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Abstract	
  

	
  

Teleost	
   fish	
   are	
   important	
   models	
   for	
   human	
   biology,	
   health,	
   and	
   disease.	
  

Because	
   genome	
   duplication	
   in	
   a	
   teleost	
   ancestor	
   (TGD)	
   impacts	
   the	
   evolution	
   of	
  

teleost	
  genome	
  structure	
  and	
  gene	
  repertoires,	
  we	
  must	
  discriminate	
  gene	
  functions	
  

that	
   are	
   shared	
   and	
   ancestral	
   from	
   those	
   that	
   are	
   lineage-­‐specific	
   in	
   teleosts	
   or	
  

tetrapods	
   to	
   accurately	
   apply	
   inferences	
   from	
   teleost	
   disease	
   models	
   to	
   human	
  

health.	
  Generalizations	
  must	
  account	
  both	
  for	
  the	
  TGD	
  and	
  for	
  divergent	
  evolution	
  

between	
   teleosts	
   and	
   tetrapods	
  after	
   the	
   likely	
   two	
   rounds	
  of	
   genome	
  duplication	
  

shared	
   by	
   all	
   vertebrates.	
   Progress	
   in	
   sequencing	
   techniques	
   provides	
   new	
  

opportunities	
   to	
   generate	
   genomic	
   and	
   transcriptomic	
   information	
   from	
   a	
   broad	
  

range	
  of	
  phylogenetically	
   informative	
  taxa	
  that	
   facilitate	
  detailed	
  understanding	
  of	
  

gene	
  family	
  and	
  gene	
  function	
  evolution.	
  	
  

We	
   illustrate	
   here	
   the	
   use	
   of	
   new	
   sequence	
   resources	
   from	
   spotted	
   gar	
  

(Lepisosteus	
  oculatus),	
   a	
   rayfin	
   fish	
   that	
  diverged	
   from	
   teleosts	
  before	
   the	
  TGD,	
   as	
  

well	
   as	
   RNA-­‐Seq	
   data	
   from	
   gar	
   and	
   multiple	
   teleosts	
   lineages	
   to	
   reconstruct	
   the	
  

evolution	
   of	
   the	
   Paired-­‐related	
   homeobox	
   (Prrx)	
   transcription	
   factor	
   gene	
   family	
  

involved	
   in	
   the	
  development	
   of	
  mesoderm	
  and	
  neural	
   crest-­‐derived	
  mesenchyme.	
  

We	
  show	
  that	
  for	
  Prrx	
  genes,	
  the	
  spotted	
  gar	
  genome	
  and	
  gene	
  expression	
  patterns	
  

mimic	
  mammals	
  better	
   than	
   teleosts	
  do.	
  Analyses	
   force	
   the	
  seemingly	
  paradoxical	
  

conclusion	
   that	
   the	
   limb	
   expression	
   domains	
   of	
   Prrx	
   genes	
   existed	
   before	
   the	
  

evolution	
  of	
  paired	
  appendages.	
  Detailed	
  evolutionary	
  analyses	
  like	
  those	
  reported	
  

here	
   are	
   required	
   to	
   identify	
   fish	
   species	
   most	
   similar	
   to	
   the	
   human	
   genome	
   to	
  

optimally	
  connect	
  fish	
  models	
  to	
  human	
  gene	
  functions	
  in	
  health	
  and	
  disease.	
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  craniofacial	
  

	
   	
  



	
   3	
  

1.	
  Introduction	
  

	
  

Several	
   teleost	
   fish	
   species,	
   most	
   prominently	
   zebrafish,	
   medaka,	
   platyfish,	
  

stickleback,	
   and	
   killifish,	
   are	
   used	
   as	
   model	
   species	
   for	
   human	
   development,	
  

physiology,	
   health,	
   and	
   disease	
   (reviewed	
   in	
   Schartl,	
   2013).	
   Despite	
   their	
  

advantages	
  as	
   laboratory	
  research	
  models	
  –	
  such	
  as	
  easy	
  husbandry,	
  high	
  fertility,	
  

external	
   fertilization,	
   transparency	
  of	
  embryos,	
   tractable	
  genetics,	
  and	
  amenability	
  

for	
  high-­‐throughput	
  drug	
  screens	
  –	
  interpretations	
  of	
  results	
  obtained	
  from	
  teleosts	
  

species	
   are	
   challenged	
   by	
   ~900	
   million	
   years	
   of	
   independent	
   evolution	
   that	
  

separates	
  them	
  from	
  the	
  condition	
  humaine:	
  Since	
  the	
  last	
  fish-­‐like	
  bony	
  vertebrate	
  

