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1 | INTRODUCTION

COVID-19 epidemic has posed severe threats to global economy and
public health, resulting in more than 0.4 billion infections and over

5 million deaths worldwide as reported by World Health Organization
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Abstract

Increasing evidence supports inter-species transmission of SARS-CoV-2 variants from
humans to domestic or wild animals during the ongoing COVID-19 pandemic, which is
posing great challenges to epidemic control. Clarifying the host range of emerging
SARS-CoV-2 variants will provide instructive information for the containment of
viral spillover. The spike protein (S) of SARS-CoV-2 is the key determinant of receptor
utilization, and therefore amino acid mutations on S will probably alter viral host range.
Here, to evaluate the impact of S mutations, we tested 27 pseudoviruses of
SARS-CoV-2 carrying different spike mutants by infecting Hela cells expressing
different angiotensin-converting enzyme 2 (ACE2) orthologs from 20 animals. Of these
27 pseudoviruses, 20 bear single mutation and the other 7 were cloned from emerging
SARS-CoV-2 variants, including D614G, Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1),
Delta (B.1.617.2), Lambda (B.1.429), and Mu (B.1.621). Using pseudoviral reporter assay,
we identified that the substitutions of T478| and N501Y enabled the pseudovirus to
utilize chicken ACE2, indicating potential infectivity to avian species. Furthermore, the S
mutants of real SARS-CoV-2 variants comprising N501Y showed significantly acquired
abilities to infect cells expressing mouse ACE2, indicating a critical role of N501Y in
expanding SARS-CoV-2 host range. In addition, A262S and T478I significantly enhanced
the utilization of various mammal ACE2. In summary, our results indicated that T478I
and N501Y substitutions were two S mutations important for receptor adaption of
SARS-CoV-2, potentially contributing to the spillover of the virus to many other animal
hosts. Therefore, more attention should be paid to SARS-CoV-2 variants with these two

mutations.

KEYWORDS
ACE2, host range, interspecies transmission, SARS-CoV-2, spike mutation

(WHO) on February 25, 2022 (https://www.who.int/emergencies/
diseases/novel-coronavirus-2019). The disease is caused by severe
acute respiratory syndrome coronavirus-2 (SARS-CoV-2), a virus
belonging to the genus Betacoronavirus, which can infect humans and

some other animal species, like ferret, dog, tiger, and so forth.1™2
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During the widespread and long-term transmission in the human
population, the virus has been undergoing continuous evolution and
adapting to maximize its fitness. Especially, the frequent mutations
on the viral spike (S) protein have led to the emergence of viral
variants with a wider host range, higher transmissibility, and elevated
immune evasion. First detected in March 2020, the SARS-CoV-2
variants with D614G mutation on S have become the dominant strain
globally, tending to almost 100% prevalence afterward.* Since then,
thousands of variants of SARS-CoV-2 have emerged. Currently,
WHO has classified several important variants as variants of interest
(VOI) and variants of concern (VOC) based on the amino acid changes
in the spike protein. VOlIs refer to SARS-CoV-2 variants with genetic
changes affecting viral transmissibility, disease severity, immune
escape, diagnostic or therapeutic escape, and posing an apparent
epidemiological risk to global public health. VOC is defined as
variants not only meeting the definition of VOI but also with
detrimental change in COVID-19 epidemiology, virulence or decrease
in effectiveness of available diagnostics, vaccines, and therapeutics.
For instance, B.1.1.7, a typical VOC also known as Alpha, emerged in
the United Kingdom in September 2020, showed high transmissibility
and led to a new wave of global epidemic rapidly.® Before long,
another VOC called B.1.351 (Beta) was detected in South Africa with
significantly high resistance to neutralizing antibodies in convalescent
sera.® P.1 (Gamma), the third VOC, was first detected in Brazil,
voiding the plan of herd immunity and the overwhelming medical
system in Brazil.” Later on, VOC Delta (B.1.617.2), first detected in
India, rapidly spread around the world due to its remarkable
transmissibility and ability of immune evasion.® The recent VOC
B.1.1.529 (Omicron) harboring more than 30 accumulated mutations
on its S has spread to more than 80 countries.” Besides, two VOI,
C.37 (Lambda) and B.1621 (Mu), appeared in Peru and Colombia,
respectively, fortunately they did not cause any large epidemic.®
Angiotensin-converting enzyme 2 (ACE2) is the functional receptor
of SARS-CoV-2. Although ACE2 is ubiquitously expressed in a variety of
animals, not all ACE2s can serve as the receptor for SARS-CoV-2.21 Our
previous study and many other studies showed that the original strain of
SARS-CoV-2 was capable of utilizing most mammal ACE2s except for
murine and non-mammal ACE2s.>%1271> However, increasing evidence
supports those certain mutations of S expand the host range of SARS-
CoV-2, creating new viral reservoirs with the potential to re-infect
humans. For example, D614G shifts the S conformation toward an ACE2
binding-competent state, significantly enhancing S-ACE2 affinity, which
leads to high infectivity and transmissibility of the virus.2¢'” N501Y, a
mutation located in the receptor-binding domain (RBD), expands the host
range of SARS-CoV-2 to infect mice’®? and enhances viral resistance to
neutralizing antibodies.?® Similarly, Q493K and Q498H in RBD signifi-
cantly increased the binding affinity toward mouse ACE22! L452R
increases viral infectivity and fusogenicity and promotes viral replica-
tion.22 YA53F has been found to increase hACE2 affinity.2> N439K and
S477N mutations caused immune escape from monoclonal antibo-
dies.?*?> P681H mutation in the spike $1/S2 cleavage site, which
increase cleavage by furin, potentially impacting the viral cell entry.2®
Nevertheless, most recent studies on S mutations affecting the viral host

range are limited to several mammal species, especially mice. Utilization of
non-mammal ACE2 by SARS-CoV-2 variants has been barely investi-
gated. Thus, the host range of the newly emerging SARS-CoV-2 variants
may be wider than expected, and underestimation of the viral host range
may result in an uncontrolled transmission route for the virus.

