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Abstract
Objective:  This  narrative,  non-systematic  review  provides  an  update  on  the  genetic  aspects  of
the SARS-CoV-2  virus  and  its  interactions  with  the  human  genome  within  the  context  of  COVID-
19. Although  the  main  focus  is  on  the  etiology  of  this  new  disease,  the  genetics  of  SARS-CoV-2
impacts  prevention,  diagnosis,  prognosis,  and  the  development  of  therapies.
Data source: A  literature  search  was  conducted  on  MEDLINE,  BioRxiv,  and  SciELO,  as  well  as
a manual  search  on  the  internet  (mainly  in  2019  and  2020)  using  the  keywords  ‘‘COVID-19,’’
‘‘SARS-CoV-2,’’  ‘‘coronavirus,’’  ‘‘genetics,’’  ‘‘molecular,’’  ‘‘mutation,’’  ‘‘vaccine,’’  ‘‘Brazil,’’
‘‘Brasil,’’  and  combinations  of  these  terms.  The  keywords  ‘‘Brazil’’  and  ‘‘Brasil’’  were  used  to
find publications  that  were  specific  to  the  Brazilian  population’s  molecular  epidemiology  data.
Articles most  relevant  to  the  scope  were  selected  non-systematically.
Data synthesis:  A  number  of  publications  illustrate  an  expanding  knowledge  on  the  genetics
and genomics  of  SARS-CoV-2  and  its  implications  for  understanding  COVID-19.
Conclusions:  Knowledge  of  the  SARS-CoV-2  genome  sequence  permits  an  in-depth  investigation
of the  role  its  proteins  play  in  the  pathophysiology  of  COVID-19,  which  in  turn  will  be  enormously
valuable  for  understanding  the  evolutionary,  clinical,  and  epidemiological  aspects  of  this  disease

and focusing  on  prevention  and  treatment.
© 2020  Sociedade  Brasileira  de  Pediatria.  Published  by  Elsevier  Editora  Ltda.  This  is  an  open
access article  under  the  CC  BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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On  December  31,  2019,  four  cases  of  pneumonia  of
nknown  etiology  in  Wuhan  (Hubei  province)  were  reported
o  the  Chinese  office  of  the  World  Health  Organization.1

n  record  time,  on  January  12,  2020,  Chinese  researchers
hared  the  genetic  sequence  of  the  etiological  agent,2 the
irus  that  would  be  called  SARS-CoV-23 and  caused  what
ame  to  be  known  as  COVID-19.4 On  February  26,  2020,
razil’s  first  case  of  COVID-19  was  confirmed  in  a  61-year-
ld  man  who  had  recently  traveled  to  the  Lombardy  region
f  Italy.5 A  day  later,  the  genome  of  the  SARS-CoV-2  virus
rom  this  patient  was  sequenced,  a  great  accomplishment
or  Brazilian  science.6 The  virus  has  a  unique  sequence
f  bases  that  differs  from  other  species  and  is  genetically
ifferent  enough  from  SARS-CoV-1  (genetic  similarity  of
pproximately  79%)  and  MERS-CoV  (50%)  to  be  considered

 new  virus.  Phylogenetic  analyses  placed  it  in  the  genus
etacoronavirus,  within  the  subgenus  Sarbecovirus  of  the
oronaviridae  family.7 The  main  goal  of  this  narrative,  non-
ystematic  review  is  to  provide  an  update  on  the  genetic
spects  of  the  SARS-CoV-2  virus  and  its  interactions  with  the
uman  genome  within  the  context  of  COVID-19.  Although  the
ain  focus  is  on  the  etiology  of  this  new  disease,  the  genet-

cs  of  SARS-CoV-2  impacts  prevention,  diagnosis,  prognosis,
nd  the  development  of  therapies.

ethod

he  published  scientific  literature  regarding  ‘‘Genetics  of
OVID-19’’  was  searched  in  a  variety  of  databases,  includ-

ng  MEDLINE,  BioRxiv,  and  SciELO,  as  well  as  a  manual  search
n  the  internet  (mainly  in  2019  and  2020),  to  ensure  that
he  majority  of  relevant  studies  had  been  identified.  The
uthor  called  out  several  keywords  (such  as  ‘‘COVID-19,’’
‘SARS-CoV-2,’’  ‘‘coronavirus,’’  ‘‘genetics,’’  ‘‘molecular,’’
‘mutation,’’  ‘‘vaccine,’’  ‘‘Brazil,’’  ‘‘Brasil’’)  so  others
an  identify  the  work  during  database  searches.  The  key-
ords  ‘‘Brazil’’  and  ‘‘Brasil’’  were  used  to  find  publications

hat  were  specific  to  the  Brazilian  population’s  molecu-
ar  epidemiology  data.  After  the  search  was  complete  and
ll  duplicates  were  thrown  out,  the  author  reviewed  the
bstracts  of  the  remaining  articles  to  ensure  that  they
ddress  our  review  question.  The  thirty-seven  articles  most
elevant  to  the  scope  were  non-systematically  selected.  The
uthor  summarized  and  synthesized  the  findings  from  the
rticles  found  and  integrated  them  into  the  writing  as  appro-
riate.

