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Abstract	
  

RNA-­‐seq	
  technology	
  facilitates	
  the	
  study	
  of	
  gene	
  expression	
  at	
  the	
  level	
  of	
  individual	
  

exons	
  and	
  transcripts.	
  Moreover,	
  RNA-­‐seq	
  enables	
  unbiased	
  comparative	
  analysis	
  of	
  

expression	
   levels	
   across	
   species.	
   Such	
   analyses	
   typically	
   start	
   by	
   mapping	
  

sequenced	
  reads	
  to	
  the	
  appropriate	
  reference	
  genome	
  before	
  comparing	
  expression	
  

levels	
   across	
   species.	
   However,	
   this	
   comparison	
   requires	
   prior	
   knowledge	
   of	
  

orthology	
   at	
   the	
   exon	
   level.	
   With	
   this	
   in	
   mind,	
   I	
   constructed	
   a	
   database	
   of	
  

orthologous	
   exons	
   across	
   three	
   primate	
   species	
   (human,	
   chimpanzee,	
   and	
   rhesus	
  

macaque).	
  The	
  database	
  facilitates	
  cross-­‐species	
  comparative	
  analysis	
  of	
  exon-­‐	
  and	
  

transcript-­‐level	
  regulation.	
  A	
  web	
  application	
  allowing	
  for	
  an	
  easy	
  database	
  query:	
  

http://giladlab.uchicago.edu/orthoExon/	
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Introduction	
  	
  

Recently	
  developed	
  massively	
  parallel	
  sequencing	
  technologies	
  allow	
  for	
  

investigation	
  of	
  gene	
  expression	
  profiles	
  at	
  unprecedented	
  depth	
  (Fu	
  et	
  al,	
  2009;	
  

Marioni	
  et	
  al,	
  2008;	
  Mortazavi	
  et	
  al,	
  2008).	
  Termed	
  RNA-­‐seq,	
  this	
  approach	
  allows	
  

identification	
  of	
  exon-­‐,	
  allele-­‐	
  and	
  isoform-­‐specific	
  expression,	
  and	
  provides	
  many	
  

technical	
  advantages	
  over	
  existing	
  microarray	
  technologies,	
  such	
  as	
  higher	
  accuracy	
  

of	
  expression	
  measurement	
  and	
  lower	
  levels	
  of	
  background	
  noise	
  (Wang	
  et	
  al,	
  

2009).	
  	
  

Like	
  expression	
  microarrays,	
  RNA-­‐seq	
  can	
  be	
  applied	
  to	
  study	
  variation	
  in	
  

gene	
  expression	
  levels	
  across	
  species	
  and	
  individuals.	
  However,	
  a	
  clear	
  advantage	
  of	
  

RNA-­‐seq	
  over	
  traditional	
  microarray	
  technologies	
  is	
  the	
  ability	
  to	
  compare	
  

expression	
  at	
  the	
  levels	
  of	
  individual	
  exons	
  and	
  transcripts	
  (Gilad	
  et	
  al,	
  2009;	
  Wang	
  

et	
  al,	
  2009).	
  Specifically,	
  RNA-­‐seq	
  can	
  be	
  used	
  to	
  compare	
  exon-­‐level	
  expression	
  

across	
  different	
  species	
  (Blekhman	
  et	
  al,	
  2010).	
  In	
  practice,	
  this	
  can	
  be	
  done	
  by	
  

sequencing	
  mRNA	
  samples	
  from	
  multiple	
  species,	
  mapping	
  the	
  short	
  reads	
  against	
  

the	
  relevant	
  reference,	
  and	
  excluding	
  reads	
  that	
  do	
  not	
  map	
  to	
  a	
  unique	
  genomic	
  

location.	
  Then,	
  the	
  numbers	
  of	
  reads	
  that	
  fall	
  within	
  exons	
  can	
  be	
  compared	
  across	
  

species	
  to	
  identify	
  exon-­‐level	
  expression	
  differences.	
  However,	
  this	
  requires	
  prior	
  

knowledge	
  of	
  exon-­‐level	
  orthology	
  between	
  species,	
  and	
  currently,	
  no	
  such	
  database	
  

exists	
  for	
  primates.	
  In	
  addition,	
  in	
  many	
  available	
  annotations	
  (such	
  as	
  Ensembl)	
  a	
  

single	
  base	
  can	
  be	
  annotated	
  as	
  part	
  of	
  two	
  or	
  more	
  different	
  exons,	
  which	
  may	
  

complicate	
  any	
  comparison	
  of	
  exon-­‐specific	
  expression	
  levels.	
  	