Assisted by the bioinformatics tool BioAider,”” we continuously
monitored the variants of SARS-CoV-2 and screened several hotspot
mutations of S, including those carried by VOC and VOI strains, for the
study of host adaption. In this study, we used pseudovirus-reporter
system to assess 20 ACE2 orthologs of different mammal and avian
species for their ability to support viral particle internalization mediated by
the SARS-CoV-2 S variants with the hotspot mutations. As the result, we
found the impact of S mutations on ACE2 utilization varied among
different species. Notably, T478l or N501Y, when individually combined
with D614G, enables SARS-CoV-2 to utilize chicken ACE2, indicating that
the SARS-CoV-2 variants carrying these mutations might be capable of
infecting poultry. In addition, A262S+D614G or T478l+D614G
significantly enhanced the utilization of human and monkey ACE2s,
potentially promoting viral infectivity to primates. Many other hotspot
mutations, in general, increased the utilizing efficiency for ACE2s of
domestic animals such as dogs and cats but reduced that for ACE2s of
wild animals, indicating viral adaption to human community during the
long-term pandemic. In summary, our study has preliminarily shown the
trend of expanding host range and better adaption to human community
of SARS-CoV-2, warning a potential concern about more severe
prevalence of the virus in the future, though more validation based on

living virus is still required to draw a solid conclusion for this issue.

2 | MATERIALS AND METHODS

2.1 | Cell lines and plasmid construction

HEK293T and Hela cells (National Collection of Authenticated Cell
Cultures) were maintained in Dulbecco's modified Eagle's medium
(DMEM; Gibco; Cat#C11995500BT) supplemented with 10% fetal
bovine serum (FBS; Gibco; Cat#C11995500BT), 100 units of
penicillin, and 0.1 mg/ml of streptomycin (Gibco; Cat#15140122) in
5% CO, at 37°C. Full-length SARS-CoV-2 spike (GenBank accession
number: MN908947.3), Variants Alpha, Beta, Gamma, Delta,
Lambda, and Mu spike (GISAID accession number: EPI_ISL_5253387,
EPI_ISL_5195381, EPI_ISL_5254522, EPI_ISL_3558827, EPI_ISL_
4348182, EPI_ISL_431119) were all synthesized and subcloned into
the pcDNA3.1 vectors with a C-terminal HA tag.

Spike point-mutated plasmid constructed by site-directed muta-
genesis. pcDNA3.1-S2 plasmid was used as the template to generate
the plasmid with mutagenesis in S gene. Following procedure of
circular polymerase chain reaction (PCR), 15-20 nucleotides before
and after the target mutation site were selected as forward primers,
while the reverse complementary sequences were selected as
reverse primers. Following PCR, the template chain was digested
using Dpnl restriction endonuclease (NEB; Cat#R0176S). Afterward,
the PCR digested product was directly used to transform Escherichia
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coli Top 10 competent cells, single clones were selected and then
sequenced. The primers designed for the specific mutation sites are

listed in Supporting Information: Table S1.

2.2 | Western blot analysis

The spike protein of SARS-CoV-2 or variants on pseudovirions were
detected by western blotting. Briefly, to pellet down pseudovirions,
the viral supernatants were centrifuged at 30 000 rpm for 2 h at 4°C
through a 20% sucrose cushion, and virus pellets were resuspended
into 100 ul phosphate-buffered saline (PBS). The samples were boiled
for 10min and separated in a 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gel and transferred
to a 0.45 um nitrocellulose membrane (Millipore). For detection of S
protein, the membrane was incubated with anti-HA tag mouse
monoclonal antibody (Bimake; Cat#A5969, 1:2000), and the bound
antibodies were detected by horseradish peroxidase (HRP)-
conjugated goat anti-mouse immunoglobulin G (IgG) (Abbkine;
Cat#A21010, 1:5000). For detection of HIV-1 p24 in supernatants,
monoclonal antibody against HIV p24 was used as the primary
antibody at a dilution of 1:8000, followed by incubation with HRP-
conjugated goat anti-mouse IgG at the same dilution.

2.3 | Preparation of pseudovirus

The preparation of pseudovirus was performed based on our previous
study. In brief, 1 day before transfection for virus production, HEK293T
cells were digested and adjusted to an amount of 7 x 10° cells in a 10 cm
culture medium and incubated overnight in an incubator at 37°C with 5%
CO,. When cells reached 80%-90% confluence, HEK293T cells were
cotransfected with a luciferase-expressing HIV-1 plasmid (pNL4-3. Luc. R
-E-) and a plasmid encoding HA-tagged SARS-CoV-2 spike, SARS-CoV-2
variants spike or point-mutated spike, according to the instructions of
Lipofectamine 2000 (Invitrogen; Cat#11668019). After 4-6h, the cell
medium was discarded, and 10 ml fresh complete DMEM was added to
the 10cm cell dish. After 48 or 72h, the supernatant containing
pseudoviruses was harvested, filtered, aliquoted, and frozen at -80°C for
future use.

24 |
assay

Pseudovirus quantification and infection

Before infection, all the pseudoviruses were quantified by quantita-
tive real-time PCR (qPCR). Generally, RNA of SARS-CoV-2 S, SARS-
CoV-2 variants S, and point-mutated pseudoviruses was extracted
using the QlAamp Viral RNA Mini Kit (Qiagen; Cat#52906), and
served as template for reverse transcription using the TransScript All-
in-One First-Strand cDNA Synthesis SuperMix for qPCR reagent
(TransGen Biotech; Cat#AT341-02). Virus quantification by real-time
PCR was performed using the gPCR Mix (Bimake; Cat#B21202),

oo - WILEY—°
following the supplier's instructions. The P24 gene of HIV was cloned
into the vector pCDNA3.1(+) as a plasmid standard, with the viral
copy number calculated accordingly.

The cells were seeded in a 96-well plate at 2 x 10* cells per well,
then transfected with a total of 20 different ACE2-expressing
plasmids individually. In infection assay, after quantitative analysis
by RT-PCR, the pseudovirus was diluted to the same particle number,
and 100 pl was taken and added to a 96-well cell culture plate. Then,
after incubation in 37°C for 48 h. Cells were then washed with PBS
buffer and lysed. Lysates were tested for luciferase activity (Promega;

Cat#E1500). Each infection experiment was carried out three times.

2.5 | Phylogenetic analysis and sequence
alignment

The ACE2 aa sequences were aligned by MAFFT v7.149 in BioAider.
Then we constructed the maximum likelihood phylogenetic tree of ACE2
by IQ-tree v1.6.10 program with 10000 ultrafast bootstraps (https://
academic.oup.com/mbe/article/32/1/268/2925592),
appropriate evolutionary model was JTTDCMut + G4 which calculated

and the most

using ModelFinder according to the Bayesian information criteria.