(euteleostome)	
  ancestor	
  that	
  lived	
  ~450	
  million	
  years	
  ago	
  (Hedges	
  et	
  al.,	
  2006),	
  the	
  

lobefin	
  vertebrate	
  (sarcopterygian)	
  lineage	
  that	
  led	
  to	
  tetrapods,	
  mammals	
  and	
  later	
  

humans	
   has	
   evolved	
   independently	
   of	
   the	
   rayfin	
   vertebrate	
   (actinopterygian)	
  

lineage,	
   including	
   teleost	
   fishes,	
   which	
   have	
   significantly	
   remodeled	
   their	
  

morphology	
  and,	
  importantly,	
  their	
  genomes	
  since	
  the	
  euteleostome	
  ancestor.	
  

Two	
   rounds	
   of	
   vertebrate	
   genome	
   duplication	
   (VGD1	
   and	
   VGD2;	
   Fig.	
   1)	
   likely	
  

occurred	
  at	
  the	
  stem	
  of	
  the	
  vertebrate	
  branch	
  (Dehal	
  and	
  Boore,	
  2005;	
  Putnam	
  et	
  al.,	
  

2008)	
  and,	
  despite	
  the	
  overall	
  high	
  level	
  of	
  conservation	
  of	
  genes	
  between	
  teleosts	
  

and	
   tetrapods	
   (Howe	
   et	
   al.,	
   2013),	
   important	
   differences	
   characterize	
   the	
  

arrangement	
  of	
  specific	
  gene	
  families	
  in	
  both	
  lineages.	
  The	
  lineages	
  of	
  teleosts	
  and	
  

tetrapods	
   have	
   divergently	
   retained	
   gene	
   duplicates	
   from	
   whole	
   genome	
  

duplications,	
   a	
   class	
   of	
   paralogs	
   generally	
   termed	
   ‘ohnologs’	
   (Wolfe,	
   2001).	
   For	
  

example,	
   a	
   central	
   regulator	
   of	
   pluripotency	
   in	
  mammals,	
   Pou5f1	
   (also	
   known	
   as	
  

Oct3	
  or	
  Oct3/4),	
  was	
  lost	
  in	
  the	
  rayfin	
  fish	
  lineage	
  (Frankenberg	
  and	
  Renfree,	
  2013).	
  

The	
  tetrapod	
  genome,	
  on	
  the	
  other	
  hand,	
  has	
  undergone	
  substantial	
  loss	
  of	
  ancestral	
  

genes	
  during	
   the	
  water-­‐to-­‐land	
   transition	
  as	
  well,	
   for	
  example	
  actinodin	
   and	
   fgf24	
  

(Amemiya	
  et	
  al.,	
  2013).	
  	
  	
  	
  	
  	
  	
  	
  

In	
   addition	
   to	
   these	
   instances	
   of	
   ‘ohnologs	
   gone	
  missing’	
   (Postlethwait,	
   2007)	
  

leading	
   to	
   the	
   divergence	
   of	
   gene	
   contents	
   in	
   teleost	
   and	
   tetrapod	
   genomes,	
   an	
  

additional	
  round	
  of	
  whole	
  genome	
  duplication	
  occurred	
  in	
  an	
  ancestor	
  of	
  the	
  teleost	
  

lineage,	
  the	
  teleost	
  genome	
  duplication	
  or	
  TGD;	
  12-­‐24%	
  of	
  genes	
  have	
  been	
  retained	
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as	
  two	
  paralogous	
  genes	
  in	
  teleosts	
  compared	
  to	
  one	
  gene	
  in	
  tetrapods	
  (reviewed	
  in	
  

Braasch	
  and	
  Postlethwait,	
  2012).	
  TGD	
  paralogs,	
  also	
  termed	
  co-­‐orthologs,	
  like	
  VGD1	
  

and	
   VGD2	
   ohnologs	
   have	
   often	
   changed	
   functions	
   by	
   mechanisms	
   such	
   as	
  

subfunctionalization,	
   i.e.	
   the	
   partitioning	
   of	
   ancestral	
   gene	
   functions	
   among	
  

duplicates,	
  and/or	
  neofunctionalization,	
  i.e.	
  the	
  acquisition	
  of	
  new	
  gene	
  functions	
  in	
  

one	
   or	
   both	
   co-­‐orthologs	
   (Force	
   et	
   al.,	
   1999;	
   Postlethwait	
   et	
   al.,	
   2004).	
   These	
  

differences	
   in	
  gene	
  repertoires	
  and	
  gene	
   functions	
  between	
  teleosts	
  and	
  tetrapods	
  

can	
  make	
  it	
  difficult	
  to	
  transfer	
  knowledge	
  obtained	
  in	
  a	
  teleost	
  model	
  species	
  to	
  the	
  

human	
  condition.	
  

