high and medium binding likelihood rodents for the presence of SARS-CoV-2.

Bats and other species of interest. Chiroptera (bats) represent a clade of mammals that are of high

interest in COVID-19 research because several bat species are known to harbor coronaviruses, including
those most closely related to the betacoronavirus SARS-CoV-2 (1). We analyzed ACE2 from 37 bat
species of which 8 and 29 scored low and very low, respectively. These results were unexpected
because the three Rhinolophus spp. including the Chinese rufous horseshoe bat are major suspects in
the transmission of SARS-CoV-2, or a closely related virus, to humans (1). Globally, bats have been
shown to harbour the highest diversity of betacoronaviruses in mammals tested (35) and show little
pathology carrying these viruses (57). We found evidence for accelerated evolution at six RBD binding
domain residues within the bat lineage, which is more than in any other lineage tested. Bats also had far
more sites showing evidence of positive selection, including four binding domain residues, compared to
other mammalian orders. This suggests that the diversity observed in bat ACE2 sequences may be driven
by selective pressure from coronaviruses. Our results suggest that SARS-CoV-2 is not likely to use the
ACE2 receptor in bats, which challenges a recent study showing that SARS-CoV-2 can infect Hela cells
expressing Rhinolophus sinicus ACE2 (1). If bats can be infected with SARS-CoV-2, the virus likely uses a
different receptor. For example, the MERS-CoV, a betacoronavirus, uses CD26/DPP4 (16) while the
porcine transmissible enteritis virus, an alphacoronavirus uses aminopeptidase N (ANPEP) (58). As
detailed above, further in vitro and in vivo infectivity studies are required to fully understand the mode

of transmission of susceptibility of bats to SARS-CoV-2.

Carnivores. Recent reports of a Malayan tiger and a domestic cat infected by SARS-CoV-2 suggest that
the virus can be transmitted to other felids (9, 47). Our results are consistent with these studies; 9/9
felids we analyzed scored medium for ACE2 binding of SARS-CoV-2 S. However, the masked palm civet
(Paguma larvata), a member of the Viverridae family that is related to but distinct from Felidae, scored
as very low. These results are inconsistent with transfection studies using civet ACE2 receptors

expressed in Hela cells (1), although these experiments have limitations as discussed above. While
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carnivores closely related to dogs (dingos, wolves and foxes) all scored low, experimental data

supporting infection in dogs were inconsistent (47, 50, 59) so no conclusions can be drawn.

Pangolins. Considerable controversy surrounds reports that pangolins can serve as an intermediate host
for SARS-CoV-2. Pangolins were proposed as a possible intermediate host (22) and have been shown to
harbor related coronaviruses. In our study, ACE2 of Chinese pangolin (Manis pentadactyla), Sunda
pangolin (Manis javanica), and white bellied pangolin (Phataginus tricuspis) had low or very low binding
score for SARS-CoV-2 S. Neither experimental infection nor in vitro infection with SARS-CoV-2 has been
reported for pangolins. As for ferrets and bats, if SARS-CoV-2 infects pangolins it may be using a

receptor other than ACE2, based on our analysis.

Other vertebrates. Our analysis of 29 orders of fishes, 29 orders of birds, 3 orders of reptiles and 2

orders of amphibians predicts that the ACE2 proteins of species within these vertebrate classes are not
likely to bind SARS-CoV-2 S. Thus, vertebrate classes other than mammals are not likely to be an
intermediate host or reservoir for the virus, despite predictions reported in a recent study (45), unless
SARS-CoV-2 can use another receptor for infection. With many different non-mammal vertebrates sold
in the seafood and wildlife markets of Asia and elsewhere, it is still important to determine if

SARS-CoV-2 can be found in non-mammalian vertebrates.

Relevance to Threatened Species. Among the 103 species that scored very high, high and medium for

ACE2 SARS-CoV-2 S RBD binding, 41 (40%) are classified in one of three ‘Threatened’ categories
(Vulnerable, Endangered, and Critically Endangered) on the IUCN Red List of Threatened Species, five are
classified as Near Threatened, and two species are classified as Extinct in the Wild (Dataset S1)(60). This
represents only a small fraction of the threatened species potentially susceptible to SARS-CoV-2. For
example, all 20 catarrhine primate species in our analysis, representing three families (Cercopithecidae,
Hylobatidae, and Hominidae) scored very high, suggesting that all 185 species of catarrhine primates,
most of which are classified Threatened (62), are potentially susceptible to SARS-CoV-2. Similarly, all
three species of deer, representatives of a family of ~92 species (Cervidae), scored as high risk, as did
species representing Cetacea (baleen and toothed whales), and both groups contain a number of
threatened species. Toothed whales have potential for viral outbreaks and have lost function of a gene
key to the antiviral response in other mammalian lineages (61). If they are susceptible to SARS-CoV-2,
human-to-animal transmission could pose a risk through sewage outfall (62) and contaminated refuse
from cities, commercial vessels and cruise liners (63). In contrast, some threatened species scored low