ata synthesis

he  genome  and  proteome  of  SARS-CoV-2

ike  other  coronaviruses,  the  genome  of  SARS-CoV-2  is  com-
osed  of  a  single  strand  of  RNA  with  a  positive  strand  (ready
or  translation  and  consequent  synthesis  of  its  proteins).  The
enome  is  considered  large,  with  29,903  base  pairs.  There
re  at  least  50  different  sites  where  translation  can  begin

open  reading  frames  ---  ORFs).  These  ORFs  are  each  of  the
NA  sequences  understood  to  include  a  start  codon  (AUG),

 stop  codon  (UAG,  UAA,  or  UGA),  and  the  codons  between
hem.  This  variable  origin  of  transcription  sequences  allows
he  SARS-CoV-2  virus  to  encode  for  around  50  proteins  that
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ave  non-structural,  structural,  and  accessory  functions.7,8

he  initial  two-thirds  of  the  RNA  sequence  encode  the  two
ain  transcriptional  units,  ORF1a  and  ORF1ab;  these  units
ncode  two  polyproteins  (PP1a  and  PP1ab,  respectively).
he  larger  unit,  PP1ab,  contains  ORFs  for  at  least  16  non-
tructural  proteins  (Nsp1−16).  The  non-structural  proteins
ave  various  functions  in  biological  phenomena  that  are
mportant  for  the  virus  such  as  replication,  correction  of
eplication  errors  (‘‘proofreading’’),  translation,  suppres-
ion  of  host  proteins,  immune  response  blockage,  and  RNA
tabilization.8 The  final  third  of  the  RNA  encodes  proteins
hat  define  the  structure  of  SARS-CoV-2  as  well  as  acces-
ory  proteins.  Accessory  genes  are  distributed  among  the
enes  that  encode  structural  proteins  and  the  3’  end  of  the
enome  and  contain  at  least  nine  ORFs  for  accessory  pro-
eins;  these  proteins  are  not  significant  for  viral  replication
ut  play  an  important  role  in  interactions  between  the  virus
nd  host,  including  modulating  and  blocking  the  produc-
ion  of  pro-inflammatory  cytokines.  Finally,  three  proteins
hat  structure  the  virus,  known  as  the  spike  (S),  membrane
M),  and  envelope  (E),  are  embedded  in  the  outer  mem-
rane  and  give  the  virus  its  distinct  shape  and  structure.
nside  the  virus  particle,  the  RNA  is  tightly  coiled  and  coated
ith  a  fourth  structural  protein,  nucleocapsid  (N),  which
rotects  its  genetic  material.7,8 New  data  shows  a  high-
esolution  map  of  the  SARS-CoV-2  coding  regions,  allowing
o  accurately  quantify  the  expression  of  canonical  viral  ORFs
nd  to  identify  23  unannotated  viral  ORFs.  The  new  ORFs
dentified  may  serve  as  novel  accessory  proteins  or  as  regu-
atory  units  controlling  the  balanced  production  of  different
iral  proteins.7,8 So,  it  is  possible  that  the  SARS-CoV-2  30-
housand-base-pairs  genome  actually  codes  for  50  and  not
7  proteins  (Figs.  1  and  2).9

ow  SARS-CoV-2  selects  the  target  cells,  fuses  its
embrane  with  the  host,  and  injects  its  RNA  into

he human  cell

he  spike  protein  (S)  is  encoded  by  3831  base  pairs  of  the
ARS-CoV-2  RNA.  Of  the  four  structural  proteins,  this  one
elects  which  type  of  cell  the  SARS-CoV-2  will  infect.  The
pike  connects  the  virus  and  the  human  cell  and  causes  the
iral  membrane  to  fuse  with  the  cytoplasmic  membrane  of
he  human  cell,  so  that  the  viral  RNA  can  be  injected  into
he  human  cell.  Recognition  of  the  membrane  receptors  in
he  cells  to  be  infected  is  the  mechanism  by  which  tropism
ccurs.  The  spike,  through  its  receptor-binding  domain
RBD),  recognizes  the  membrane  receptor  of  angiotensin-
onverting  enzyme  2  (ACE2),  a protein  expressed  mainly  in
he  lungs,  heart,  kidneys,  and  intestine.  By  selecting  ACE2  as

 target,  the  virus  also  selects  the  main  tissues  it  will  infect.
hen,  human  transmembrane  protease  serine  2  (TMPRSS2)
leaves  and  activates  the  spike  protein,  which  through  its
usion  peptide  fuses  the  viral  membrane  with  the  membrane
f  the  target  cell,  permitting  injection  of  the  SARS-CoV-2
NA  into  the  human  cell.10 Inside  the  cell,  the  human  protein

ynthesis  apparatus  (including  the  ribosomes,  endoplasmic
eticulum,  and  Golgi  complex)  is  commandeered  and  used
o  translate  the  proteins  of  SARS-CoV-2,  forming  countless
ew  virions  that  equip  themselves  to  invade  new  cells  before
estroying  the  cell  they  have  taken  over.  One  of  the  main
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Fig.  1  The  SARS-CoV-2  genome  has  many  ORFs  and  encodes  as  far  as  50  non-structural,  structural,  and  accessory  proteins.  Source:
Romano et  al.7.
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Fig.  2  Four  Structural  Proteins  in  SARS-CoV-2.  Spike  (S),  mem
providing the  distinct  shape  and  structure  of  the  virus.  Within  t
protein, nucleocapsid  (N).  Source:  Slater.9.