Until	
   recently,	
   genomic	
   sequence	
   information	
   was	
   restricted	
   to	
   a	
   few	
   teleost	
  

model	
   species,	
   i.e.	
   zebrafish	
   (Howe	
   et	
   al.,	
   2013),	
   medaka	
   (Kasahara	
   et	
   al.,	
   2007),	
  

stickleback	
  (Jones	
  et	
  al.,	
  2012),	
  and	
  pufferfishes	
  (Aparicio	
  et	
  al.,	
  2002;	
  Jaillon	
  et	
  al.,	
  

2004),	
  but	
  progress	
  in	
  sequencing	
  techniques	
  has	
  enabled	
  the	
  relatively	
  cheap	
  and	
  

fast	
   generation	
   of	
   genomic	
   and	
   transcriptomic	
   sequence	
  data	
   from	
  numerous	
   fish	
  

species.	
  	
  

The	
  present	
  study	
  illustrates	
  how	
  the	
  availability	
  of	
  sequence	
  information	
  from	
  a	
  

wide	
   range	
   of	
   phylogenetically	
   informative	
   fish	
   species	
   can	
   improve	
   our	
  

understanding	
   of	
   gene	
   function	
   evolution	
   among	
   vertebrates,	
   thereby	
   better	
  

informing	
  the	
  suitability	
  of	
  teleost	
  models	
  for	
  the	
  analysis	
  of	
  specific	
  gene	
  functions	
  

and	
   associated	
   diseases.	
   	
   To	
   this	
   end,	
   we	
   take	
   advantage	
   of	
   genomic	
   sequence	
  

information	
   from	
   the	
   spotted	
   gar	
   (Lepisosteus	
   oculatus),	
   a	
   member	
   of	
   the	
   closest	
  

living	
  sister	
  lineage	
  to	
  the	
  teleosts,	
  the	
  holosteans	
  (gars	
  and	
  bowfin),	
  which	
  diverged	
  

from	
  teleosts	
  before	
  the	
  TGD	
  (Amores	
  et	
  al.,	
  2011)	
  (Fig.	
  1).	
  The	
  spotted	
  gar	
  offers	
  a	
  

unique	
   opportunity	
   to	
   study	
   gene	
   functions	
   in	
   a	
   non-­‐teleost,	
   unduplicated	
   rayfin	
  

species	
   that	
   is	
   suitable	
   for	
   gene	
   function	
   analysis	
   in	
   a	
   laboratory	
   environment	
  

(Amores	
   et	
   al.,	
   2011;	
   Braasch	
   and	
   Postlethwait,	
   2012).	
   Basally	
   diverging	
   teleost	
  

lineages,	
   such	
  as	
  elopomorphs	
  and	
  osteoglossomorphs	
   (Fig.	
  1),	
   on	
   the	
  other	
  hand,	
  

offer	
  the	
  opportunity	
  to	
  gain	
  better	
  understanding	
  of	
  the	
  evolutionary	
  mechanisms	
  

leading	
   to	
   the	
  divergence	
  of	
   gene	
   repertoires	
   and	
  gene	
   functions	
   shortly	
   after	
   the	
  

rise	
  of	
  the	
  teleost	
  lineage	
  and	
  the	
  TGD.	
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We	
  illustrate	
  the	
  use	
  of	
  these	
  new	
  sequence	
  resources	
  by	
  the	
  example	
  of	
  Paired-­‐

related	
   homeobox	
   (Prrx)	
   genes.	
   Prrx	
   genes	
   encode	
   transcription	
   factors	
  

characterized	
   by	
   a	
   paired	
   type	
  DNA-­‐binding	
   homeodomain	
   and	
   a	
   C-­‐terminal	
   OAR	
  

domain	
   functioning	
   as	
   an	
   interface	
   for	
   cofactor	
   interactions	
   (Norris	
   and	
   Kern,	
  