or very low, such as the giant panda (low), potentially positive news for these at risk populations.
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Our results have practical implications for populations of threatened species in the wild and those under
human care (including those in zoos). Established guidelines for minimizing potential human to animal
transmission should be implemented and strictly followed. Guidelines for field researchers working on
great apes established by the IUCN have been in place since 2015 in response to previous human
disease outbreaks (64) and have received renewed attention because of SARS-CoV-2 (64—66). For zoos,
guidelines in response to SARS-CoV-2 have been distributed by several Taxon Advisory Groups of the
North American Association of Zoos and Aquariums (AZA), the American Association of Zoo
Veterinarians (AAZV), and the European Association of Zoo and Wildlife Veterinarians (EAZWV), and
these organizations are actively monitoring and updating knowledge of species in human care
considered to be potentially sensitive to infection (67, 68). Although in silico studies suggest potential
susceptibility of diverse species, verification of infection potential is warranted, using cell cultures, stem
cells, organoids, and other methods that do not require direct animal infection studies. Zoos and other
facilities that maintain living animal collections are in a position to provide such samples for generating
crucial research resources by banking tissues, and cryobanking viable cell cultures in support of these

efforts.

Animal models for COVID-19. A variety of animal models have been developed for studying SARS and

MERS coronavirus infections (69). Presently, there is a tremendous need for animal models for studying
SARS-CoV-2 infection and pathogenesis, as the only species currently known to be infected and show
similar symptoms of COVID-19 is rhesus macaque. Non-human primate models have proven to be highly
valuable for other infectious diseases, but are expensive to maintain and numbers of experimental
animals are limited. Our results provide an extended list of potential species that might be useful as
animal models for SARS-CoV-2 infection and pathogenesis, including Chinese hamster and Syrian/Golden
hamster (49), and large animals maintained for biomedical and agricultural research (e.g., domesticated

sheep and cattle).

Conclusions. We predict that species scored as very high and high for SARS-CoV-2 S binding to ACE2 will
have a high probability of becoming infected by the virus. We also predict that many species having a
medium score have some risk of infection, and species scored as very low and low are unlikely to be
infected by SARS-CoV-2 via the ACE2 receptor. Importantly, our predictions are based solely on in silico
analyses and must be confirmed by direct experimental data. Until such time, other than for species in
which SARS-CoV-2 infection has been demonstrated to occur using ACE2, we urge caution not to
over-interpret the predictions made in the present study. This is especially important with regards to

species, endangered or otherwise, in human care. While species ranked high or medium may be
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susceptible to infection based on the features of their ACE2 residues, pathological outcomes may be
very different among species depending on other mechanisms that could affect virus replication and
spread to target cells, tissues, and organs within the host. Furthermore, we cannot exclude the
possibility that infection in any species occurs via another cellular receptor, as has been shown for other
betacoronaviruses. Nonetheless, our predictions provide a useful starting point for selection of
appropriate animal models for COVID-19 research and for identification of species that may be at risk for
human-to-animal or animal-to-animal transmissions by SARS-CoV-2. The approach we used for ACE2
can be extended to other cellular proteins known to be involved in coronavirus infection and immunity

to better understand infection, transmission, inflammatory responses and disease progression.

Materials and Methods

Angiotensin | converting enzyme 2 (ACE2) coding and protein sequences. All human ACE2 orthologs for
vertebrate species, and their respective coding sequences, were retrieved from NCBI Protein (March 20,
2020) (70). ACE2 coding DNA sequences were extracted from available or recently sequenced
unpublished genome assemblies for 123 other mammalian species, with the help of genome alignments
and the human or within-family ACE2 orthologs. The protein sequences were predicted using
AUGUSTUS v3.3.2 (71) or CESAR v2.0 (72) and the translated protein sequences were checked against
the human ACE2 orthologue. ACE2 gene predictions were inspected and manually curated if necessary.
For four bat species (Micronycteris hirsuta, Mormoops blainvillei, Tadarida brasiliensis and Pteronotus
parnellii) the ACE2 coding region was split into two scaffolds which were merged, and for Eonycteris
spelaea a putative 1bp frameshift base error was corrected. Eighty ACE2 predictions were obtained from
the Zoonomia project, 19 from the Hiller Lab, 12 from the Koepfli lab, 8 from the Lewin lab and 4 from
the Zhou lab. The source, and accession numbers for the genomes or proteins retrieved from NCBI are
listed in Dataset S1. The final set of ACE2 sequences comprises 410 vertebrate species. To assure
alignment robustness, the full set of coding and protein sequences were aligned independently using
Clustal Omega (73), MUSCLE (74) and COBALT (75) all with default parameters. All resulting protein
alignments were identical. Clustal Omega alignments were used in the subsequent analysis. Each amino
acid replacement present in our dataset was classified as neutral, semi-conservative and

non-conservative as in Clustal Omega.

Identification of ACE2 residues involved in binding to SARS-CoV-2 S protein. We identified 22 ACE2

protein residues that were previously reported to be critical for the effective binding of ACE2 RBD and
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SARS-CoV-2 S (13, 21). These residues include S19, Q24, T27, F28, D30, K31, H34, E35, E37, D38, Y41,
Q42, L45, L79, M82, Y83, N330, K353, G354, D355, R357, and R393. All these residues were identified
from the co-crystallization and structural determination of SARS-CoV-2 S and ACE2 RBD (13, 21). The
known human ACE2 RBD glycosylation sites N53, N90 and N322 were also included in the analyzed

residue set (11).