stages  in  this  process  is  unique  to  SARS-CoV-2  and  consists
of  pre-activation  of  a  spike  cleavage  site  by  furin,  a  human
protease  present  in  the  Golgi  apparatus.11 Furin  is  signifi-
cantly  expressed  in  lung  cells,  and  enveloped  viruses  take
advantage  of  this  fact  to  pre-activate  their  glycoproteins.
One  event  in  the  pre-activation  of  the  spike  protein  (pre-
proteolysis)  takes  place  in  the  Golgi  complex  of  infected  and
virus-producing  cells,  since  the  Golgi  contains  furins  acti-
vated  by  the  local  pH.  This  pre-activation  by  furin  seems
to  grant  better  selectivity  and  tropism  to  the  spike  with

relation  to  ACE2,  allowing  it  to  enter  cells  that  have  low
expression  of  other  proteases  such  as  TMPRSS2  and  lyso-
somal  cathepsins.  When  the  RBD  of  the  spike  connects  to
the  host’s  ACE2  receptor,  the  host  proteases  (particularly
TMPRSS2  and  lysosomal  cathepsins,  along  with  furin)  cleave

t
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 (M),  and  envelope  (E)  are  embedded  in  this  outer  membrane,
rus  particle,  the  RNA  is  tightly  coiled  and  coated  with  a  fourth

nd  activate  the  ‘‘pre-activated’’  spike  protein  at  the  S1/S2
unction,  where  a  cleavage  site  recognized  by  the  proteases
s  present.  Activation  of  this  site  exposes  a  second  pro-
ease  cleavage  site  (S2).  The  spike  protein  must  be  cleaved
equentially  at  both  sites,  S1/S2  and  S2,  to  be  effectively
ctivated.12 Acquisition  of  the  furin  cleavage  site  might  be
iewed  as  a  ‘gain  of  function’  that  enabled  a  bat  CoV  to
ump  into  humans  and  begin  its  current  epidemic  spread.  As
e  can  see,  the  SARS-CoV-2  has  evolutionary  mechanisms

hat  make  it  very  infectious,  but  not  so  lethal  to  the  point

hat  it  self-destructs  with  the  death  of  the  host  it  invades
r  attracts  the  attention  of  our  immune  system.  Excessive
ethality  of  an  infectious  agent  impedes  it  from  spread-
ng  from  host  to  host,  in  cases  such  as  MERS  (Middle  East
espiratory  syndrome)  and  Ebola,  which  despite  extremely
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Fig.  3  Spike  is  subdivided  into  two  subunits,  S1  and  S2

igh  lethality  rates  did  not  lead  to  pandemics  like  COVID-19
Fig.  3).

ow  SARS-CoV-2  tries  to  evade  immune  defenses

he  RBD  of  the  spike  in  SARS-CoV-2  has  a  high  affinity
ith  ACE2  but  is  less  accessible  to  the  receptor  because  of

he  shaping  of  the  trimers  that  comprise  the  structure  of
he  spike.  The  dynamic  state  of  RBD  in  coronavirus  spikes
xplains  this  paradox;  the  RBD  in  coronaviruses  can  either
e  ‘‘up,’’  which  allows  it  to  connect  with  the  receptor,  or
‘down,’’  when  it  cannot  bind  with  receptors.  In  the  SARS-
oV-1  spike  the  RBD  is  usually  ‘‘up’’  but  in  the  spike  protein

n  SARS-CoV-2  the  RBD  is  generally  ‘‘down’’.  For  this  reason,
ven  though  the  RBD  of  SARS-CoV-2  has  just  as  much  affinity
ith  ACE2  as  the  RBD  in  SARS-CoV-1,  it  is  less  accessible  than

n  SARS-CoV-1,13 and  as  a  result,  SARS-CoV-2  is  less  exposed
o  human  immune  response.  SARS-CoV-2  makes  up  for  this
eakness  with  at  least  three  evolutionary  advantages.

Of  all  the  coronaviruses,  only  SARS-CoV-2  has  a  genetic
equence  featuring  an  insertion  of  12  base  pairs  (4  amino
cids)  in  the  spike,  called  the  polybasic  site.  The  four  amino
cids  inserted  into  the  sequence  form  an  exposed  loop,
ncreasing  the  susceptibility  of  the  S  protein  to  cleavage
ediated  by  protease,  which  facilitates  infection  by  SARS-
oV-2.  The  insertion  sequence  also  generates  a  cleavage  site
or  the  protease  furin.  The  insertion  sequence  is  unique  and
as  not  been  found  in  any  other  known  coronavirus,  not  even
n  the  RaTG12  coronavirus  (in  bats),  which  is  highly  homol-
gous  to  SARS-CoV-2.  This  insertion  probably  makes  up  for
he  poor  accessibility  of  the  SARS-CoV-2  RBD  with  ACE2.14
re-activation  by  the  host  proteases

re-activation  of  the  spike  in  SARS-CoV-2  by  furin  expands
he  virus’s  ability  to  enter  the  types  of  cell  lines  that
xpress  ACE2,  including  pulmonary  fibroblasts  and  epithe-

a
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ch  with  a  different  function.  Source:  Andersen  et  al.13.