  

Here,	
  I	
  present	
  an	
  annotation	
  of	
  orthologous	
  exons	
  in	
  three	
  primate	
  species:	
  

human,	
  chimpanzee,	
  and	
  rhesus	
  macaque.	
  This	
  database	
  allows	
  mapping	
  of	
  RNA-­‐seq	
  

reads	
  to	
  a	
  unique,	
  single	
  exon	
  in	
  each	
  of	
  the	
  three	
  primate	
  species,	
  and	
  also	
  provides	
  

information	
  on	
  orthology	
  between	
  exons	
  in	
  these	
  species.	
  Moreover,	
  this	
  dataset	
  

can	
  be	
  used	
  to	
  identify	
  differences	
  in	
  alternative	
  splicing	
  between	
  species	
  by	
  

examining	
  reads	
  that	
  span	
  orthologous	
  exon	
  junctions.	
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Database	
  description	
  

To	
  identify	
  orthologous	
  exons	
  in	
  human,	
  chimpanzee,	
  and	
  rhesus	
  macaque,	
  I	
  

used	
  a	
  three-­‐step	
  strategy	
  (Figure	
  1):	
  

	
  

(1)	
  For	
  each	
  annotated	
  human	
  exon,	
  identify	
  putative	
  orthologous	
  exons	
  in	
  

chimpanzee	
  and	
  rhesus	
  macaque;	
  

(2)	
  Exclude	
  exons	
  located	
  in	
  regions	
  with	
  repetitive	
  sequence	
  content	
  in	
  any	
  

of	
  the	
  species,	
  to	
  avoid	
  ambiguity	
  in	
  RNA-­‐seq	
  read	
  mapping;	
  

(3)	
  Merge	
  exons	
  from	
  the	
  same	
  gene	
  whose	
  genomic	
  locations	
  overlap	
  to	
  

create	
  a	
  final	
  set	
  of	
  orthologous	
  meta-­‐exons.	
  

	
  

A	
  full	
  description	
  of	
  the	
  methodology	
  is	
  available	
  in	
  the	
  Methods	
  section.	
  

Briefly,	
  as	
  a	
  starting	
  set,	
  I	
  used	
  all	
  known	
  human	
  Ensembl	
  exons.	
  I	
  then	
  used	
  Blat	
  

(Kent,	
  2002)	
  to	
  identify	
  likely	
  orthologous	
  exons	
  in	
  the	
  chimpanzee	
  and	
  rhesus	
  

macaque	
  genomes.	
  I	
  included	
  only	
  exons	
  with	
  a	
  high	
  similarity	
  between	
  species,	
  and	
  

did	
  not	
  allow	
  for	
  long	
  gaps	
  in	
  the	
  aligned	
  exon	
  sequences.	
  Next,	
  I	
  excluded	
  exons	
  

that	
  might	
  be	
  positioned	
  within	
  repetitive	
  regions	
  in	
  any	
  of	
  the	
  three	
  genomes,	
  as	
  

such	
  regions	
  might	
  be	
  particularly	
  susceptible	
  to	
  mapping	
  biases,	
  thus	
  leading	
  to	
  

detection	
  of	
  spurious	
  differences	
  in	
  expression	
  levels	
  across	
  species.	
  To	
  do	
  so,	
  I	
  

mapped	
  the	
  exons	
  of	
  each	
  species	
  against	
  that	
  species’	
  genome	
  using	
  Blat,	
  and	
  

excluded	
  from	
  further	
  analysis	
  exons	
  whose	
  sequence	
  is	
  highly	
  similar	
  to	
  at	
  least	
  

one	
  additional	
  region	
  in	
  the	
  genome	
  (see	
  supplementary	
  methods).	
  I	
  then	
  excluded	
  

from	
  the	
  analysis	
  any	
  exons	
  for	
  which	
  there	
  are	
  no	
  good	
  matches	
  in	
  both	
  

chimpanzee	
  and	
  rhesus	
  macaque,	
  resulting	
  in	
  a	
  set	
  of	
  high-­‐quality	
  orthologous	
  exon	
  

trios.	
  