ACE2 and SARS-CoV-2 binding ability prediction. Based on the known interactions of ACE2 and

SARS-CoV-2 residues, we developed a set of rules for predicting the likelihood of the SARS-CoV-2 S
binding to ACE2. Each species was classified in one of five categories: very high, high, medium, low or
very low likelihood of binding SARS-CoV-2 S. Species in the very high category have at least 23/25 critical
residues identical to the human; have K353, K31, E35, M82, N53, N90 and N322; do not have N79; and
have only conservative substitutions among the non-identical 2/25 residues. Species in the high group
have at least 20/25 residues identical to the human; have K353; have only conservative substitutions at
K31 and E35; do not have N79; and can only have one non-conservative substitution among the 5/25
non-identical residues. Species scoring medium have at least 20/25 residues identical to the human; can
only have conservative substitutions at K353, K31, and E35; and can have up to two non-conservative
substitutions in the 5/25 non-identical residues. Species in the low category have at least 18/25 residues
identical to the human; can only have conservative substitutions at K353; can have up to three
non-conservative substitutions on the remaining 7/25 non-identical residues. Lastly, species in the very
low group have less than 18/25 residues identical to the human or have at least four non-conservative

substitutions in the non-identical residues.

Protein structure analysis. We applied an orthogonal approach to assess the likelihood of binding of a

sampling of species that were predicted to bind SARS-CoV-2 across the categories of high, medium, low
or very low likelihood of binding. ACE2 amino acid sequences from 28 species were extracted from the
multiway alignment and loaded into SWISS-MODEL (25) in order to generate homology derived models.
The output files were aligned to the crystal structure 6MQJ (13) in order to assess the overall similarities
to human ACE2. We used two recently solved crystal structures of the complex for ACE2 and SARS-CoV-2
S RBD, 6MO0OJ (13) and 6VW1 (21) as ground truth for the human ACE2/SARS-CoV-2 S interaction. In the
program CHIMERA (76), we utilized the rotamer function to model each individual variant that species
exhibit separately, and chose the rotamer with the least number of clashes, retaining the most initial
hydrogen bonds and containing the highest probability of formation as calculated by CHIMERA from the
Dunbrack 2010 backbone-dependent rotamer library (77). The rotamer was then evaluated in the

context of its structural environment and assigned a score based on likelihood of interface disruption.
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Neutral (N) was assigned if the residue maintained a similar environment as the original residue, and
was predicted to maintain or in some cases increase affinity. Weakened (W) was assigned if hydrophobic
contacts were lost and contacts that appear disruptive are introduced that are not technically clashes.
Unfavorable (U) was assigned if clashes are introduced and/or a hydrogen bond is broken. Additional

structural visualizations were generated in Pymol (78).

Human variants analysis. All variants at the 25 residues critical for effective SARS-CoV-2-ACE2 binding

(11, 21, 79) were compiled from from dbSNP (31), 1KGP (32), Topmed (33), UK10K (34) and CHINAMAP

(28). Specific population frequencies were obtained from gnomAD v.2.1.1 (17).

Phylogenetic reconstruction of the vertebrate ACE2 species tree. The multiple sequence alignment of

410 ACE2 orthologous protein sequences from mammals, birds, fishes, reptiles and amphibians was
used to generate a gene tree using the maximum likelihood method of reconstruction, as implemented
in IQTREE (80). The best fit model of sequence evolution was determined using ModelFinder (81) and
used to generate the species phylogeny. A total of 1000 bootstrap replicates were used to determine

node support using UFBoot (82).

Identifying sites undergoing positive selection. Signatures of site-specific positive selection in the ACE2

receptor were explored using CODEML, part of the Phylogenetic Analysis using Maximum Likelihood
(PAML, (83)) suite of software. Given CODEML’s computational complexity, a smaller subset of
mammalian taxa (N=64, Dataset S1), which included species from all prediction categories mentioned
above, was used for selection analyses. To calculate likelihood-derived dN/dS rates (w), CODEML utilises
both a species tree and a codon alignment. The species tree for all 64 taxa was calculated using IQTREE
(80) and the inferred best-fit model of sequence evolution (JTT+F+R4). This gene topology was generally
in agreement with the 410 taxa tree, however bats were now sister taxa to Perissodactyla. Therefore all
selection analyses were run using both the inferred gene tree, and a modified tree with the position of
bats manually modified to reflect the 410 taxa topology. All species trees used were unrooted. A codon
alignment of the 64 mammals was generated using pal2nal (84) with protein alignments generated with

Clustal Omega (73) and their respective CDS sequences.

