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COVID-19 Expands Its Territories from Humans to Animals
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THE GLOBAL STATUS OF COVID-19
PANDEMIC

Since  the  discovery  of  a  novel  type  of  coronavirus
named severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2,  also  known  as  2019-nCoV,  or
HCoV-19)  (1),  the  causative  agent  of  coronavirus
disease  2019  (COVID-19),  COVID-19  has  been
spreading globally during a short period of time. As of
August  17,  COVID-19  had  caused  more  than  206
million  infections,  of  which  more  than  4  million  had
died  worldwide  (2),  which  is  the  worst  pandemic
caused  by  coronaviruses  thus  far.  The  pandemic  of
COVID-19  has  not  only  posed  a  global  threat  to
public  health  but  has  also  thoroughly  taxed  medical
systems  and  global  economies.  In  response  to  this
pandemic,  unprecedented  efforts  have  been  made
worldwide,  such  as  the  implementation  of  non-
pharmacological  interventions  (NPIs)  (3)  and  vaccine
development (4). However, several types of variants of
concern (VOC) have been found gradually during the
circulation of SARS-CoV-2, as the combination effects
of  their  intrinsic  characteristics  of  error-prone
replication  process,  host  immune  pressure  and  other
environmental  factors.  Several  studies  have
documented  that  these  VOCs  showed  increased
transmissibility  and  were  more  resistant  to
neutralization  by  convalescent  and  vaccine  sera  than
other  variants,  posing a  global  threat  to public  health.
Taken  together,  the  arms  race  between  SARS-CoV-2
evolution  and  human  coping  strategies  will  continue
for some time to come. 

THE ORIGIN OF SARS-CoV-2
REMAINS A MYSTERY

For  any  causative  agent  of  a  pandemic,  tracing  the
origin  of  the  “prime  criminal”  is  crucial  for  both
understanding  its  evolution  and  preventing  outbreaks
in  the  future.  To  our  knowledge,  a  bat-origin
coronavirus  RaTG13  had  the  most  similar  genome
compared to SARS-CoV-2 at the whole genomic level

(96.2%),  although  the  amino  acid  similarity  of  the
receptor  binding  domain  (RBD)  of  the  spike  protein,
which mediates the viral entry to human cell, was only
89.2%.  RaTG13  pseudovirus  could  transduce  cells
expressing  human  ACE2  with  low  efficiency  (5).
Subsequently,  several  coronavirus  genomic  sequences
with  high  similarity  to  SARS-CoV-2  from  bats  have
been  found  in  different  countries  (6–8).  Both
pseudotyped SARS-CoV-2 virus and wild SARS-CoV-2
virus  could  infect  cells  expressing  ACE2  from
Rhinolophus  macrotis  (9).  These  results  indicated  that
SARS-CoV-2  could  have  more  likely  originated  from
bats.  However,  it  is  well  established  that  intermediate
hosts  are  needed  for  bat-origin  coronaviruses  before
they acquire sufficient mutations to have the ability to
infect  humans,  such  as  dromedary  camels  for  MERS-
CoV.  Two  groups  reported  that  they  found  SARS-
CoV-2-related  coronaviruses  in  Malayan  pangolins
(Manis  javanica)  and  their  RBD  region  had  a  high
similarity  to  that  of  SARS-CoV-2.  Yet,  the  overall
genomic  similarity  compared  to  SARS-CoV-2  were
both  low  (<93%),  which  suggested  pangolins  were
unlikely to be the intermediate host for SARS-CoV-2.
So far, the mysteries of the route through which SARS-
CoV-2-related  coronaviruses  were  transmitted  from
bats  to  humans  and  if  bats  were  the  original  reservoir
host still remain unsolved. 

THE SPILLOVER OF SARS-CoV-2
EVENTS AND THEIR POTENTIAL

MOLECULAR MECHANISMS

In  addition  to  humans,  natural  infection  of  SARS-
CoV-2  have  been  found  in  several  other  species  of
mammals  via  contact  with  COVID-19  patients,  such
as cats, dogs, lions and tigers in zoos, minks, and ferrets
(10)  (Figure 1A).  Snow  leopards,  pumas,  and  gorilla
also have been found to be infected with SARS-CoV-2
in  nature  (10)  (Figure 1A).  Among  these  spillover
events,  mink-related  SARS-CoV-2  variants  had  the
greatest  impact,  as  the  mink  had  also  transmitted  the
SARS-CoV-2  variants  back  to  humans  and  caused
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further  community  transmission  (11).  In  order  to
prevent  the  mink-derived  SARS-CoV-2  variants  from
continuously  both  circulating  in  the  minks  and
spreading  to  humans,  tens  of  millions  of  minks  have
been culled which also caused huge economic losses to
mink-related  industries.  In  addition  to  natural
infection  cases,  several  animals  (e.g.,  rabbits,  pigs,
foxes,  and  civets  etc.)  have  also  been  considered  as
possibly  susceptible  hosts  of  SARS-CoV-2  through
infection experiments (10) (Figure 1B). Although most
natural  infections  described  above  occurred  in
domesticated animals, far fewer cases were identified in
the wild.