ium.  TMPRSS2  and  lysosomal  cathepsin  activate  the  entry  of
ARS-CoV-2  and  both  have  cumulative  effects  with  the  pro-
ease  furin  when  SARS-CoV-2  enters  the  cell;  in  comparison,
he  entry  of  the  SARS-CoV-1  virus  is  activated  by  TMPRSS2
nd  cathepsins,  but  not  by  furin.15

The  presence  of  O-glycosidic  bonds  alongside  the  cleav-
ge  site

The  insertion  of  a  proline  at  the  junction  between  S1  and
2  before  the  12-base-pair  insertion  site  results  in  the  addi-
ion  of  O-glycosidic  bonds  in  serines  and  threonines  (S673,
678,  and  S686)  flanking  the  cleavage  site,  which  are  unique
o  SARS-CoV-2.  The  O-glycosidic  bonds  can  create  a m̈ucin-
ike  domainẗhat  protects  epitopes  or  key  residues  in  the  S
rotein  of  SARS-CoV-2.  Various  viruses  use  this  domain  as
lycan  shields  for  immunoevasion16 (Fig.  4).

here  did  SARS-CoV2  come  from?

his  question  can  be  answered  by  comparing  different  virus
enomes  in  order  to  find  the  nearest  genetic  homology.
he  SARS-CoV-2  shares  79.5%  of  its  genome  with  SARS-
oV-1  and  exhibits  a  remarkable  93.1%  homology  with  the
equence  of  the  RaTG12  virus  isolated  from  a  bat  (Rhinolo-
hus  affinis) from  Yunnan  province,  China,  2,000  km  from
uhan.  Although  the  genome  of  RaTG13  has  96%  homology
ith  the  genome  of  the  SARS-CoV-2,  its  S protein  differs

n  the  RBD,  indicating  that  it  would  not  be  able  to  effec-
ively  connect  to  human  ACE2.  Furthermore,  direct  contact
etween  bats  and  humans  is  rare,  so  it  is  more  likely  that
he  transmission  of  SARS-CoV-2  to  humans  occurs  through
n  intermediary  host  (and  not  directly  from  bats),  as  was
he  case  in  SARS-CoV-1  and  MERS-CoV.  As  far  as  it  is  known,

fter  Bat-CoV-RaTG13,  the  virus  with  the  greatest  genetic
omology  to  the  SARS-CoV-2  is  the  coronavirus  that  infects
ertain  Malayan  pangolins  (Manis  javanica).17 Considering
nly  the  homology  of  the  RBD  in  SARS-CoV-2,  the  pangolin
oronavirus  genome  sequence  is  more  homologous  than  the
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Fig.  4  Among  all  of  the  coronaviruses,  only  SARS-CoV-2  has  th
before the  first  s1/s2  cleavage  site.  Source:  Andersen  et  al.13.

bat  coronavirus  RaTG12.  Six  amino  acids  in  the  RBD  have
been  described  as  determinants  for  an  efficient  connec-
tion  between  SARS-CoV-2  and  ACE2,  and  the  genome  of
the  Malayan  pangolin  contains  precisely  these  six  amino
acids  in  the  same  positions.  The  bat  coronavirus  RaTG13
has  the  same  amino  acid  as  the  SARS-CoV-2  in  only  one  of
these  six  positions  in  the  RBD,  although  the  bat  coronavirus
RaTG13  is  more  homologous  to  the  SARS-CoV-2  considering
the  genome  as  a  whole.  A  new  bat  coronavirus  identified
in  227  bats  collected  from  Yunnan  province,  China  called
RmYN02  is  notable  for  the  insertion  of  nitrogenous  base  pairs
in  the  spike,  which  is  very  similar  to  the  unique  insertion  of
SARS-CoV-2  (the  polybasic  site).  RmYN02  has  a  nucleotide
sequence  homology  of  93.3%  to  the  SARS-CoV-2,  and  this
rises  to  97.2%  in  the  ORF1ab  sequence,  which  is  the  most
homologous  to  SARS-CoV-2.  But  in  the  RBD  RmYN02  is  less
homologous  (61.3%)  to  the  SARS-CoV-2  and  may  not  be  able
to  connect  to  the  ACE2.  The  bat  coronavirus  RATG13  may
have  obtained  the  RBD  sequence  that  connects  to  the  human
ACE2  receptor  through  recombination  with  the  coronavirus
from  the  Malayan  pangolin,  and  the  polybasic  site  through
recombination  with  the  bat  coronavirus  RmYN02.18

This  complex  evolutionary  pattern  raises  the  hypothesis
of  recombination  between  multiple  viral  genomes  impacted
by  natural  selection  before  or  during  the  evolutionary  leap
to  human  infection.

Could  SARS-CoV-2  have  been  created  in  a
laboratory?

Various  pieces  of  scientific  evidence  indicate  that  it  is  very
unlikely  that  SARS-CoV-2  was  created  in  a  laboratory,  either
intentionally  or  by  accident.