Site-models M7 (null model) and M8 (alternative model) were used to identify ACE2 sites undergoing
positive selection in mammals. Both M7 and M8 estimate w using a beta distribution and 10 rate
categories per site with w<=1 (neutral or purifying selection), but with an additional 11" category
allowing w >1 (positive selection) in M8. A likelihood ratio test (LRT) calculated as 2*(InL,, —InL,,),

comparing the fit of both null and alternative model likelihoods was carried out, with a p-value
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calculated assuming a chi-squared distribution. Sites showing evidence of positive selection were
identified by a significant (>0.95) Bayes Empirical Bayes (BEB) score, and validated by visual inspection of
the protein alignment. To explore order-specific instances of positive selection, separate multiple
sequence alignments and gene trees for Chiroptera (N=37), Cetartiodactyla (N=45), Carnivora (N=44),

Rodentia (N=46) and Primates (N=39) were also generated and explored using M7 vs. M8 in CODEML.

In addition to site-models, branch-site model Al (null model) and model A (alternative model) were also
implemented targeting various mammalian orders, specifically Chiroptera, Cetartiodactyla, Rodentia and
Primates, to identify lineage-specific positive selection in the ACE2 receptor sequence. Branch-site
Model Al constrains both the target foreground branch (Carnivora, Chiroptera, Cetartiodactyla,
Rodentia and Primates) and background branches to w<=1, while the alternative Model A allows positive
selection to occur in the foreground branch. Null and alternative models were compared using LRTs as

above, with significant BEB sites identified.

We also looked for positively selected sites in the viral spike protein, using SARS-CoV-2 (MN908947.3),
Bat coronavirus RaTgl3 (MN996532.1), Bat SARS-like coronavirus isolate Rs4231 (KY417146.1),
SARS-related coronavirus strain BtKY72 (KY352407.1), SARS coronavirus Urbani (AY278741.1), SARS
coronavirus PC4-227 (AY613950.1), Coronavirus BtRs-BetaCoV/YN2018B (MK211376.1) and the more
divergent Bat Hp-betacoronavirus/Zhejiang2013 (NC_025217.1) viral strains. Protein and codon
alignments were generated as above, with the viral species tree inferred using full genome alignments
of all strains generated with Clustal Omega (73). Site-test models were applied using CODEML, and

significant BEB sites identified.

Analysis for departure from neutral evolutionary rate in ACE2 with PHAST. Neutral models were trained

on the specified species sets (Dataset S4) using the REV nucleotide substitution model implemented in
phyloFit using an expectation maximization algorithm for parameter optimization. The neutral model fit
was based on third codon positions to approximate the neutral evolution rate specific to the ACE2 gene,
using a 410-species phylogenetic tree generated by IQTREE as described above and rooted on fishes. The
program phyloP was then used to identify codons undergoing accelerated or conserved evolution
relative to the neutral model using --features to specify codons, --method LRT --mode CONACC, and
--subtree for lineage-specific tests, with p-values thus assigned per codon based on a likelihood ratio
test. P-values were corrected for multiple testing using the Benjamini-Hochberg method (36) and sites
with a corrected p-value less than 0.05 were considered significant. PhyloFit and phyloP are both part of

the PHAST package v1.4 (85, 86).
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Figures and Tables

VERY HIGH MEDIUM {continued)

Hormo sapiens {Human) 25(. . o o ) . Bos laurus (Calle) 21 £ ST Y

Gorilla gorilla gorilla (Western lowland gorilla) 25| . o . . o . Bubalus bubalis {Water buffalo) 21 .H. . o MT ¥ .
Nomascus loucoganys (Northern white-cheeked gibbon)  125]. . . . . . . . .. . .. .. o . Callicebus donacophilus (White-eared t) 21 . WE. .1 . .a&
Pango abelii (Sumatran orangutan) 25| . . B Callithrix jacchus (Commen marmoset) 21 . ....HE...T .a.
Macaca fascicularis (Crab-eating macaque) 28] .. . Capra aegagrus (Wild goat] 21| . wmrx. .
Mandrillus leucophaeus (Drill) 28|, . . L Capra hircus (Goat) 21 E. ... .mT . Y.
Nasalis larvatus (Proboscis monkey) 26 Cebus capucinus imitator (Panamanian white-faced capuchin) {21 B HE T B Q
Pan paniscus (Bonobo) 25| B o o L . o Felis catus (Cat) 21|. L E. . E . s B

Pan troglodytes (Chimpanzee) = o Giraffa tippelskirchi (Masai graffe) Al B ... W1 ¥ .
Piliocalobus tephrosceles (Ugandan red colobus) 25 . . . o . Hemitragus hylocrius (Nilgiri tahr) 21 £ Moo
Pygathrix nemacus (Red-shanked douc) T e Lynx canadensis {Canadian lynx) A L. E. .. E. ... T
Rhinopithecus roxellana (Golden snub-nosed mankey) 25 ..o P . Mirza coquerali (Coquerel's giant mouse lemur) 21 1 N Sk
Chlorocebus sabaeus (Green menkey) 25 . . . Moschus moschiferus (Siberian musk deer) 21 ] i -
Erythrocebus patas (Patas monkey) Er . . Neofeiis diardi (Sunda clouded leopard) 2 L. E....E..... T

Macaca mulafia (Rhesus macaque) 25|, . . L . . Neofelis nebulosa (Clouded leopard) 21 L E . . E o .