2.6 | Structural models

The hACE2/S complex was used as a template for homology
modeling.2® The mutations in the models were aligned, and the
interactions between the SARS-CoV-2 S and ACE2 proteins were
compared with PyMOL.

2.7 | Statistical analysis

GraphPad Prism 9 (GraphPad) was used for plotting and statistical
analysis; the values were expressed as mean + SD. One-way analysis
of variance and Holm-Sidak's multiple comparison tests were used

for statistical analysis. A p< 0.05 was considered to be significant.

3 | RESULTS

3.1 | Pseudovirus and ACE2 cells

The genomic sequences of human SARS-CoV-2 strains with high
coverage scores were downloaded from GISAID database (https://
www.gisaid.org/) of which the sampling date was from December 24,
2019 to October 13, 2020. We eliminated some strains with poor
sequencing quality. A total of 88,247 amino acid (aa) sequences of the S
protein were extracted for mutation analyses. Other than D614G which
was carried by almost all variants, we screened a total of 20 persistently
prevalent and high-frequency single-point mutations, including 11 in the
RBD, 7 in the NTD, 1 adjacent to the furin cleavage site (RRAR), and 1 in
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S2 (Supporting Information: Figure 1A and Table S2). Then, these
mutations were introduced to pseudoviral particles carrying SARS-CoV-
2 S. To validate the successful preparation of these mutant pseudo-
viruses, the pseudoviral proteins were loaded to SDS-PAGE and
subjected to western blot detection of HA-tagged spike proteins. The
result showed that all the 20 mutant pseudoviruses were successfully
prepared (Figure 1B).

Phylogenetic analysis was performed for the 20 ACE2s of
different animal species and showed that they could be branched into
two major groups. The first group consists of mammals which could
be further divided into primate and non-primate; the second group
includes avian, reptile, and fish (Figure 1C, left panel). Additionally,
we aligned the 24 key aa residues of ACE2 located at the domain
interfacing SARS-CoV-2 S protein (Figure 1C, right panel). Of note,
most mammalian ACE2s were highly conserved on these aa residues
with human ACE2, except mouse ACE2 which differed in aa residues
located at positions 31, 83, and 353. In comparison, these residues in
non-mammalian ACE2s were less conserved.

3.2 | T478l and N501Y enabled SARS-CoV-2 S to
utilize chicken ACE2s

Our previous study showed that the original SARS-CoV-2 S could not
utilize avian ACE2, but SARS-CoV can.'? Here, we tested the ability
of the 20 spike mutants to utilize chicken ACE2. Cells expressing
chicken ACE2 showed a strong luminescence signal when infected by
the pseudoviruses carrying T478l+D614G or N501Y + D614G
compared with the control carrying D614G only, indicating that the
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Oryctolagus cuniculus (rabbit)
Felis catus (cat)
Lynx canadensis (lynx)
Paguma larvata (civet)
Canis lupus dingo (dog)
Mustela erminea (mustela)
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Pteropus alecto (flying fox)
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Crocodylus porosus (crocodile)
Gallus gallus (chicken)

Carassius auratus (crucion)
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substitutions of T478l and N501Y enabled the utilization of chicken
ACE2 (Figure 2A). Interestingly, the 478th aa residue in RBD of
SARS-CoV is K, which is consistent with Delta and Omicron variants
(Figure 2B).

To test whether positions 478 and 501 of S influenced chicken
ACE2 usage efficiency, we used homology-based structural modeling
to analyze the effects of residue substitutions at positions 478 and
501. Structural models of T478l and N501Y were generated based
on the crystal structure of the SARS-CoV-2 S/ACE2 complex. We
found that positions 478 and 501 were located at the interaction
domain with chicken ACE2. Furthermore, in contact with 501 of S,
the interface between chicken ACE2 and human ACE2 consists of
five residues (D38, Y41, K353, N354, and D355 in chicken ACE2,
D38, Y41, K353, G354, and D355 in human ACE2). When 501 is N,
N354 of chicken ACE2 disrupts N501 forming a hydrogen bond with
K353. When 501 is converted to Y, it is closer to ACE2 353 and 41,
similar to human ACE2, forming an additional -7t interaction with
Y41 and an additional rt-cation interaction with K353 (Figure 2C). In
contact with 478 of S, the interface between chicken ACE2 and
human ACE2 consists of two residues (V20, E23 in chicken ACE2,
T20, Q24 in human ACE2). In short, T4781 and N501Y on S mutations
could expand host range to birds.

3.3 | Hotspot mutants of SARS-CoV-2 S tended to
utilize the ACE2 of primates and domestic animals

In the test of mammalian ACE2, we found that the T478l or A262S
significantly increased the ability of pseudovirus to utilize human and
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lllustration of 20 single-point spike mutation pseudovirus and Phylogenetic analysis of ACE2 orthologs. (A) Schematic of 20

SARS-CoV-2 spike mutations. (B) Western blot detection of spike proteins of 20 single-point mutation pseudovirus using an antibody against the
HA tag conjugated to the viral spike proteins. HIV-1 p24, a protein of the carrier pseudovirus, was detected as the loading control. (C) The
sequences of 20 ACE2 proteins were analyzed and the phylogenetic tree was built. The residues of human ACE2 at the SARS-CoV-2 RBD/ACE2
interface are shown. ACE2, angiotensin-converting enzyme 2; RBD, receptor-binding domain.
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FIGURE 2

The characteristic of SARS-CoV-2, T478I, and N501Y mutations. (A) Hela cells expressing chicken ACE2 were infected by 20

SARS-CoV-2 spike mutations pseudoviruses. At 48 h postinfection, pseudovirus entry efficiency was determined by measuring luciferase activity
in cell lysates. The results were presented as the mean relative luminescence units (RLUs) and the error bars indicated the logarithm (base 10) of
the standard deviations of the RLUs (n = 9). (B) Sequence alignment of the RBD sequences from the SARS-CoV-2, SARS-CoV-2 variants, and
SARS-CoV. (C) Structural models of N501Y and T478I were generated based on the crystal structure of the SARS-CoV-2 S/ACE2 complex.
SARS-CoV-2 S, chicken ACE2, and human ACE2 were colored in pink, gray, and blue, respectively. Residues involved in the interaction are
labeled. ACE2, angiotensin-converting enzyme 2; RBD, receptor-binding domain.

monkey ACE2 compared with D614G only control, indicating these
two mutants enhance the utilization of primate ACE2s (Figure 3A,B).
However, P26L, A522S/V, and Q677H significantly reduced the
utilization of human ACE2, but showed no change for monkey ACE2
(Figure 3A,B).