2001).	
   Prrx	
   genes	
   play	
   essential	
   roles	
   in	
   several	
   developmental	
   processes,	
  

particularly	
   of	
   mesoderm	
   and	
   neural	
   crest-­‐derived	
   mesenchyme	
   (Cserjesi	
   et	
   al.,	
  

1992;	
   Kern	
   et	
   al.,	
   1992;	
   Opstelten	
   et	
   al.,	
   1991).	
   In	
   tetrapods,	
   Prrx	
   genes	
   are	
  

expressed	
   in	
  mesenchymal	
   tissues	
   like	
  the	
   limb	
  buds,	
  cranial	
  and	
  axial	
  mesoderm,	
  

and	
  branchial	
  arches	
  as	
  well	
  as	
  during	
  brain	
  and	
  heart	
  development	
  (Beverdam	
  and	
  

Meijlink,	
  2001;	
  Kuratani	
  et	
  al.,	
  1994;	
  Leussink	
  et	
  al.,	
  1995;	
  Lu	
  et	
  al.,	
  1999;	
  Nohno	
  et	
  

al.,	
   1993;	
   Opstelten	
   et	
   al.,	
   1991;	
   Takahashi	
   et	
   al.,	
   1998).	
   Loss	
   of	
  Prrx	
   functions	
   in	
  

mice	
   result	
   in	
   malformations	
   in	
   the	
   skull,	
   jaws,	
   limbs,	
   ears,	
   and	
   vasculature	
  

(Bergwerff	
  et	
  al.,	
  2000;	
  Martin	
  et	
  al.,	
  1995;	
  ten	
  Berge	
  et	
  al.,	
  1998)	
  and	
  mutations	
  in	
  

human	
   PRRX1	
   are	
   associated	
   with	
   the	
   agnathia-­‐otocephaly	
   complex	
   (OMIM:	
  

#202650).	
  Prrx1	
  is	
  involved	
  in	
  pancreas	
  development	
  and	
  regeneration	
  (Reichert	
  et	
  

al.,	
   2013),	
   has	
   been	
   identified	
   as	
   an	
   inducer	
   of	
   epithelial-­‐to-­‐mesenchymal	
  

transitions,	
   and	
   its	
   loss	
   is	
   required	
   for	
   cancer	
   metastasis	
   (Ocana	
   et	
   al.,	
   2012).	
  

Furthermore,	
  Prrx1	
   is	
   important	
   for	
   the	
  maintenance	
  of	
  adult	
  neural	
   stem	
  cells	
   in	
  

mammals	
  (Shimozaki	
  et	
  al.,	
  2013).	
  

The	
   expression	
   domains	
   of	
   Prrx2,	
   a	
   second	
   Prrx	
   gene,	
   overlap	
   with	
   many	
  

expression	
  domains	
  of	
  Prrx1	
  in	
  tetrapods	
  (Leussink	
  et	
  al.,	
  1995;	
  Lu	
  et	
  al.,	
  1999),	
  yet	
  

Prrx2	
  seems	
  to	
  be	
  absent	
  from	
  teleosts	
  (Hernandez-­‐Vega	
  and	
  Minguillon,	
  2011).	
  The	
  

importance	
   of	
   PRRX	
   genes	
   for	
   human	
   development	
   and	
   health	
   and	
   specific	
  

differences	
   in	
  the	
  repertoire	
  of	
  Prrx	
  genes	
  between	
  teleost	
  and	
  tetrapods	
  reported	
  

in	
  the	
  literature	
  make	
  this	
  gene	
  family	
  a	
  good	
  example	
  to	
  illustrate	
  the	
  use	
  of	
  new	
  

fish	
  sequence	
  resources	
  to	
  improve	
  the	
  connectivity	
  of	
  vertebrate	
  gene	
  functions.	
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2.	
  Material	
  and	
  Methods	
  

2.1	
  Animals	
  and	
  tissue	
  collection	
  

In	
   the	
  Phylofish	
  project,	
   ten	
   tissues/organs	
   (ovary,	
   testis,	
  brain,	
  gills,	
   intestine,	
  

liver,	
  bones,	
  kidney,	
  muscle,	
  heart)	
  were	
  collected	
  from	
  adult	
  spotted	
  gar,	
  zebrafish	
  

(Danio	
  rerio),	
  medaka	
  (Oryzias	
  latipes),	
  Northern	
  pike	
  (Esox	
  lucius),	
  allis	
  shad	
  (Alosa	
  

alosa),	
   striped	
   catfish	
   (Pangasianodon	
   hypophthalmus),	
   butterflyfish	
   (Pantodon	
  

buchholzi),	
  and	
  European	
  eel	
  (Anguilla	
  anguilla).	
  See	
  Fig.	
  1	
  for	
  species	
  relationships.	
  