Papic anubis (Olive baboon) 25 R o B B . B Okapia johnstoni (Okapi) 21 . E ¥
Theropithecus gelaoa (Gelada) 26 R B B L B Qvis aries (Sheep) 21 E. . B MT Y
Cercocebus atys (Sooty mangabey) 25| B o o L . o Panthera onca (Jaguar) 21| L. . E. . E . ST

Macaca nemestrina (Southern pig-tailed macaque) 25 Panthera pardus (Leopard) 2 L. E E T

HIGH Panthera tigris altaica [Siberian tiger) ol . E. .. E. i

Colabus angolensis (Angola colobus) 2], . ... .R. Pantholops hodgsonii (Tibetan antelope) 21 £ .
Prapithecus coquereli (Coquerel's sifaka) 24| o - P . Perognathus langimembris {Lithe pocket mouse) 210 ¥ . a. ... i K. .
Cricetomys gambianus {Gambian pouched raf) 2| . A Q........N Peromyscus maniculatus bairdij (Deer mouse) 21 | Q... .. ... N. . H..
Cricetulus griseus (Chinese hamster) 2| a. . H. . H. . . Pithecia pithecia (While-faced saki) 21 ... HE...T.....a
Ctenodactylus gundi (Commen gundi) 22 Q NoT Puma concolar (Cougar) 21, L E E T

Delphinapterus leucas (Beluga whale) 22|, - a Saimiri boliviensis boliviensis (Black-capped squirrel monkey) (21 B B L HE T ..a.
Eulemur flavifrons (Blue-eyed black lemur) 22(. E A . Sapajus apella (Tufted capuchin) 21 HE .Q
Indiri indri (Indri) 22| ~oNa . . W o . Urocitellus parryil (Arclic ground squirrel) EIRR a. . . H b

Monodan monoceras (Narwhal) 22 a 1T ) . Bos indicus % Bos laurus 21 £ . mT oY
Neophocaana asiacorientalis (Narrow-ridged finless porpoise) 22|. B 1T . . Acinonyx jubatus (Cheetah) 20, L E....E..... i SK.
Phacoena phocoena (Harbour porpoise) 22| Sa T Alouatta palliata (Mantled howler) 20 . -B S HE -1 . Q.
Balacnoptera acutorostrata scammoni (Minke whale) 21, .a LR LT - .. Ateles geoffroyi (Geoffroy's spider monkey) 200A . . ....HE...T P I
Balaenoplera bonaerensis {Antarclic minke whale) 21 a SR Fukomys damarensis {Damaraland mole-rat) 20|L a. .. ... A H. . N
Eschrichtius robustus (Gray whale) 21 .a E 1T L R Heterocephalus glaber (Naked molerat) 20 (L Q R LA H D
Nannospalax galilt (Spalax) 21 Q K D@ Hif hibius (Hippop 20 L D A_FD
QOdocoileus virginianus texanus {(White-tailed deer) 21]. _E o S MT .M o Lepus americanus (Snowshoe hare) 20.L. .E.Q L i s
Rangifer tarandus (Reindeer) 21 E . MT O H Nanger dama (Dama gazelle) 20 £ MTF ¥
Tamandua lelradaclyla (Southem lamandus) 21 EoQ 1T Oryctolagus cuniculus (European rabbit) 200.L. . E. Y W s
Dipodomys stephensi (Stephens's kangarao rat) 20/ L...NQ........1.. K Oryx dammah (Scimitar oryx) 20 ¥ £ Y.
Elaphurus davidianus (Pere David's deer) 20 .. EN........ MT . . H.. - Saguinus imperator (Emperor tamarin) 20 A .. ..HE...T PRV I
Eilobius lutescens (Transcaucasian male vole) 20f. 0. Q. ... ... S. . H..D... Vicugna pacos (Apaca) 20[L. . KE........ Al

Globicephala mefas (Long-finned pilot whale) W.R..0Q.R. ... .. 7. . B Low

Lagenorfynchius obliquidens (Pacific white-sided delphin) 20|.R..Q R [ Ceratotherium simum cotfoni (Northern white rhinoceres) [21]. L E.B. . . B

Lipotes vexillifer (Baii) 20|.R. @ 1TF . - Ceratotherium simum simum (Southern white rhinoceros) [21/. L . . & . » . n
Myrmecophaga tridactyla (Giant anteater) 20 E.@. N 1T o . Diceros bicornis (Black rhinoceros) 2 L. BB ot

Ondatra zibethicus (Muskrat) 20| N.Q S..H..D Galeapterus variegatus {Sunda fiying lemur) B . L E. . m

Orcinus orca (Killer whale) 20 R.. Q. R T Peromyscus lsucopus (White-fooled mouse) 21 | a NP
Tursiops fruncatus {Common bottienase dolphin) 2o.R..0.R....... K . . Ailurapoda melanofeuca (Giant pancia) o L. ¥ ... T

MEDIUM Camelus bactnanus (Bactrian camel) 20|. L . TT

Daubentonia madagascariensis (Aye-aye) 23F ..o i - P . Camelus dromedarius (Dromedary) 200 L .