1 The  genome  of  the  SARS-CoV-2  has  several  differences
from  other  coronaviruses  besides  the  12-base  pairs  for

insertion.  The  virus  with  the  greatest  genetic  homology  is
the  bat  coronavirus  RaTG13,  which  shares önly9̈6%  of  its
genome  with  the  SARS-CoV-2  (1200  different  nitrogenous
base  pairs);  no  laboratory  technology  can  simultaneously
handle  1200  nitrogenous  base  pairs  modifications.
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ertion  of  4  amino  acids  in  the  spike  located  between  s1  and  s2,

 The  presence  of  unique  sugar-fixing  sites  (O-glycosidic
bonds)  in  the  SARS-CoV-2  genome  is  another  clue  that
the  virus  is  natural.  The  sugars  create  a m̈ucin  shieldẗhat
protects  the  virus  from  attack  by  the  immune  system.
Since  tissue  culture  plates  in  laboratories  do  not  have
an  immune  system,  it  is  unlikely  that  such  an  adaptation
would  appear  in  a  laboratory-grown  virus,  essentially  top-
pling  the  hypothesis  that  the  virus  was  multiplied  in  tissue
culture.

 The  presence  of  an  RBD  very  similar  to  that  of  SARS-CoV-2
in  Malayan  pangolins  allows  us  to  infer  that  this  probably
also  occurred  in  the  virus  that  was  transmitted  to  humans,
indicating  that  the  polybasic  insertion  at  the  cleavage  site
may  have  occurred  during  human-to-human  transmission.

 The  RBD  in  the  SARS-CoV-2  is  different  from  that  of  the
SARS-CoV-1,  and  the  SARS-CoV-2’s  connection  to  ACE2  is
not  ideal,  which  implies  that  other  connection  mech-
anisms  (d̈own’’  RBD  and  the  polybasic  cleavage  site
providing  pre-activation  via  furin)  resulted  from  natural
selection.  For  this  reason,  not  only  the  understanding  that
its s̈trengthsëvolved  naturally  but  also  the  existence  of
ẅeak  points̈in the  SARS-CoV-2  suggest  that  the  virus  was
not  artificially  manipulated.

oes  the  SARS-CoV-2  have  a high  mutation  rate?

he  coronavirus  genome  is  one  of  the  largest  among  the  RNA
iruses,  and  it  is  natural  for  variations  to  occur.  However,
esearchers  have  found  that  the  coronavirus  is  mutating
elatively  slowly  compared  to  other  RNA  viruses.  This  is
artly  because  proofreading  proteins  like  ExoN  (encoded  by
he  non-structural  protein  Nsp14)  are  able  to  correct  some
rrors.  The  average  mutation  rate  is  approximately  8 ×  10−4
ubstitutions  per  nucleotide  per  year.  Since  the  RNA  of
he  SARS-CoV-2  has  almost  30,000  nucleotides,  approxi-
ately  23,127  substitutions/year  are  expected,  roughly  2
er  month.19 This  data  was  recently  obtained  for  the  strains
resent  in  the  Brazilian  population,  estimated  at  1.3  ×  10−3

ubstitutions  per  nucleotide  per  year,  the  equivalent  to  an
verage  of  33  variations  per  year,  which  is  slightly  higher
han  the  global  average.  Even  so,  the  mutation  rate  is  lower
han  in  SARS-CoV-1  or  influenza.  This  does  not  mean  that  new
trains  of  SARS-CoV-2  even  more  pathogenic  than  those  cur-
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ently  circulating  may  not  emerge.  One  reason  (but  not  the
nly  one,  and  not  a  sufficient  criterion)  to  suspect  that  a  cer-
ain  mutation  is  being  selected  because  it  has  an  important
henotypic  consequence  is  to  monitor  whether  it  is  attaining

 high  frequency  in  the  population.  Thanks  to  the  extraor-
inary  worldwide  collaborative  efforts  to  sequence  and
ublicly  share  information  on  the  thousands  of  SARS-CoV-2
enomes,20 fourteen  variants  with  slightly  higher  frequen-
ies  have  already  been  identified.21 The  majority  of  these
ariants  have  no  functional  effect,  follow  a  neutral  evo-
utionary  dynamic,  and  often  involve  mutational  hotspots.
he  most  notable  among  those  variants  that  have  reached

 relevant  frequency  is  D614G,  in  which  guanine  is  replaced
ith  adenine  in  position  23,403  at  terminal  C  of  S1  in  the

pike.  In  Europe,  where  G614  began  its  expansion,  the  D614
nd  G614  forms  were  co-circulating  at  the  beginning  of  the
pidemic,  although  D614  was  more  common  in  most  of  the
ountries  surveyed.  In  March  2020,  G614  became  increas-
ngly  common  throughout  Europe,  and  by  April  it  dominated
he  sampling  at  that  time.  There  is  growing  evidence  that
his  variant  may  have  an  effect  on  transmission  capacity  and
ven  on  the  severity  of  the  COVID-19  infection.  The  G614
utation  may  decrease  interaction  between  the  S1  and  S2
nits,  facilitating  S1’s  detachment  from  S2  (connected  to  the
iral  membrane).  Some  studies  suggest  that  G614  spread  so
apidly  through  the  region  because  the  SARS-CoV-2  with  this
ariant  would  be  more  infectious,  and  perhaps  even  associ-
ted  with  a  higher  viral  load,  but  these  same  studies  found
o  difference  in  hospitalization  rates.22 Other  authors  sug-
est  that  the  predominance  of  this  variant  as  the  pandemic
pread  (and  its  low  prevalence  during  the  initial  stages)
ould  be  related  to  the  deletion  of  a  single  nucleotide  in
he  TMPRSS2  gene;  this  deletion  is  frequent  in  Europeans
nd  North  Americans,  but  rare  in  Asia.  The  G614  variant
ntroduces  a  cleavage  site  for  the  protease  TMPRSS2.  The
resence  of  this  variant  of  a  single  nucleotide  in  the  TMPRSS2
ene  could  interfere  in  the  virus-host  relationship.23 It  is
till  not  clear  whether  the  G614  variant  is  a  result  of  natural
election  or  what  it  may  really  mean  for  the  COVID-19  pan-
emic.  Will  it  make  the  pandemic  more  difficult  to  control?  Is
t  making  the  SARS-CoV-2  more  infectious?  Will  it  affect  the
evelopment  of  therapies  and  treatments?  Further  studies
re  needed  to  address  these  questions.24