Recently,  serosurveillance  showed  that  antibodies

against  SARS-CoV-2  have  been  found  in  40%  of
samples  of  wild  white-tailed  deer  (Odocoileus
virginianus)  from  USA  in  2021  (12).  However,
antibodies were detected in only 1 and 3 samples from
2019  and  2020,  respectively  (12).  Although  it  is  still
not  known  if  SARS-CoV-2  in  wild  white-tailed  deer
was  introduced  by  humans,  the  significant  increase  of
positive rate of antibodies indicated that SARS-CoV-2
had been circulating in wild white-tailed deer.  Due to
the  wide  geographic  distribution and large  population
(approximately 30 million) of wild white-tailed deer in
North  America,  contact  between  human  and  wild
white-tailed deer could be achieved by several activities
such  as  wildlife  rehabilitation,  field  research,  practical
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FIGURE 1. The currently known host range of SARS-CoV-2. (A) Species that have been reported to be infected by SARS-
CoV-2 in nature. (B) Species that have reportedly been infected by SARS-CoV-2 via infection experiments.
Note: A solid arrow indicates that there is clear evidence showing the cross-species transmission direction of SARS-CoV-2,
while a dashed arrow indicates a possible cross-species transmission direction of SARS-CoV-2.
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conservation  work  and  some  wildlife-related  tourism,
supplemental  feeding,  captive  cervid  operations,  and
hunting  (13).  In  this  case,  it  increased  the  risk  that
SARS-CoV-2 from wildlife would spillback to humans.

Structural  and  functional  studies  identified  several
key  sites  from  both  SARS-CoV-2-RBD  and  ACE2.
Mutations at these sites are closely related to the cross-
species transmission of SARS-CoV-2. On SARS-CoV-
2-RBD, residues 493, 498, and 501 were identified as
key  mutation  hotpots  that  determine  the  host  range.
Mouse-adapted strains with N501Y mutation on RBD
were isolated after 6 passages cultured in aged mice by
wild  type  SARS-CoV-2  (14).  Another  2  mutations,
namely Q493K and Q498H were introduced to the S
protein  in  mouse-adapted  strains.  Retrospective
analysis  showed  that  Q493K  began  to  appear  after  5
passages and, notably, Q498H dominated after only 1
passage.  On  ACE2,  residues  41  and  42  were
recognized  as  the  critical  sites  for  SARS-CoV-2  RBD
binding.  Sequence  alignment  showed  that  these  two
residues  account  for  the  major  difference  in  the
interaction  network  with  SARS-CoV-2  RBD  among
different  ACE2  orthologs  (9).  There  are  4
combinations  at  these  2  sites  (Y41-Q42,  H41-Q42,
Y41-E42,  and  H41-E42).  Among  them,  Y41-Q42
combination  showed  the  highest  binding  affinity  to
SARS-CoV-2  RBD;  H41-Q42  showed  much  weaker;
Y41-E42 was weaker than that of H41-Q42; and H41-
E42  showed  the  weakest  binding  to  SARS-CoV-2
RBD. In addition, K31 and K353 have been reported
as a hotspot providing substantial amount of energy in
receptor  binding,  and  the  mutation  from  K353  to
A353  may  abolish  the  binding  capacity  of  ACE2  to
SARS-CoV-2-RBD. 

THE HOST EXPANSION OF
SARS-CoV-2 IS NOT OVER

The  host  expansion  of  coronaviruses  was  well
established (15). A previous study found some ongoing
mink-adapted  mutations  such  as  Y453F,  F486L,  and
N501T in the S protein; for example, Y453F has been
found  to  increase  in  hACE-2  affinity  (16).  Those
results  suggested  that  some  ongoing  mink-adapted
mutations posed a huge threat to public health if they
transmitted back to humans and even triggered further
community  transmission.  Due  to  the  fact  that  minks
are  bred  in  farms,  large-scale  slaughter  of  these  minks
can  effectively  prevent  mink-derived  SARS-CoV-2
variants from spreading and mutation accumulation in

the mink population. However, similar measures could
not  be  taken for  wild  animals.  Together  with  the  fact
that adaptive mutations are needed when cross-species
transmission  happens  and  then  circulate  among
populations of the new host, more efforts are needed to
survey  the  genetic  alterations  and  corresponding
impact of transmissibility and infectivity in humans in
these novel variants from wild white-tailed deer. Since
SARS-CoV-2  is  going  wild,  many  other  wild  animals
would also be infected with SARS-CoV-2 via direct or
indirect  contact  with  wild  white-tailed  deer  or  even
infected  patients.  Several  experimental  studies  have
demonstrated  several  animals  could  be  susceptible  to
SARS-CoV-2,  such  as  Egyptian  fruit  bats  (Rousettus
aegyptiacus),  marmosets  (Callithrix  jacchus),  macaques
(Macaca  fascicularis  and  Macaca  mulatta),  bank  voles
(Myodes  glareolus),  and  North  American  deer  mice
(Peromyscus  maniculatus)  (10).  However,  these are just
the  tip  of  the  iceberg  as  the  susceptibility  of  most
terrestrial  wild  animals  to  SARS-CoV-2  has  not  been
tested.  In  addition,  the  research  on  susceptibility  of
marine wildlife (especially marine mammals) to SARS-
CoV-2 is still lacking. Due to frequent marine human
activities (such as mariculture and marine fishing), the
frequency of human contact with marine organisms is
high.  If  some marine  organisms  are  highly  susceptible
to  SARS-CoV-2,  there  is  a  risk  that  SARS-CoV-2
could  be  transmitted  from  humans  to  marine
organisms, and worse, SARS-CoV-2 then might spread
in  the  marine  ecosystem,  which  may  lead  to  the
generation  of  some  novel  SARS-CoV-2  variants  with
unknown threats to humans. Therefore, it is necessary
to  carry  out  large-scale  SARS-CoV-2  screening  for
terrestrial  and  marine  wildlife,  especially  those
susceptible  ones,  in  order  to  monitor  the  status  of
infection  and  mutation  of  SARS-CoV-2  in  wild
animals,  so  as  to  formulate  further  prevention  and
control  strategies.  It  also  provides  more  clues  to  the
study  of  the  origin  and  cross-species  transmission  of
SARS-CoV-2. 
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