Finally,	
  I	
  merged	
  regions	
  of	
  overlapping	
  exons,	
  to	
  allow	
  for	
  a	
  unique	
  mapping	
  

of	
  reads	
  to	
  a	
  single,	
  orthologous	
  exon	
  in	
  each	
  species.	
  To	
  do	
  so,	
  I	
  identified	
  all	
  cases	
  

of	
  overlapping	
  exons	
  (Ensembl	
  annotations	
  include	
  a	
  large	
  number	
  of	
  overlapping	
  

exons),	
  excluded	
  exons	
  that	
  were	
  overlapping	
  in	
  one	
  or	
  two,	
  but	
  not	
  in	
  all	
  three	
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species,	
  and	
  combined	
  the	
  remaining	
  set	
  of	
  overlapping	
  exons	
  as	
  appropriate	
  

(Figure	
  1).	
  	
  

The	
  full	
  analysis	
  outlined	
  above	
  was	
  repeated	
  twice,	
  generating	
  two	
  versions	
  of	
  the	
  

database:	
  (1)	
  hg18-­‐panTro2-­‐rheMac2	
  and	
  (2)	
  hg19-­‐panTro3-­‐rheMac2.	
  The	
  final	
  

dataset	
  defined	
  150,107	
  meta-­‐exons	
  (in	
  20,689	
  Ensembl	
  genes)	
  in	
  version	
  1,	
  and	
  

187,889	
  meta-­‐exons	
  (in	
  30,030	
  Ensembl	
  genes)	
  in	
  version	
  2.	
  

I	
  note	
  that	
  it	
  is	
  difficult	
  to	
  assess	
  the	
  quality	
  of	
  the	
  definitions,	
  since	
  there	
  is	
  

no	
  comparable	
  information	
  on	
  exon-­‐level	
  orthology.	
  Nevertheless,	
  it	
  is	
  possible	
  to	
  

assess	
  the	
  quality	
  of	
  the	
  gene-­‐level	
  orthology	
  using	
  available	
  information.	
  To	
  do	
  so,	
  I	
  

compared	
  the	
  orthologous	
  exon	
  genomic	
  positions	
  in	
  version	
  1	
  of	
  the	
  database	
  with	
  

a	
  set	
  of	
  orthologous	
  gene	
  trios	
  in	
  human,	
  chimpanzee,	
  and	
  rhesus	
  macaque,	
  

identified	
  recently	
  by	
  (Kosiol	
  et	
  al,	
  2008).	
  I	
  found	
  that	
  97.9%,	
  97.8%,	
  and	
  97.8%	
  of	
  

the	
  genomic	
  coordinates	
  that	
  I	
  defined	
  overlapped	
  the	
  genomic	
  positions	
  from	
  

(Kosiol	
  et	
  al,	
  2008)	
  in	
  the	
  genomes	
  of	
  human,	
  chimpanzee,	
  and	
  rhesus	
  macaque,	
  

respectively	
  (the	
  locations	
  of	
  97.7%	
  of	
  the	
  genes	
  overlapped	
  in	
  all	
  three	
  species),	
  

suggesting	
  our	
  method	
  performs	
  well.	
  

	
  

	
  

	
  

	
  

Fig.	
  1.	
   An	
  illustration	
  of	
  the	
  methodology	
  used	
  to	
  construct	
  the	
  database.	
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Database	
  web	
  interface	
  

I	
  have	
  constructed	
  a	
  web	
  application	
  for	
  database	
  queries	
  

(http://giladlab.uchicago.edu/orthoExon/).	
  The	
  web	
  application	
  was	
  designed	
  

using	
  PHP,	
  with	
  a	
  dedicated	
  MySQL	
  database	
  serving	
  as	
  the	
  back-­‐end.	
  The	
  user	
  

interface	
  was	
  developed	
  in	
  AJAX,	
  which	
  allows	
  for	
  asynchronous	
  data	
  retrieval	
  from	
  

the	
  MySQL	
  server	
  without	
  requiring	
  a	
  page	
  reload.	
  	
  

For	
  users	
  interested	
  in	
  orthologous	
  exon	
  information	
  for	
  a	
  specific	
  gene,	
  the	
  

interface	
  is	
  simple	
  and	
  intuitive,	
  with	
  a	
  single	
  text	
  box	
  where	
  the	
  user	
  can	
  input	
  a	
  

gene	
  name.	
  AJAX	
  was	
  used	
  to	
  incorporate	
  an	
  auto-­‐complete	
  feature,	
  which	
  displays	
  

possible	
  matching	
  gene	
  names	
  from	
  the	
  database	
  as	
  the	
  user	
  is	
  typing.	
  After	
  

choosing	
  a	
  gene	
  name,	
  the	
  database	
  information	
  available	
  for	
  that	
  gene	
  is	
  displayed	
  