olecular  epidemiology  of  the  SARS-CoV-2  in  Brazil

rom  the  start  of  the  pandemic,  Brazil  has  stood  out  for
ts  ability  to  quickly  sequence  the  SARS-CoV-2  genome  in
razilians.  These  first  efforts,  since  they  took  place  at  the
ery  beginning  of  the  pandemic  and  involved  small  samples,
irrored  another  form  of  propagation  through  transmis-

ion  coming  from  the  outside.  At  first,  works  sequencing
ARS-CoV-2  genomes  in  the  Brazilian  population  were  pub-
ished,  reflecting  the  reality  of  patients  in  São  Paulo,5 Minas
erais,25 and  Amazonas,26 for  example.  More  recently  a
tudy  was  published  with  a  larger  sample  including  patients

rom  various  regions  of  Brazil  and  reflecting  local  community
ransmission.  To  investigate  the  strains  of  SARS-CoV-2  circu-
ating  in  the  country,  researchers  analyzed  the  genomes  of
ARS-CoV-2  collected  from  Brazilian  patients  infected  dur-
ng  the  first  two  months  of  the  COVID-19  outbreak.  The
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amples  were  collected  between  February  29  and  April  28,
020,  from  individuals  living  in  10  Brazilian  states  in  the
outheast  (Rio  de  Janeiro  and  Espírito  Santo),  midwest  (Fed-
ral  District),  north  (Acre,  Amapá,  and  Pará),  northeast
Alagoas,  Bahia,  and  Maranhão)  and  south  (Santa  Cata-
ina).  Only  seven  individuals  reported  international  travel  or
ontact  with  people  who  had  traveled.  Six  different  strains
f  SARS-CoV-2  (A.2,  B.1,  B.1.1,  B.2.1,  B.2.2,  and  B.6)  were
etected  in  the  samples.  The  majority  of  these  Brazilian
equences  of  SARS-CoV-2  were  classified  as  the  B.1  clade
95%,  n  =  90),  particularly  the  B.1.1  subclade  (92%,  n  =  87).
he  prevalence  of  the  B.1.1  subclade  in  this  sample  (92%)
as  much  higher  than  that  observed  in  other  earlier  Brazil-

an  sequences  (36%).  The  B.1.1  clade  was  the  only  lineage
etected  in  individuals  without  recent  international  travel,
hile  four  different  strains  (B.1,  B.1.1,  B2.1,  and  B.6)  were
etected  among  the  six  individuals  who  reported  recent
nternational  travel  (imported  cases)  and  their  contacts.
esides  sharing  the  three  nucleotide  mutations  character-
stic  of  the  B.1.1  clade  (G28881A,  G28882A,  G28883C),  the
equences  in  the  B.1.1.EU/BR  and  B.1.1.BR  clusters  harbor  a
on-synonymous  T29148C  mutation  in  the  nucleocapsid  pro-
ein  (I292  T);  another  non-synonymous  T27299C  mutation  in
RF6  (R33  T)  was  shared  only  by  sequences  in  the  B.1.1.BR

ineage.  The  T29148C  and  T27299C  mutations  were  not
etected  in  the  other  7551  B.1.1  genomes  found  worldwide,
orroborating  the  hypothesis  that  they  are  synapomorphic
raits  of  the  B.1.1.EU/BR  and  B.1.1.BR  clades,  respectively.
he  B.1.1.EU/BR  clade  was  highly  prevalent  in  Minas  Gerais
nd  was  also  detected  in  the  Federal  District,  while  the
.1.1.BR  clade  was  predominant  in  Rio  de  Janeiro  and
lso  identified  in  some  samples  from  the  north,  midwest,
nd  northeast  regions.  Notably,  none  of  these  strains  were
etected  in  the  most  populous  state,  São  Paulo.27

Another  important  genomic  surveillance  study  was  per-
ormed  by  Brazilian  researchers  and  recently  published  in
he  journal  Science,  exhibiting  broad  knowledge  about  the
pidemic  transmission  and  evolutionary  trajectory  of  the
ARS-CoV-2  lineages  in  Brazil.  These  authors  sequenced  427
enomes  of  patients  residing  in  85  municipalities  of  18
tates  across  all  regions  of  Brazil  and  identified  over  100
nternational  introductions  of  strains  into  Brazil;  São  Paulo
ccounted  for  36%  of  these  imports,  Minas  Gerais  24%,  Ceará
0%,  and  Rio  de  Janeiro  8%.  They  estimated  that  76  of
he  Brazilian  strains  of  SARS-CoV-2  fall  into  three  clades
nd  were  introduced  from  Europe  between  February  22  and
arch  11,  2020.  This  group  also  showed  that  clade  1  circu-

ates  primarily  in  the  state  of  São  Paulo,  clade  2  in  16  states,
nd  clade  3  in  the  state  of  Ceará.  Clades  1  and  2  represent
he  majority  of  these  lineages  in  the  states  of  Pará  and  Ama-
onas;  the  latter  group  is  associated  with  multiple  entries,
oth  from  within  Brazil  as  well  as  international.  They  con-
luded  that  changes  in  mobility  may  impact  the  global  and
he  local  transmission  of  SARS-CoV-2,  in  a  sophisticated  and
legant  combination  of  genomic  and  mobility  data  allied
ith  traditional  epidemiological  surveillance  strategies.28