Cheiragaleus medius (Fatlailed dwarf lemur) 2| .. LT K Q Camelus ferus (Wild bactrian camel) 2of L. EE..... ... 1T

Ictidornys tridecemlineatus (Thirteen-lined ground squirrel) 22(. L Q A Dicerorhinus sumatrensis (Sumatran rhinoceros) 20|, L E.P H T

Marmota flaviventris (Yellow-bellied marmot) 22| L Q A Graphiurus murinus (Weodland dormouse) 20|, T NR HN

Marmota marmota marmota (Alpine marmot) 22(. L Q. A o B Tapirus indicus (Malayan tapir) 2. L. .E.P L H 1

Mesocricetus auratus (Golden hamster) 22 Q. WY . Tapirus ferrestris (South American tapir) 2o L. E. P H N

Physeter catodon (Sperm whale) 22 Lo e T Ursus arctos hormibilis (Crizzly bear) 20, L E.Y. CHT

Spermophilus dauricus {Daunan ground squirel) 22| L Q A Ursus maritimus (Polar bear) 20{. L E. .Y HT

Aiactags bullats (Gobi jerboa) 2|1 Q... ... ToW. . | [canis tupus dingo (Dingo) W L. E.¥. . E.....1.0.
Ammofragus lervia (Barbary sheep) 13 R MT .. Y. . B Canis lupus familians (Dog) 1/l.L. . E.¥. . E..... T.0D0.
Antilocapra amencana (Pronghem) 20000 LB NT . ¥ . Chinchilla lanigera (Long-tailed chichilla) 19 . NEK....... A H..D.
Aolus nancymaae (Nancy Ma's night mankey) 21 . CUHE. .. T a Chrysocyon brachyurus (Maned wolf) BLL.E. Y. E T.D.
Beatragus hunteri (Hirola) 21 ) ? B o : T o B Dipodomys ordii (Ord's kangaroo rat) 18 ET Na . T —K

Bison bison bison (American bison) 21]. JE o SLLMT LY . Fonyctens spelaea {Lessar dawn bat) 1L, E.T D.K

Bos indicus (Zebu) 21| - E . S MT Y . Equus asinus (Donkey) 18.L. E. S EH _H

Bos mutus [Wild yak) 21 LK MT Y . Equus caballus {Horss) 9L E.S. . EH W
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LOW (continued) VERY LOW (continued)

Equus przewalskii (Przewalski's horse) 19.L. . E.S§..EH. ... H....... Arfibeus Jamaicensis (Jamaican fruit-gating bat) 6AD. .E.T..E.E. A.D N
Hydrochoerus fiydrachaers (Capybara) 13, L LELK . . A KN Callorhinus ursinus (Northern fur seal) 6] L E.S. E._F.QT.D. . _.H
Hystrix cristata {Crested porcupine) 191 Q.. C.FA. . H.. N Choloepus hoffmanni {Hofimann's two-loed slath) w.L...Taa. . H ITF . K
Megademna lyra (Indian false vampire) 19 E. L 3 HF N . Condylura cristata (Star-nosed mole) 18 ETR E . N DRFD

Microtus ochrogaster (Prairie vole) 19 .;. B §..H..D. Cryptoprocta ferox {Fossa) 15 T .E.0.aE. L. T..S..... ;
Rhinolcphus pearsanii (Pearson's harseshoe bat) LCI R...HE...D.....D. Dasypus novemeinctus (Nine-banded armadilla) 6. .. . ETGQ.EH MNF ..
Rhinologhus sinicus (Chinese rufous horseshoe bat) 19(F R EF N N Hipposideros galeritus (Cantor's roundleaf bat) 6. 81 .. . TD EH D DK

Rousetius aegypliacus (Egyptian rousetie) 19 L E. T T.D K Hyaena hyaena (Striped hyena) 18 L E.Y QE L T.D K
Speothos venaticus (Bush dog) 9L E. Y. _E. . ST . D - Miniopterus natalensis (Natal long-fingered bat) 6. KK_.EGSQ_ . FE . 1

Sus scrofa (Pig) WL E L T Miniopterus schreibersii {Schreibers' long-fingered bat) |16 K | . ENSQ  F K [

Tragulus javanicus {Java mouse-deer) Bl E L M H . Mirounga angustirastris (Marthern elephant seal) 6. LK.E .Y E at .o . . H
Vulpes lagopus (Arctic fax) 9. L E.Y..E T.D... Mus caroli (Ryukyu mouse} B.N. . N.Q. TSFTH.H