(Figure	
  S1),	
  including	
  the	
  genomic	
  positions	
  of	
  all	
  the	
  orthologous	
  exons	
  in	
  the	
  three	
  

species.	
  There	
  are	
  options	
  to	
  download	
  the	
  exon	
  coordinates	
  as	
  a	
  bed	
  file,	
  download	
  

a	
  fasta	
  file	
  of	
  the	
  sequences,	
  download	
  the	
  multi-­‐species	
  alignment	
  of	
  orthologous	
  

exons,	
  and	
  to	
  view	
  all	
  exon	
  regions	
  in	
  the	
  UCSC	
  genome	
  browser	
  with	
  one	
  click	
  

(Figure	
  S2).	
  	
  

For	
  users	
  interested	
  in	
  the	
  full	
  dataset,	
  the	
  entire	
  contents	
  of	
  both	
  versions	
  of	
  

the	
  database	
  can	
  be	
  downloaded	
  from	
  the	
  website,	
  and	
  can	
  be	
  used	
  in	
  various	
  

genome-­‐wide	
  applications.	
  

Discussion	
  

I	
  constructed	
  a	
  database	
  of	
  orthologous	
  exons	
  in	
  human,	
  chimpanzee,	
  and	
  rhesus	
  

macaque,	
  and	
  designed	
  a	
  web	
  interface	
  for	
  easy	
  data	
  access	
  and	
  query.	
  The	
  database	
  

can	
  be	
  used	
  in	
  comparative	
  analysis	
  of	
  RNA-­‐seq	
  data	
  from	
  these	
  primate	
  species	
  to	
  

help	
  identify	
  differences	
  in	
  expression	
  at	
  the	
  exon-­‐level.	
  Moreover,	
  for	
  each	
  gene,	
  a	
  

measure	
  of	
  its	
  expression	
  can	
  be	
  obtained	
  by	
  summing	
  the	
  number	
  of	
  reads	
  mapped	
  

to	
  its	
  orthologous	
  exons.	
  This	
  allows	
  comparisons	
  of	
  expression	
  at	
  the	
  gene-­‐level	
  to	
  

be	
  performed.	
  Another	
  possible	
  use	
  for	
  this	
  database	
  is	
  in	
  comparative	
  analysis	
  of	
  

alternative	
  splicing,	
  namely,	
  identifying	
  differences	
  in	
  splice	
  variants	
  across	
  species.	
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This	
  can	
  be	
  achieved	
  by	
  finding	
  RNA-­‐seq	
  reads	
  that	
  map	
  to	
  orthologous	
  exon-­‐exon	
  

junctions.	
  	
  

A	
  possible	
  limitation	
  of	
  this	
  database	
  is	
  the	
  inclusion	
  of	
  orthology	
  

information	
  from	
  only	
  three	
  primate	
  species,	
  because	
  our	
  methodology	
  requires	
  a	
  

complete	
  genome	
  sequence	
  for	
  finding	
  orthologous	
  exons.	
  However,	
  as	
  genome	
  

sequences	
  from	
  more	
  species	
  are	
  completed,	
  I	
  will	
  add	
  information	
  from	
  additional	
  

primate	
  species	
  (such	
  as	
  orangutan	
  and	
  marmoset)	
  to	
  the	
  database,	
  thus	
  extending	
  

its	
  utility.	
  	
  

Methods	
  

The	
  approach	
  used	
  here	
  is	
  similar	
  to	
  the	
  one	
  used	
  in	
  (Blekhman	
  et	
  al,	
  2010),	
  with	
  

several	
  updates	
  and	
  additions.	
  I	
  chose	
  to	
  repeat	
  here	
  parts	
  of	
  the	
  text	
  from	
  

(Blekhman	
  et	
  al,	
  2010)	
  to	
  have	
  a	
  complete	
  and	
  accurate	
  description	
  of	
  the	
  pipeline	
  

used	
  to	
  construct	
  the	
  current	
  version	
  of	
  the	
  database.	
  