These  studies  clearly  demonstrate  the  significant  bene-

ts  to  the  country  from  investment  in  research,  particularly
n  terms  of  aspects  that  might  not  attract  the  attention  of
esearchers  abroad.  Understanding  the  molecular  epidemi-
logy  of  the  SARS-CoV-2  in  a  country  that  spans  an  entire
ontinent,  like  Brazil,  has  a  major  impact  on  understand-
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Genetics  of  COVID-19  

ing  its  evolution  and  developing  public  health  strategies  to
combat  the  virus.

What  is  the  role  of  the  human  genome  in  COVID-19?

All  infections  have  consequences  that  are  related  not  only  to
the  infectious  agent  but  also  to  the  host.  COVID-19  has  been
shown  to  be  extremely  heterogeneous  and  consequently
challenging  with  regard  to  understanding  its  multiple  clini-
cal  and  epidemiological  aspects.  It  is  no  exaggeration  to  say
that  seven  months  after  the  first  case  detected  in  the  world
we  have  more  questions  than  answers.

√
Why  children  are  infected  less  frequently  and  less
severely?√
Why  do  some  healthy  young  adults  get  seriously  ill?√
Why  do  many  people  remain  asymptomatic?√
Why  do  many  people  develop  mild  cases  while  others  are
so  serious?√
Why  do  more  men  die  of  COVID-19  than  women?√
Why  are  certain  ethnic  groups  more  affected  than  others?√
Why  is  such  a  large  portion  of  infections  associated  with
only  a  few  individuals?√
Why  do  some  patients  remain  RT-PCR  positive?√
Why  do  some  take  so  long  to  become  IgG  positive?√
Why  do  some  respond  better  to  certain  treatments?√
Why  do  some  take  so  long  to  recover  from  the  disease?

These  are  just  some  of  the  questions  that  the  scientific
community  still  does  not  know  how  to  answer.  At  least  some
of  the  answers  to  these  questions  are  expected  to  come  from
studies  that  investigate  not  only  the  genome  of  the  virus  but
also  the  human  genome  and  its  interactions  with  the  SARS-
CoV-2  genome.  Several  genes  are  natural  candidates  for
study,  including  those  that  are  known  to  play  a  crucial  role  in
our  immune  defense  system  (as  in  the  case  of  MHC/HLA  and
CCR5),  those  that  encode  for  the  membrane  receptors  that
bind  to  the  spike  in  SARS-CoV-2  (like  ACE2),  and  those  that
encode  for  proteases  that  activate  SARS-CoV-2  (like  TMPRSS2
and  lysosomal  cathepsins).  To  this  end,  an  international
research  consortium  on  genetic  factors  in  the  human  genome
has  been  organized.29 The  most  relevant  work  conducted
so  far  has  used  techniques  that  investigate  millions  of  vari-
ants  in  the  human  genome,  in  patients  with  COVID-19  and
controls,  without  indicating  candidate  genes  a  priori.30 This
study  assessed  1980  patients  with  severe  COVID-19  (defined
as  hospitalization  for  respiratory  insufficiency  and  confirmed
RT-PCR  for  SARS-CoV-2)  and  2381  participants  as  controls
from  Italy  and  Spain.  Greater  risk  was  found  among  per-
sons  with  blood  type  A  than  other  blood  types  (odds  ratio:
1.45;  95%  CI,  1.20---1.75;  p  =  1.48  ×  10−4),  and  O  type  blood
had  a  protective  effect  compared  with  other  types  (odds
ratio:  0.65;  95%  CI,  0.53---0.79;  p  =  1.06  ×  10−5).  On  chro-
mosome  3,  more  specifically  at  3q21.31,  the  association
peak  spanned  a  cluster  of  six  genes  (SLC6A20,  LZTFL1,  CCR9,
FYCO1,  CXCR6,  and  XCR1),  several  of  which  have  functions

that  may  be  relevant  to  COVID-19.29 More  detailed  stud-
ies  are  needed  to  investigate  whether  these  findings  can
be  replicated  and  also  to  understand  how  and  why  these
genes  could  impact  the  relationship  between  the  genome
of  human  host  and  SARS-CoV-2.  Even  more  intriguing,  this
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luster  of  six  genes  in  3p21.31  was  shown  to  be  derived
rom  part  of  the  Neanderthal  genome  that  was  inherited
y  modern  humans.31 Only  future  studies  will  determine  the
volutionary  significance  of  this  finding.