For nonprimate mammals, our test showed that L18F, A222V,
A262S, T478l, and V1176F increased usage efficiency of dog and cat
ACE2s more than fourfold (Figure 3A,B). Since dogs and cats are pet
animals, we hypothesized that the hotspot mutations might enhance
the utilization of ACE2s in domestic animals generally. This
speculation was verified in the following tests. Swine, cattle, goat, and
horses are common domestic animals farmed in human communities,
and both A262S and T478| mutations significantly increase the
utilization of ACE2s in these farm animals (Figure 3A,B). Especially,
even more mutations, including L18F, A222V, and V367F, signifi-
cantly increased the utilization of swine ACE2. In summary, these

results implied a potential for SARS-CoV-2 adaption to domestic
animals caused by the hotspot mutations of S.

In comparison, the above mutations, except A262S and T478l,
posed little influence on the utilization of ACE2s in wild animals. On
the contrary, most mutants, including N439K, G446V, S477N,
A522V, and Q677H, significantly reduced ACE2 utilization efficiency
for various wild animals such as pangolin, mustela, and lynx,
suggesting that these animals may be one-time intermediate hosts,
not adapted to the evolution of SARS-CoV-2. Furthermore, P26L,
T323Il, N439K, and G446V led to more than fourfold reduction in the
utilizing efficiency of flying fox ACE2, while S477N, A522S/V, and
Q677H decreased the utilization of bat ACE2 in bats. Although a few
mutations, such as A262S and T478l, enhanced the utilization of wild
animal ACE2s, the number of such mutation was much fewer than
those for domestic animals. Therefore, the SARS-CoV-2 mutants
seemed to lower their adaption to wild animals.
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3.4 | Host range shift of VOC and VOI variants
Next, we evaluated the potential host range shift of current VOC and
VOlI variants by the pseudovirus reporter assay. Our results showed
that the S with D614G and Lambda variants significantly enhanced
the ability to utilize mammalian ACE2, compared with the original S.
Beta and Mu variants significantly increased the utilization of ACE2 in
monkeys, indicating that these variants may have enhanced
infectivity in primate animals. In addition, Mu variant has an increased
ability to utilize flying fox ACE2, which is consistent with N501Y
point-mutant. Besides, the Alpha, Beta, Gamma, and Mu variants,
comprising N501Y mutation, display significantly acquired abilities to
infect mouse ACE2-overexpressing cells (Figure 4A,B). This sug-
gested that SARS-CoV-2 variants containing the N501Y mutation
could acquire the ability to transmit from human to mouse and can be
transmitted among mice. Whereas, variants with the T478K or
N501Y mutation are unable to utilize chicken ACE2 for cell entry.
These variants were also unable to utilize fish and reptilian ACE2s, as
did the 20 mutants above (Supporting Information: Figures S1
and S2).

4 | DISCUSSION

The persistent emergence of diverse SARS-CoV-2 variants which are
mainly defined by S mutations has been posing great challenges to
the control of the current COVID-19 pandemic. Viral spillover from
animals to humans and further spillback to other animals could be an
important factor for the frequent emergence of SARS-CoV-2
variants.?>?? The host range of SARS-CoV-2 is mainly determined
by the recognition between S protein and its cellular receptor ACE2
orthologs. Genetic changes in the S usually switch viral host range
and alter viral infectivity.3%3! Predicting and monitoring the interac-
tion among different S mutants and ACE2 orthologs may help identify
animal reservoirs.

Birds are important reservoirs of a variety of viruses, including
some coronavirus and influenza virus.®? However, the original strain
of SARS-CoV-2 was unable to utilize avian ACE2 and replicate poorly
in poultry.? In our study, we assessed the interaction of 27 S mutants
to 20 ACE2 orthologs using pseudovirus. Interestingly, T478| and
N501Y mutations on S enabled the pseudovirus to utilize chicken
ACE2, indicating potential expansion of SARS-CoV-2 host range to

MEDICAL VIROLOGY

avian species. This result accorded with the latest report that
Omicron variant which carrying N501Y mutation was capable of
infecting cells expressing avian ACE2.° Notably, N501Y mutation
widely exists in other VOC and VOI variants, such as Alpha, Beta,
Gamma, and Lambda.2433 T478I showed an even higher frequency in
our data set which was carried by more than 2 million variants and
about twofold of N501Y, and the VOC of Delta and Omicron carry
T478K which may be similar to T478I in altering ACE2 utilization
(Supporting Information: Table S2). Our data showed that the Delta
variant was incapable of utilizing chicken ACE2, whereas recent
research has revealed that Omicron can effectively utilize both turkey
and chicken ACE2.° These results suggested that 478th and 501th
could be potentially key sites for interspecies transmission of SARS-
CoV-2 and raised the concern about the neglecting of circulation of
SARS-CoV-2 in poultry and wild birds.

The change of ACE2 utilization caused by N501Y and T478lI
mutations may be explained from the view of protein structure.
Previous analysis of the S-human-ACE2 complex revealed that
N501Y probably introduced additional rt-7t and mt-cation interactions
between S-RBD and an interface of human ACE2, increasing the
binding affinity.>*3> According to the structure stimulation of
S-chicken-ACE2 complex, this interface showed a similar structure
to that of human ACE2, providing the structural basis for cross-
species interaction of SARS-CoV-2 variants. However, in chicken
ACE2, position 354 is an Asn, not a Gly, and D354 in chicken ACE2
does not fit into RBD as tightly as G354 of hACE2. Therefore, more
verification is required to confirm the utilization of chicken ACE2 by
N501Y S. T478 is located at the RBD-ACE2 binding interface close to
the N-terminal T20 of human ACE2.28 T478| substitution brought a
slightly larger side chain and changed S protein conformation, which
might allow interaction to V20 of chicken ACE2 and enhanced the
stabilization of the RBD-ACE2 complex. Considering chicken is an
important agricultural animal widely kept in human communities, the
detection of SARS-CoV-2 in farmed chickens is needed for epidemic
control.>®