Identifying	
  human	
  orthologs	
  in	
  chimpanzee	
  and	
  rhesus	
  macaque.	
  We	
  

first	
  downloaded	
  genomic	
  coordinates	
  for	
  all	
  human	
  exons	
  in	
  the	
  Ensembl	
  database	
  

(http://www.ensembl.org,	
  release	
  50	
  and	
  release	
  64)	
  (Hubbard	
  et	
  al,	
  2009).	
  The	
  

following	
  analyses	
  was	
  performed	
  twice,	
  with	
  two	
  sets	
  of	
  genome	
  builds	
  and	
  

starting	
  exon	
  data,	
  generating	
  two	
  versions	
  of	
  the	
  database:	
  

(v1):	
  hg18,	
  panTro2,	
  and	
  rheMac2,	
  using	
  Ensembl	
  version	
  50	
  	
  

(v2):	
  hg19,	
  panTro3,	
  and	
  rheMac2,	
  using	
  Ensembl	
  version	
  64	
  	
  

I	
  used	
  Galaxy	
  (http://main.g2.bx.psu.edu/)	
  to	
  extract	
  the	
  corresponding	
  DNA	
  

sequences	
  from	
  the	
  human	
  genome,	
  obtained	
  sequence	
  data	
  for	
  520,023	
  exons	
  in	
  

36,397	
  Ensembl	
  annotated	
  genes	
  in	
  hg18,	
  and	
  1,179,300	
  exons	
  in	
  54,305	
  genes	
  in	
  

hg19.	
  

To	
  find	
  the	
  orthologous	
  sequences	
  for	
  the	
  human	
  exons	
  in	
  the	
  non-­‐human	
  

primates,	
  I	
  downloaded	
  the	
  full	
  genome	
  sequences	
  of	
  chimpanzee	
  (Pan	
  troglodytes,	
  

panTro2	
  and	
  panTro3	
  drafts)	
  and	
  rhesus	
  macaque	
  (Macaca	
  mulatta,	
  rheMac2	
  draft)	
  

from	
  the	
  UCSC	
  Genome	
  Browser	
  database	
  (www.genome.ucsc.edu).	
  Subsequently,	
  

for	
  each	
  human	
  exon,	
  I	
  used	
  Blat	
  (Kent,	
  2002)	
  to	
  find	
  the	
  putative	
  corresponding	
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positions	
  in	
  the	
  chimpanzee	
  genome	
  (hg19-­‐panTro3	
  and	
  hg18-­‐panTro2)	
  and	
  rhesus	
  

macaque	
  genome	
  (hg19-­‐rheMac2	
  and	
  hg18-­‐rheMac2).	
  Exons	
  for	
  which	
  the	
  best	
  hit	
  

had	
  less	
  than	
  96%	
  or	
  92%	
  identity	
  in	
  chimpanzee	
  or	
  rhesus	
  macaque	
  respectively,	
  

were	
  excluded	
  (percent	
  identity	
  was	
  defined	
  as	
  the	
  proportion	
  of	
  bases	
  in	
  the	
  query	
  

human	
  exons	
  for	
  which	
  a	
  perfect	
  match	
  was	
  found	
  in	
  the	
  non-­‐human	
  primate	
  target	
  

exon).	
  Further,	
  alignments	
  with	
  indels	
  longer	
  than	
  25bp	
  were	
  excluded.	
  This	
  

resulted	
  in	
  the	
  identification	
  of	
  222,287	
  orthologous	
  exons	
  (in	
  28,299	
  genes)	
  in	
  

hg18-­‐panTro2,	
  193,632	
  orthologous	
  exons	
  (in	
  24,598	
  genes)	
  in	
  hg18-­‐rheMac2,	
  

944,458	
  orthologous	
  exons	
  (in	
  44,948	
  genes)	
  in	
  hg19-­‐panTro3,	
  and	
  827,950	
  

orthologous	
  exons	
  (in	
  34,922	
  genes)	
  in	
  hg19-­‐rheMac2,	
  

Percent	
  identify	
  cutoff.	
  In	
  order	
  to	
  define	
  a	
  percent	
  identity	
  cutoff	
  I	
  mapped	
  

RNA-­‐seq	
  data	
  to	
  candidate	
  orthologous	
  exons,	
  and	
  identified	
  a	
  cutoff	
  that	
  

maximized	
  the	
  number	
  of	
  orthologous	
  exons	
  while	
  minimizing	
  any	
  possible	
  biases	
  

that	
  might	
  result	
  from	
  using	
  a	
  human-­‐specific	
  set	
  of	
  exons	
  as	
  our	
  input.	
  The	
  

methodology	
  for	
  selecting	
  a	
  percent	
  identity	
  cutoff	
  is	
  identical	
  to	
  the	
  one	
  used	
  in	
  