Vuipes vulpes (Red fox) @l E. Y. E T.D. Mus musculus (House mouse) 16[. N ] TSFTH_H
Balaena mysticetus (Bowhead whale) B .. aEm. . TT.ow Mus sprefus (Algerian mouse) 6. w..s. @ TSETH W
Carlito syrichta (Philippine tarsier) 18(a Q.. . H...18. . NS . Myocastor coypus (Coypu) L AL NGK Fa. H N
Dasyprocta punctata (Central American agouti) wlF . Eak. . . e Myatis davidi (David's myotis) 6 K. NSK. HE. . .T..s. ... ..
Dolichotis patagenum (Pantagenian mara) 18(F CLELKL L. AL LH. N Myotis myotis {Greater mouse-gared bat) 6Kl . . NSK. HE. m. .s......
Eidolan helvum (Straw-colored fruit bat) L. BT L LT.D. K . K] Noctilia leporinus (Greater bulldag bat) ME[H A LENSK . E. . . A.D.
Loxodonta africana (African elephant) 18| L Ta . ...DFSP. . . Cdobenus rosmarus divergens (Walrus) 1§ L. . E.¥ E F.aT.D . H
Micracebus muninus (Gray mouse lemur) 13|a CENN .. H . T LK B Clolermur garmeitil (Norther greater galago) 185la . CNR . _EH. .. 1T E..D
Ochotona prnceps (American pika) 8L E LK. N T s o Paguma larvata (Masked palm civet) 6] L ETY QE. W T.0

Octadon degus (Comman degu) 18|F LNQK. L A H N Phataginus tricuspis (White-bellied pangolin) 16|A E E.S. E... . IN K. . H
Procavia capensis (Rock hyrax) 18[. L Ta ElH s 5 Psammomys ckesus (Fat sand rat) 1% .. EQK INFTH. Q.
Pieropus alecto (Black fiying fox) 18|, L E. T LA.D_K K| Rattus norvegicus (Brown rat) 16|. K8 . N . Q. . .. INF . Q.H
Pteropus vampyrus (Large flying fox) 18]. -B T ..... T?? I Sarcophilus harrisii (Tasmanian devil) GILMG . ENKA . - A AL 7 L
Trichechus manatus latirostris (West Indian manatee) WLL..oTa. . ... NFSS . ... Ailurus fulgens styani (Red panda) BL .. ETHN.QN.E HT HD
VERY LOW Caroliia perspicilata {Seba's short-lailed bat) wfTE. E.T. EHE.. A.D. . .N. ..
Cataganus wagneri (Chacoan peccary) 20/.L..E.L...... . TT. ... ... Chrysochion's asiatica (Cape gelden mole) 15(.LA.NNQ. NH. . KF....D...
Jaculus jaculus (Lesser Egyptian jerboa) 9. M. . ... .. vT P N Elephantuius edwardi (Cape elephant shrew) 15|P.A.EQQQ . ... ¥NFD. .

Cavia porcellus (Guinea pig) 18(F ELK. S AL PN Eptesicus fuscus (Big brown bat) 1S[LN1LUENS . HE T..S5..N. ..
Cavia tschudl (Montane guinea pig) 18|F . ELK ) P N Heiogale parvuia (Common dwarf mongoose) 5. L EQ. QE LV RA B
Hipposideros armiger (Great roundleal bat) .LE...T.. . HL..RD....... Masiomys ceucha (Southermn mulimammate mouse) 1B@N. . H.Q. . - . - JRHIENT ) .
Hipposideros prafti (Prat's roundleaf bat) 18|.LE. .. T.. HL RO B - Menones unguiculatus (Mongolian gerbil) 15[ CEQK .. . INFTHKAQ
Mesaplodon bidens (Scwerby's beaked whale) BeKI . Q TT. . s Monodelphis domestica (Gray short-tailed opossum) 15|N D DAK EH il "
Soitogele gracilis (Western spotted skunk) 1BLLILE. Y. E. . ET - - Mungos mungo (Banded mongoose) 150 L EQ QE.LV.RA s .

Zapus hudsenius (Meadow jumping mouse) wvo. . .1a. . SLLRT LR Murina feae (Little tube-nosed bal) 5. KA.ETSK. . HE T..8. ... ..
Ctenomys sociabilis (Social tudo-tuco) TE L. NQK . L AL L.H. N Myotis brandti {Brandt's bat) 15.K1 . ENSK. . HE. |. .s. ... ..
Cynoplerus brachyolis {Lesser shorl-nosed fruil bal) 7.0, . E.T . THD K. H . Myaolis lucifugus (Little brown bat) 15/ K1 . ENSK HE...T. .8

Cynoplerus sphing (Greater short-nosed fruil bat) 7L DELT L THD . K.H. Crycleropus afer afer (Aardvark) 15AL. .E.Q..N....ISF.PK.....
Enhydra lutris kenyoni (Sea otter) 17 ,: : T B HT . D N :, Paradoxurus hermaphroditus (Asian palm civet) \ST ETY ;: v T.0...0
Eumetopias jubatus (Steller sea lion) L. . E.S._ E....QT.D.. . H. Phyllestomus discalor (Pale spear-nosed bat) STDK.ENN. E. .. HN.D...K...
Grammoimys surdasfer (African woodland thicket raf) 17| E Q TNFTY H Scalopus aqualicus (Eastern mole) 15 L.ENLK N, E a.n n

Gulo guio (Wolvenng) 17 L E = aTt.p H . Sorex araneus (Common shrew) 15| NK . . NQD . ITFD L]
Heterohyrax brucei (Yellow-spotted rock hyrax) L I R T;, JE .. .8FSS B Suricata suricatta (Meerkat) 15). L EQ QE _i_ R A 5 _
Macrogiossus sobrinus (Long-tongued fruit bat) W ELT E N.D . K . K] Tadarida brasiliensis (Brazilian free-tailed bat) 15(.E1.QRT . EH HR . D