Old world monkeys were used as experimental animal models for
SARS-CoV-2 infection due to their similarity to humans in ACE2
sequenc:es.37 However, our study demonstrated that P26L, A522S/V,
and Q677H significantly reduced the utilization of human ACE2, but
showed no change for monkey ACE2 (Macaca nemestrina), regardless
of the high identity of monkey ACE2 and human ACE2. This indicated
that sequence identity did not necessarily correlate the ability of

FIGURE 3

Infectivity of SARS-CoV-2 mutations in cell lines expressing ACE2 proteins from 20 different species. (A) Equal amounts of

overexpression plasmids carrying ACE2 orthologs from different species were transfected into Hela cells. Then, cells were infected with the
same copy number of SARS-CoV-2 variants after quantification. Luminescence signals were collected 48 h later. Ratios between mutants and
the D614G reference strain were calculated. The results were obtained from three independent experiments and the values shown indicate
means = SD. Dashed lines indicate the threshold of fourfold difference. *Statistical significance. (B) The heatmap was created by pheatmap
package in R program. The color of the square indicates different ratio ranges value, gray indicates that it cannot be infected, red indicates
increased infection compared with D614G, green indicates reduced infection compared with D614G, and plus represents the threshold of
fourfold difference. The row clustering and column clustering through “complete” methods in pheatmap package and the distance type was set
to “correlation.” ACE2, angiotensin-converting enzyme 2.
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efficiency of receptor utilization by SARS-CoV-2. This speculation is
supported by a previous study showing that three new world monkey
species did not support SARS-CoV-2 entry due to two specific
residues (H41 and E42) within their ACE2.1?

Domestic animals (pets and livestock) frequently contacting
humans may be intermediate hosts of SARS-CoV-2. Several studies
demonstrated that SARS-CoV-2 has been detected in cats and dogs,
and laboratory experiments revealed that SARS-CoV-2 replicated
efficiently in cats.33#! Our results showed that L18F, A222V, A262S,
T478l, and V1176F increased S utilization of dog or cat ACE2s.
Thus, the variants carrying these mutations may spread among pet
animals, which should be paid special attention in the epidemic control.

Natural SARS-CoV-2 infections in wild animals have been
reported in tiger, lions, and white-tailed deer.!**? Especially,
pangolins carrying the SARS-CoV-2-like CoVs manifested clinical
symptoms and histological pathogenicity.*> However, most S muta-
tions, including N439K, G446V, S477N, A522V, and Q677H,
significantly reduced ACE2 utilization efficiency for various wild
animals such as pangolin, mustela, and lynx. Similar results were also
found in our study for bat ACE2s. Bats are highly diverse with the
second largest number of species in mammals, carrying a wide variety
of coronaviruses.** Bats might be potential hosts of ancestral SARS-
CoV and SARS-CoV-2.2*5 Several studies showed that Rhinolophus
sinicus could support SARS-CoV-2 entry, whereas its congeneric
relatives Rhinolophus ferrumequinum and Rhinolophus pearsonii could
not.*¢ As shown in our study, ACE2 mutants containing P26L, T323I,
N439K, and G446V dramatically decreased the utilization of flying
fox (Pteropus alecto) ACE2, but had no obvious effects on bat
(Rhinolophus sinicus) ACE2. Furthermore, S477N, A522S/V, and
Q677H decreased the utilization of bat ACE2, whereas had no
obvious effects on flying fox ACE2. Overall, these results suggest that
the viral has altered its adaptation to human communities during the
epidemic and wild animals can hardly serve as intermediate hosts
during the virus spread in human communities.

Recent studies reported that Omicron variants infected mice,
accumulated mutations when circulating in mice, and then potentially
re-infected humans.*’ Therefore, rodents may be important interme-
diate hosts for SARS-CoV-2 currently.® According to our results,
N501Y S mutant could utilize mouse ACE2, consistent with previous
reports.t®484% | 18F, A222V, A262S, T478l, and V1176F could
promote the utilization of rabbit ACE2 (Figure 3). Notably, these
mutations are widely carried by VOC and VOI variants. For instance,
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L18F, P26L, and V1176F mutations are carried by Gamma variant;
D8QY is present in Beta and Delta; T478K is carried by Omicron
variant; N501Y mutation widely exists in VOC and VOI variants, such
as Alpha, Beta, Gamma, Omicron, and Lambda (Supporting
Information: Figure S3). Therefore, in addition to poultry and pets,
rodents in the communities may also be an important intermediate
for the spreading and reservoirs for the mutations of SARS-CoV-2.

Noteworthy, Omicron has now evolved into multiple sublineages
(BA.1, BA.2, BA.3, and BA.4/BA.5), which carry more than 30
mutations with up to 15 in the RBD region. Compared with the RBD
of BA.1, BA.2 contains three additional mutations, including T376A,
D405N, and R408S, and lacks the G446S and G496S (Supporting
Information: Table S3). BA.3 lacks the S371L, T376A, R408S, and
G496S harbored by BA.1. BA.4/BA.5 variants have RBD sequences
that are identical to BA.2, but with the addition of L452R and F486V
substitutions (Supporting Information: Table S3). G446V mutation
reduced the utilization efficiency of ACE2s in most animals (Figure 3).
Studies have shown that BA.1 and BA.3 carrying G446S are lower
ACE2 affinity than BA.4 and BA.5.5° The glycine (G) at position 446 is
changed to valine (V) or serine (S), which may alter the binding
interface between RBD and ACE2, thereby affecting ACE2 utilization
efficiency. Furthermore, we discovered that T478K and N501Y
mutations are present in all Omicron sublineages, implying these
variants might be capable of infecting poultry and rodents and
increasing viral host spillover.

In summary, we provided a comprehensive view of potential host
range change of SARS-CoV-2 caused by S mutations using
pseudovirus reporter assay. Notably, T478] and N501Y mutations
conferred the ability to utilize chicken ACE2, probably extending the
host range of SARS-CoV-2 to birds. Most mutations favored the
utilization of domestic mammal ACE2s but weakened that of wild
animal ACE2s, indicating the trend of SARS-CoV-2 to adapt human
community during the long-term transmission among humans. The
shift of viral host range may provide more routes for viral
transmission and more reservoirs for viral evolution against vaccines
or drugs, which may explain the frequent re-emergence of COVID-19
epidemic around the world even when most population has been
vaccinated. Thus, monitoring the host range shift of newly emerging
SARS-CoV-2 variants is critical for epidemic control. Nevertheless,
our results were mainly based on the pseudovirus assay which might
contain potential bias, and thus further verification based on living
SARS-CoV-2 variants is required to confirm these findings.