(Blekhman	
  et	
  al,	
  2010),	
  therefore	
  I	
  will	
  not	
  repeat	
  it	
  in	
  full	
  here.	
  Briefly,	
  I	
  used	
  a	
  

range	
  of	
  possible	
  cutoffs,	
  and	
  for	
  each	
  calculated	
  the	
  proportion	
  of	
  orthologous	
  

exons	
  that	
  were	
  retained,	
  and	
  estimated	
  the	
  bias	
  towards	
  higher	
  gene	
  expression	
  

levels	
  in	
  humans.	
  I	
  selected	
  cutoffs	
  for	
  which	
  this	
  bias	
  is	
  minimized	
  and	
  close	
  to	
  our	
  

a	
  priori	
  expectation	
  that	
  about	
  50%	
  of	
  genes	
  will	
  be	
  more	
  highly	
  expressed	
  in	
  

humans	
  relative	
  to	
  chimpanzee	
  or	
  rhesus	
  macaque.	
  	
  

Excluding	
  repetitive	
  regions	
  and	
  joining	
  overlapping	
  exons.	
  I	
  excluded	
  

exons	
  positioned	
  within	
  repetitive	
  regions,	
  in	
  any	
  of	
  the	
  three	
  genomes,	
  as	
  such	
  

regions	
  might	
  be	
  susceptible	
  to	
  mapping	
  biases,	
  thus	
  potentially	
  leading	
  to	
  the	
  

identification	
  of	
  spurious	
  differences	
  in	
  expression	
  levels	
  between	
  species.	
  To	
  do	
  so,	
  

I	
  used	
  Blat	
  to	
  map	
  all	
  of	
  a	
  species’	
  exons	
  against	
  its	
  own	
  genome,	
  and	
  excluded	
  any	
  

exon	
  for	
  which	
  (i)	
  the	
  best	
  hit	
  was	
  not	
  the	
  original	
  exon	
  position,	
  or	
  (ii)	
  the	
  second-­‐

best	
  hit	
  had	
  higher	
  than	
  90%	
  identity.	
  Of	
  the	
  remaining	
  set	
  of	
  orthologous	
  exons,	
  

163,487	
  and	
  291,868	
  were	
  shared	
  across	
  the	
  three	
  species	
  in	
  versions	
  1	
  and	
  2,	
  

respectively.	
  Finally,	
  I	
  identified	
  cases	
  where	
  two	
  (or	
  more)	
  orthologous	
  exons	
  

overlapped	
  one	
  another	
  in	
  all	
  three	
  species,	
  and	
  combined	
  such	
  exons	
  (I	
  excluded	
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exons	
  that	
  overlapped	
  in	
  only	
  a	
  subset	
  of	
  the	
  three	
  species).	
  This	
  resulted	
  in	
  the	
  

definition	
  of	
  150,107	
  meta-­‐exons	
  (in	
  20,689	
  Ensembl	
  genes)	
  in	
  v1,	
  and	
  and	
  187,889	
  

meta-­‐exons	
  (in	
  30,030	
  Ensembl	
  genes)	
  in	
  v2.	
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Figure	
  S1.	
  Design	
  of	
  the	
  database	
  web	
  application.	
  (A)	
  Input	
  text	
  box,	
  where	
  the	
  

user	
  enters	
  the	
  name	
  of	
  a	
  gene	
  of	
  interest.	
  (B)	
  auto-­‐suggested	
  gene	
  names	
  that	
  

match	
  the	
  text	
  entered	
  in	
  A.	
  (C)	
  A	
  table	
  displaying	
  the	
  orthologous	
  exon	
  positions	
  

found	
  in	
  the	
  database	
  for	
  FOXP3.	
  (D)	
  Links	
  allowing	
  the	
  user	
  to	
  download	
  the	
  

genomic	
  coordinates	
  as	
  a	
  BED	
  file,	
  download	
  fasta	
  files	
  of	
  the	
  sequences,	
  download	
  

the	
  sequence	
  alignment	
  of	
  orthologous	
  exons	
  and	
  displaying	
  the	
  positions	
  directly	
  

in	
  the	
  UCSC	
  genome	
  browser	
  (see	
  figure	
  S2).	
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Figure	
  S2.	
  Displaying	
  the	
  chimpanzee	
  (panTro2)	
  orthologous	
  exons	
  for	
  the	
  human	
  

(hg18)	
  FOXP3	
  gene	
  as	
  a	
  custom	
  track	
  (top,	
  in	
  red)	
  in	
  the	
  UCSC	
  genome	
  browser.	
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