Manis javanica (Sunda pangolin) 17|. E E. 8 E N K H Tonatia saurophila (Stripe-headed round-gared bat) 15|T ENTK EH T.D K
Manis pentadactyla (Chinese pangolin) 17| E E.§S. . E AN K. LH. Microgale taiazaci (Talazac's shrew tenrec) 4. .a. . EKQ.N NFDS.FHN
Meilivora capensis {Honey badger) 7l.L..E.¥..E....QT.D...R. Malossus molossus (Velvety free-tailed bat) 4[.K1 .. NIR.EH...Q..D. . HNN...
Mus pahari (Graidner's shrewmouse) 1[N HoQ TNF.H H Mormoaps blanville (Antillean ghost-faced bat) 141 E | NS KH T.D HN
Muslela erminea (Stoat) L E. Y. . E....HT.D.. . R. Neovison visen (American mink) 1al.L. L E.Y . E HT . D. . .H...
Mustela lutreola (European mink) 17| El . ¥ E HT . D R Phascolarctos cinereus (Koala) 14[FRE . ETK E ITFD

Mustela migripes (Black-focted ferret) 7.L..E.¥Y. . E....HT.D.. . H. Pleronatus pamelli (Pamell's mustached bat) 14NKE.E.L..KH. . EF...HNN. ..
Mustela putorius furo (Feret) 17[. L E.¥Y. .E . HT . D R i i 14 E1  ESQKQ E K. D N
Neomonachus schavinslandi (Hawaiian monk seal) 17 L E.¥Y. . E....QT.0D H Vombatus ursinus (Common wombat) 14|FRE.ETK. .E ITFD. . ... ..
Petromus typicus (Dassie rat) 17(L . .TQQ.E . A H D Desmodus rotundus {Common vampire bat) 13(T E ENT . E....IT.DS_ HK
Phoca vitulina (Harbor seal) WL UE. Y. E. . art .o R Echinops teffairi (Lesser hedgehog tenrec) B8 TTN . N KFDPRKLHN
Pteronura brasiliensis (Giant otter) WL E LY. UE . HT . D R . Ennaceus europasus (European hedgehog) 1BTEK. DRQ N E. TN s . H
Rhinolcp quinum (Greater horseshos bat) 17[. LK DS NH NF Micronycleris hirswta (Hairy big-eared bal) 13|T E ENTK EH K. D MK
Taxidea taxus {American badger) Tl E.Y..E. ... HT.D...H. Omithorhynchus anatinus (Platypus) 13KEQ.TQKQ. L. NKFD...N...
Thryonomys swinderianus (Greater cane rat) 7ILL .. .T@. . E. . A R [ Fipistrellus kuhiil (Kuhl's pipistrelie} 13| EE. SN NHE AFD._K.D
Zalophus californianus (California sea lian) 7L, . E.S..E....QT.D.. . H. Pipistrellus pipistrelius (Comman pipistrelle) 13.ED...S. . NHE. . RAF.S_ED...
Acarmys cahirinus (Gairo spiny mouse) 18[L E sQkK .. 8NF.H... Tupaia chinensis (Northem treeshrew) BTEV . N .| EH QR.D.K.HN
Anaura caudifer (Tailed talless bat) WITE. . ENT..EH....A.D..... Uropsilus gracilis (Gracile shrew mole) 1. .E.ENRN_.N.K.. IlQFDS.MK
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Figure 1. Cross-species conservation of ACE2 and predictions of SARS-CoV-2 susceptibility. Species are
sorted by binding score of ACE2 for SARS-CoV-2 S. The ‘ID’ column depicts the number of amino acids
identical to human binding residues. Bold amino acid positions (also labeled with *) represent residues
at binding hotspots and constrained in the scoring scheme. Each amino acid substitution is colored
according to its classification as non-conservative (orange), semi-conservative (yellow) or neutral (blue),
as compared to the human residue. Bold species names depict species with threatened IUCN risk status.
The 410 vertebrate species dataset is available in Dataset S1.
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Figure 2. Congruence between binding score and structural homology analysis. Species classified by
sequence identity to human ACE2 as very high (red) or high binding score (orange) have significantly
fewer amino acid substitutions rated as potentially altering the binding interface between ACE2 and
SARS-CoV-2 through protein structural analysis, as compared to low (green) or very low (blue) species.
The more severe unfavorable variants are counted on y-axis and less severe weaken variants on the
x-axis. Black numerical labels indicate species count.
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Figure 3. Residues under positive selection detected with CODEML and acceleration with phyloP in
mammals. (A) ACE2 is represented in wheat cartoon with residues involved in the binding interface
shown in yellow spheres. Dark blue and red spheres indicate residues in ACE2 that are accelerated and
under positive selection. Red spheres represent residues that overlap with positions in the binding
interface and are labeled with (*). The spike RBD is shown in light teal cartoon. Green spheres indicate
residues on the SARS-CoV-2 spike protein under positive selection and are labeled with (**). (B) 90
degree rotation of the ACE2 protein.
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