FIGURE 4 Animal tropism of variants of concern and variant of interest variants. (A) Equal amounts of overexpression plasmids carrying
ACE2 orthologs from different species were transfected into Hela cells. Then, cells were infected with the same copy number of SARS-CoV-2
variants after quantification. Luminescence signals were collected 48 h later. Ratios between mutants and the wild-type (WT) reference strain
were calculated. The results were obtained from three independent experiments and the values shown indicate means + SD. Dashed lines
indicate the threshold of fourfold difference. *Statistical significance. (B) The heatmap was created by pheatmap package in R program. The color
of the square indicates different ratio ranges value, gray indicates that it cannot be infected, red indicates increased infection compared to WT,
green indicates reduced infection compared with WT, and plus represents the threshold of fourfold difference. The row clustering and column
clustering through “complete” methods in pheatmap package and the distance type was set to “correlation.” ACE2, angiotensin-converting

enzyme 2.



L‘—Wl LEY-

WANG ET AL.

MEDICAL VIROLOGY

AUTHOR CONTRIBUTIONS

Qiong Wang, Ye Qiu, and Xing-Yi Ge: Conceptualization. Qiong
Wang and Zhi-Jian Zhou: Formal analysis. Shuofeng Yuan, Ye Qiu,
and Xing-Yi Ge: Funding acquisition. Qiong Wang, Sheng-Bao Ye,
and Jin-Yan Li: Investigation. Shuofeng Yuan, Ye Qiu, and Xing-Yi
Ge: Project administration. Ye Qiu and Xing-Yi Ge: Supervision.
Qiong Wang: Writing - original draft. Xing-Yi Ge, Ye Qiu, Ji-Zhou Lv,
Bodan Hu, and Shuofeng Yuan: wrote manuscript. Writing - review

& editing. All authors contributed to the work.

ACKNOWLEDGMENTS

This study was jointly funded by the National Natural Science
Foundation of China (32041001 and 81902070), the Technical
Guarantee Project for food safety of Beijing Municipal Science &
Technology Commission (Z201100008920006), The University of
Hong Kong: Health and Medical Research Fund (20190732), and
HKU Seed Funding (202011159023), Hunan University Fund
(521119400156). We thank all study participants for their generous

participation and contribution to this work.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ORCID
Ye Qiu "= http://orcid.org/0000-0001-9182-1952
REFERENCES

1. Zhou P, Yang XL, Wang XG, et al. A pneumonia outbreak associated
with a new coronavirus of probable bat origin. Nature.
2020;579(7798):270-273. doi:10.1038/s41586-020-2012-7

2. ShiJ, Wen Z, Zhong G, et al. Susceptibility of ferrets, cats, dogs, and
other domesticated animals to SARS-coronavirus 2. Science.
2020;368(6494):1016-1020. doi:10.1126/science.abb7015

3. Halfmann PJ, Hatta M, Chiba S, et al. Transmission of SARS-CoV-2
in domestic cats. N Engl J Med. 2020;383(6):592-594. doi:10.1056/
NEJMc2013400

4. Korber B, Fischer WM, Gnanakaran S, et al. Tracking changes in
SARS-CoV-2 spike: evidence that D614G increases infectivity of the
COVID-19 virus. Cell. 2020;182(4):812-827.e19. doi:10.1016/j.cell.
2020.06.043

5. Planas D, Bruel T, Grzelak L, et al. Sensitivity of infectious SARS-
CoV-2 B.1.1.7 and B.1.351 variants to neutralizing antibodies. Nat
Med. 2021;27(5):917-924. doi:10.1038/s41591-021-01318-5

6. Wang P, Nair MS, Liu L, et al. Antibody resistance of SARS-CoV-2
variants B.1.351 and B.1.1.7. Nature. 2021;593(7857):130-135.
doi:10.1038/s41586-021-03398-2

7. da Silva JF, Esteves RJ, Siza C, et al. Cluster of SARS-CoV-2 Gamma
variant infections, Parintins, Brazil, March 2021. Emerg Infect Dis.
2022;28(1):262-264. doi:10.3201/€id2801.211817

8. Lopez Bernal J, Andrews N, Gower C, et al. Effectiveness of Covid-
19 vaccines against the B.1.617.2 (Delta) variant. N Engl J Med.
2021;385(7):585-594. doi:10.1056/NEJM0a2108891

9. Peacock TP, Brown JC, Zhou J, et al. The SARS-CoV-2 variant,
Omicron, shows rapid replication in human primary nasal epithelial

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

cultures and efficiently uses the endosomal route of entry. bioRXiv.
2022. doi:10.1101/2021.12.31.474653

Uriu K, Kimura |, Shirakawa K; et al. Neutralization of the SARS-CoV-
2 Mu variant by convalescent and vaccine serum. N Engl J Med.
2021;385(25):2397-2399. doi:10.1056/NEJMc2114706

Liu Y, Hu G, Wang Y, et al. Functional and genetic analysis of viral
receptor ACE2 orthologs reveals a broad potential host range of
SARS-CoV-2. Proc Natl Acad Sci USA. 2021;118(12): e2025373118.
doi:10.1073/pnas.2025373118

Wang Q, Qiu Y, Li JY, Liao CH, Zhou ZJ, Ge XY. Receptor utilization
of angiotensin-converting enzyme 2 (ACE2) indicates a narrower
host range of SARS-CoV-2 than that of SARS-CoV. Transbound
Emerg Dis. 2021;68(3):1046-1053. doi:10.1111/tbed.13792

Oude Munnink BB, Sikkema RS, Nieuwenhuijse DF, et al. Transmis-
sion of SARS-CoV-2 on mink farms between humans and mink and
back to humans. Science. 2021;371(6525):172-177. doi:10.1126/
science.abe5901

Hale VL, Dennis PM, McBride DS, et al. SARS-CoV-2 infection in
free-ranging white-tailed deer. Nature. 2021;602:481-486. doi:10.
1038/s41586-021-04353-x

Griffin BD, Chan M, Tailor N, et al. SARS-CoV-2 infection and
transmission in the North American deer mouse. Nat Commun.
2021;12(1):3612. doi:10.1038/s41467-021-23848-9