One  of  the  more  surprising  and  intriguing  clini-
al/epidemiological  aspects  of  COVID-19  is  the  indisputable
act  that  children  rarely  experience  the  more  severe  forms
f  the  disease,  but  some  display  a  unique  Multisystem
nflammatory  Syndrome.  These  aspects  have  recently  been
iscussed  in  the  Editorial  section  of  this  journal.32 Emergent
tudies  that  indicate  substantial  differences  in  gene  expres-
ion  of  the  ACE2  membrane  receptor  and  TMPRSS2  (in  nasal
s  well  as  lung  epithelial  cells)  are  particularly  important  in
ediatrics.  Children  have  lower  expression  of  these  proteins,
hich  are  the  real  entryways  to  the  body  for  SARS-CoV-2,
nd  that  may  partly  explain  why  COVID-19  evidently  spares
he  pediatric  population  compared  to  adults  and  the  elderly
n  particular.33,34

Not  only  genetic  variants  but  also  interactions  between
ARS-CoV-2  and  human  proteins  are  being  investigated,
specially  in  the  cells  of  the  heart  and  lungs,  the  two  organs
ost  affected  by  COVID-19.  Studies  of  the  ‘‘cardiac  interac-

ome’’  indicate  the  importance  of  microRNA  as  biomarkers
hat  predict  severity,35 and  research  on  the  interactome  of
ung  cells  showed  potential  ACE2  regulators  in  the  human
ung,  including  genes  related  to  modifications  of  histones
uch  as  HAT1,  HDAC2,  and  KDM5B.36

enetic  vaccines

ver  320  vaccines  for  COVID-19  are  being  developed,  and
2  of  these  are  already  in  clinical  trials  in  humans.  The
reat  novelties  are  ‘‘genetic’’  vaccines,  which  thanks  to
enetic  engineering  and  vectors  carry  copies  of  SARS-CoV-

 genes  (particularly,  for  the  spike)  or  those  that  directly
nject  synthetic  mRNA  from  SARS-CoV-2  to  evoke  an  immune
esponse.  These  mRNA  vaccines  lower  the  risk  of  integrat-
ng  into  the  host’s  genome,  an  advantage  of  mRNA  over
NA  vaccines.37 These  genetic  vaccines  for  COVID-19  were
eveloped  at  an  impressive  speed,  since  from  previous  Coro-
avirus  research,  the  antigen  role  of  the  spike  protein  and
ntibodies  against  it  were  already  known  to  be  fundamental
n  immunity.  A  contribution  came  from  the  record-breaking
peed  with  which  the  SARS-CoV-2  genome  was  sequenced
fter  confirmation  of  the  first  cases  in  China,  in  turn  leading
o  significant  progress  in  the  nucleic  acid  vaccine  platforms
hat  allow  the  quick  production  of  thousands  of  copies  of
he  vaccine.  One  of  these  mRNA  vaccines  was  the  first  to
nter  clinical  trials  and  began  to  be  developed  as  soon  as
he  genetic  sequence  of  SARS-CoV-2  was  published  on  Jan-
ary  10,  2020.  The  first  45  volunteers  received  the  vaccine
n  phase  1  trials  on  March  16,  2020,  66  days  after  the  pub-
ication  of  the  genomic  sequence.  The  phase  1  results  of
his  vaccine  were  published  on  July  14,  2020.38 Even  before
he  phase  1  results  publication,  phase  2  trials  began  on  May
1,  2020,  involving  300  young  adults  and  50  adults  over  the

ge  of  55.  Phase  3  trials  that  will  involve  30,000  people
re  underway  at  the  time  of  writing,  and  23,947  partici-
ants  have  enrolled  as  of  Friday,  September  11,  2020.  The
ime  needed  to  test  and  produce  vaccines  (usually  around  a
ecade)  was  reduced  to  one  year.
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onclusions

nprecedented  global  efforts  to  sequence  the  SARS-CoV-2
enome  in  record  time  and  study  it  in  detail  could  make
ll  the  difference  in  how  we  deal  with  this  threatening
andemic.  Investments  in  local  industrial  installations  that
an  produce  reagents  for  molecular  biology  and  pharma-
euticals,  as  well  as  in  genetic  research  and  in  human  and
nstitutional  resources  for  studying  genomes  have  clearly
ecome  a  strategic  objective  for  every  country  that  wants
o  be  self-sufficient  now  and  during  future  pandemics.  Inde-
endence  in  this  field  of  knowledge  is  not  a  matter  of
tatus  or  elitism,  but  rather  is  vital  for  understanding  the
pidemiology  and  spread  of  these  infectious  agents  among
ur  population,  quickly  recognizing  potential  evolutionary
hanges,  diagnosing  individuals  through  the  genomic  test-
ng  of  these  infectious  agents,  understanding  clinical  and
herapeutic  variability,  and  developing  safe  and  effective
accines  with  the  degree  of  urgency  that  is  clearly  nec-
ssary  to  combat  COVID-19.  The  main  limitations  of  this
eview  come  from  what  is  still  unknown  regarding  the  genet-
cs  of  COVID-19,  the  unprecedented  volume  and  speed  of
cientific  information  about  COVID-19  with  new  data  accu-
ulating  on  a  daily  basis,  and  the  fact  that  we  are  writing

t  in  the  middle  of  the  pandemic.  For  sure  there  will  be
aluable  new  information  not  included  in  this  review  by  the
ime  it  is  published.  Even  so,  this  narrative  review  should  be
seful  as  a  basis  for  understanding  the  genetics  of  COVID-
9.
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