Hou YJ, Chiba S, Halfmann P, et al. SARS-CoV-2 D614G variant
exhibits efficient replication ex vivo and transmission in vivo.
Science. 2020;370(6523):1464-1468. doi:10.1126/science.abe8499
Huang H, Zhu Y, Niu Z, Zhou L, Sun Q. SARS-CoV-2 N501Y variants
of concern and their potential transmission by mouse. Cell Death
Differ. 2021;28(10):2840-2842. doi:10.1038/s41418-021-00846-4
Gu H, Chen Q, Yang G, et al. Adaptation of SARS-CoV-2 in BALB/c
mice for testing vaccine efficacy. Science. 2020;369(6511):
1603-1607. doi:10.1126/science.abc4730

Liu Y, Liu J, Plante KS, et al. The N501Y spike substitution enhances
SARS-CoV-2 infection and transmission. Nature. 2021;602:294-299.
doi:10.1038/s41586-021-04245-0

Xie X, Liu Y, Liu J, et al. Neutralization of SARS-CoV-2 spike 69/70
deletion, E484K and N501Y variants by BNT162b2 vaccine-elicited
sera. Nat Med. 2021;27(4):620-621. doi:10.1038/s41591-021-
01270-4

Huang K, Zhang Y, Hui X, et al. Q493K and Q498H substitutions in
spike promote adaptation of SARS-CoV-2 in mice. EBioMedicine.
2021;67:103381. doi:10.1016/j.ebiom.2021.103381

Deng X, Garcia-Knight MA, Khalid MM, et al. Transmission,
infectivity, and neutralization of a spike L452R SARS-CoV-2 variant.
Cell. 2021;184(13):3426-3437. doi:10.1016/j.cell.2021.04.025
Bayarri-Olmos R, Rosbjerg A, Johnsen LB, et al. The SARS-CoV-2
Y453F mink variant displays a pronounced increase in ACE-2 affinity
but does not challenge antibody neutralization. J Biol Chem.
2021;296:100536. doi:10.1016/j.jbc.2021.100536

Thomson EC, Rosen LE, Shepherd JG, et al. Circulating SARS-CoV-2
spike N439K variants maintain fitness while evading antibody-
mediated immunity. Cell. 2021;184(5):1171-1187. doi:10.1016/j.
cell.2021.01.037

Liu Z, VanBlargan LA, Bloyet LM, et al. Identification of SARS-CoV-2
spike mutations that attenuate monoclonal and serum antibody
neutralization. Cell Host Microbe. 2021;29(3):477-488. doi:10.1016/
j.chom.2021.01.014

Lubinski B, Fernandes MHV, Frazier L, et al. Functional evaluation of
the P681H mutation on the proteolytic activation of the SARS-CoV-
2 variant B.1.1.7 (Alpha) spike. iScience. 2022;25(1):103589. doi:10.
1016/j.isci.2021.103589

Zhou ZJ, Qiu Y, Pu Y, Huang X, Ge XY. BioAider: an efficient tool for
viral genome analysis and its application in tracing SARS-CoV-2
transmission. Sustain Cities Soc. 2020;63:102466. doi:10.1016/j.scs.
2020.102466


http://orcid.org/0000-0001-9182-1952
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1126/science.abb7015
https://doi.org/10.1056/NEJMc2013400
https://doi.org/10.1056/NEJMc2013400
https://doi.org/10.1016/j.cell.2020.06.043
https://doi.org/10.1016/j.cell.2020.06.043
https://doi.org/10.1038/s41591-021-01318-5
https://doi.org/10.1038/s41586-021-03398-2
https://doi.org/10.3201/eid2801.211817
https://doi.org/10.1056/NEJMoa2108891
https://doi.org/10.1101/2021.12.31.474653
https://doi.org/10.1056/NEJMc2114706
https://doi.org/10.1073/pnas.2025373118
https://doi.org/10.1111/tbed.13792
https://doi.org/10.1126/science.abe5901
https://doi.org/10.1126/science.abe5901
https://doi.org/10.1038/s41586-021-04353-x
https://doi.org/10.1038/s41586-021-04353-x
https://doi.org/10.1038/s41467-021-23848-9
https://doi.org/10.1126/science.abe8499
https://doi.org/10.1038/s41418-021-00846-4
https://doi.org/10.1126/science.abc4730
https://doi.org/10.1038/s41586-021-04245-0
https://doi.org/10.1038/s41591-021-01270-4
https://doi.org/10.1038/s41591-021-01270-4
https://doi.org/10.1016/j.ebiom.2021.103381
https://doi.org/10.1016/j.cell.2021.04.025
https://doi.org/10.1016/j.jbc.2021.100536
https://doi.org/10.1016/j.cell.2021.01.037
https://doi.org/10.1016/j.cell.2021.01.037
https://doi.org/10.1016/j.chom.2021.01.014
https://doi.org/10.1016/j.chom.2021.01.014
https://doi.org/10.1016/j.isci.2021.103589
https://doi.org/10.1016/j.isci.2021.103589
https://doi.org/10.1016/j.scs.2020.102466
https://doi.org/10.1016/j.scs.2020.102466

WANG ET AL.

11
-WI LEY—‘—

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Shang J, Ye G, Shi K, et al. Structural basis of receptor recognition by
SARS-CoV-2. Nature. 2020;581(7807):221-224. doi:10.1038/
s41586-020-2179-y

Kim YI, Kim SG, Kim SM, et al. Infection and rapid transmission of
SARS-CoV-2 in ferrets. Cell Host Microbe. 2020;27(5):704-709.
doi:10.1016/j.chom.2020.03.023

Li JY, Wang Q, Liao CH, Qiu Y, Ge XY. The 442th amino acid residue
of the spike protein is critical for the adaptation to bat hosts for
SARS-related coronaviruses. Virus Res. 2021;295:198307. doi:10.
1016/j.virusres.2021.198307

Niu Z, Zhang Z, Gao X, et al. N501Y mutation imparts cross-species
transmission of SARS-CoV-2 to mice by enhancing receptor binding.
Signal Transduct Target Ther. 2021;6(1):284. doi:10.1038/s541392-
021-00704-2

Chan JF, To KK, Tse H, Jin DY, Yuen KY. Interspecies transmission
and emergence of novel viruses: lessons from bats and birds. Trends
Microbiol. 2013;21(10):544-555. doi:10.1016/j.tim.2013.05.005
Radvak P, Kwon HJ, Kosikova M, et al. SARS-CoV-2 B.1.1.7 (Alpha)
and B.1.351 (Beta) variants induce pathogenic patterns in K18-
hACE2 transgenic mice distinct from early strains. Nat Commun.
2021;12(1):6559. doi:10.1038/s41467-021-26803-w

Tian F, Tong B, Sun L, et al. N501Y mutation of spike protein in
SARS-CoV-2 strengthens its binding to receptor ACE2. elife.
2021;10:e69091. doi:10.7554/¢eLife.69091

Yang TJ, Yu PY, Chang YC, et al. Effect of SARS-CoV-2 B.1.1.7
mutations on spike protein structure and function. Nat Struct Mol
Biol. 2021;28(9):731-739. doi:10.1038/s41594-021-00652-z
Sequence and comparative analysis of the chicken genome provide
unique  perspectives on  vertebrate evolution.  Nature.
2004;432(7018):695-716. doi:10.1038/nature03154

Lu S, Zhao Y, Yu W, et al. Comparison of SARS-CoV-2 infections
among 3 species of non-human primates. bioRXiv. 2020. doi:10.
1101/2020.04.08.031807

Zhao Y, Yang Y, Gao J, et al. A serological survey of severe acute
respiratory syndrome coronavirus 2 in dogs in Wuhan. Transbound
Emerg Dis. 2021;69:591-597. doi:10.1111/tbed.14024

Zhang Q, Zhang H, Gao J, et al. A serological survey of SARS-CoV-2
in cat in Wuhan. Emerg Microbes Infect. 2020;9(1):2013-2019.
doi:10.1080/22221751.2020.1817796

Sit THC, Brackman CJ, Ip SM, et al. Infection of dogs with SARS-
CoV-2. Nature. 2020;586(7831):776-778. doi:10.1038/s41586-
020-2334-5

Patterson El, Elia G, Grassi A, et al. Evidence of exposure to SARS-
CoV-2 in cats and dogs from households in Italy. Nat Commun.
2020;11(1):6231. doi:10.1038/s41467-020-20097-0

42.

43.

44,

45.

46.

47.

48.

49.

MEDICAL VIROLOGY

McAloose D, Laverack M, Wang L, et al. From people to panthera:
natural SARS-CoV-2 infection in tigers and lions at the Bronx Zoo.
mBio. 2020;11(5):e02220-20. doi:10.1128/mBi0.02220-20

Lam TT, Jia N, Zhang YW, et al. Identifying SARS-CoV-2-related
coronaviruses in Malayan pangolins. Nature. 2020;583(7815):
282-285. doi:10.1038/541586-020-2169-0

Burgin CJ, Colella JP, Kahn PL, Upham NS. How many species of
mammals are there. J Mammal. 2018;99(1):1-14. doi:10.1093/
jmammal/gyx147

Hu B, Zeng LP, Yang XL, et al. Discovery of a rich gene pool of bat
SARS-related coronaviruses provides new insights into the origin of
SARS coronavirus. PLoS Pathog. 2017;13(11):e1006698. doi:10.
1371/journal.ppat.1006698

Yan H, Jiao H, Liu Q, et al. ACE2 receptor usage reveals variation in
susceptibility to SARS-CoV and SARS-CoV-2 infection among bat
species. Nat Ecol Evol. 2021;5(5):600-608. doi:10.1038/s41559-
021-01407-1

Wei C, Shan KJ, Wang W, Zhang S, Huan Q, Qian W. Evidence for a
mouse origin of the SARS-CoV-2 Omicron variant. J Genet Genomics.
2021;48:1111-1121. doi:10.1016/j.jgg.2021.12.003

Starr TN, Greaney AJ, Hilton SK, et al. Deep mutational scanning of
SARS-CoV-2 receptor binding domain reveals constraints on folding
and ACE2 binding. Cell. 2020;182(5):1295-1310. doi:10.1016/j.cell.
2020.08.012

Sun S, Gu H, Cao L, et al. Characterization and structural basis of a
lethal mouse-adapted SARS-CoV-2. Nat Commun. 2021;12(1):5654.
doi:10.1038/541467-021-25903-x

Cao Y, Yisimayi A, Jian F, et al. BA.2.12.1, BA.4 and BA.5 escape
antibodies elicited by Omicron infection. Nature. 2022;608:593-602.
doi:10.1038/s41586-022-04980-y

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Wang Q, Ye S-B, Zhou Z-J, et al. Key
mutations on spike protein altering ACE2 receptor utilization and
potentially expanding host range of emerging SARS-CoV-2
variants. J Med Virol. 2022;1-11. doi:10.1002/jmv.28116


https://doi.org/10.1038/s41586-020-2179-y
https://doi.org/10.1038/s41586-020-2179-y
https://doi.org/10.1016/j.chom.2020.03.023
https://doi.org/10.1016/j.virusres.2021.198307
https://doi.org/10.1016/j.virusres.2021.198307
https://doi.org/10.1038/s41392-021-00704-2
https://doi.org/10.1038/s41392-021-00704-2
https://doi.org/10.1016/j.tim.2013.05.005
https://doi.org/10.1038/s41467-021-26803-w
https://doi.org/10.7554/eLife.69091
https://doi.org/10.1038/s41594-021-00652-z
https://doi.org/10.1038/nature03154
https://doi.org/10.1101/2020.04.08.031807
https://doi.org/10.1101/2020.04.08.031807
https://doi.org/10.1111/tbed.14024
https://doi.org/10.1080/22221751.2020.1817796
https://doi.org/10.1038/s41586-020-2334-5
https://doi.org/10.1038/s41586-020-2334-5
https://doi.org/10.1038/s41467-020-20097-0
https://doi.org/10.1128/mBio.02220-20
https://doi.org/10.1038/s41586-020-2169-0
https://doi.org/10.1093/jmammal/gyx147
https://doi.org/10.1093/jmammal/gyx147
https://doi.org/10.1371/journal.ppat.1006698
https://doi.org/10.1371/journal.ppat.1006698
https://doi.org/10.1038/s41559-021-01407-1
https://doi.org/10.1038/s41559-021-01407-1
https://doi.org/10.1016/j.jgg.2021.12.003
https://doi.org/10.1016/j.cell.2020.08.012
https://doi.org/10.1016/j.cell.2020.08.012
https://doi.org/10.1038/s41467-021-25903-x
https://doi.org/10.1038/s41586-022-04980-y
https://doi.org/10.1002/jmv.28116