In	
   some	
   species	
   (spotted	
   gar,	
   zebrafish,	
   medaka,	
   Northern	
   pike,	
   striped	
   catfish),	
  

embryos	
  were	
  also	
  collected	
  around	
  the	
  eyed	
  stage.	
  In	
  European	
  eel,	
  a	
  leptocephalus	
  

stage	
  was	
  used	
  in	
  place	
  of	
  the	
  embryonic	
  sample.	
  	
  	
  

2.2	
  RNA-­‐seq	
  

Tissues	
   were	
   homogenized	
   in	
   Tri-­‐reagent	
   (Sigma,	
   St-­‐Louis,	
   USA)	
   at	
   a	
   ratio	
   of	
  

100	
  mg	
   of	
   tissue	
   per	
   ml	
   of	
   reagent	
   and	
   total	
   RNA	
   was	
   extracted	
   according	
   to	
  

manufacturer's	
   instructions.	
   RNA	
   quality	
   was	
   checked	
   on	
   a	
   Bioanalyzer	
   2100	
  

(Aligent,	
  Santa	
  Clara,	
  CA).	
  Sequencing	
  libraries	
  were	
  prepared	
  using	
  a	
  TruSeq	
  RNA	
  

sample	
  preparation	
  kit	
  according	
  to	
  the	
  manufacturer’s	
   instructions	
  (Illumina,	
  San	
  

Diego,	
  CA).	
  Poly-­‐A-­‐containing	
  mRNA	
  was	
  isolated	
  from	
  total	
  RNA	
  using	
  poly-­‐T	
  oligo-­‐

attached	
   magnetic	
   beads,	
   and	
   chemically	
   fragmented.	
   First	
   strand	
   cDNA	
   was	
  

generated	
   using	
   SuperScript	
   II	
   reverse	
   transcriptase	
   and	
   random	
   primers.	
  

Following	
  the	
  second	
  strand	
  cDNA	
  synthesis	
  and	
  adaptor	
  ligation,	
  cDNA	
  fragments	
  

were	
   amplified	
   by	
   PCR.	
   Amplification	
   products	
   were	
   loaded	
   onto	
   an	
   Illumina	
  

HiSeq2000	
   instrument	
   and	
   subjected	
   to	
   multiplexed	
   paired-­‐end	
   (2	
   ×	
   100	
   bp)	
  

sequencing.	
  The	
  processing	
  of	
   fluorescent	
   images	
   into	
   sequences,	
  base-­‐calling	
  and	
  

quality	
   value	
   calculations	
   were	
   performed	
   using	
   the	
   Illumina	
   data	
   processing	
  

pipeline.	
  Coding	
  sequences	
  of	
  prrx	
   genes	
  were	
  obtained	
   from	
  de	
  novo	
   assembly	
  of	
  

cDNAs	
  performed	
  in	
  a	
  library-­‐specific	
  manner	
  using	
  Velvet	
  and	
  Oases	
  (Schulz	
  et	
  al.,	
  

2012).	
   Sequences	
   of	
   prrx	
   transcripts	
   were	
   submitted	
   to	
   GenBank	
   (accession	
  

numbers	
  KF841587	
  -­‐	
  KF841600).	
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2.3	
  Identification	
  and	
  genomic	
  annotation	
  of	
  prrx	
  genes	
  

RNA-­‐Seq	
  derived	
  transcripts	
  were	
  used	
  to	
  annotate	
  prrx	
  genes	
  in	
  the	
  genomes	
  of	
  

spotted	
  gar	
  (genome	
  assembly	
  LepOcu1;	
  GenBank	
  Assembly	
  ID:	
  GCA_000242695.1),	
  

European	
  eel	
  (Henkel	
  et	
  al.,	
  2012a),	
  and	
  Japanese	
  eel	
  (Anguilla	
  japonica)	
  (Henkel	
  et	
  

al.,	
   2012b).	
   Agnathan	
  prrx	
  was	
   identified	
   by	
   tblastn–guided	
  manual	
   annotation	
   of	
  

genomic	
   sequences	
   in	
   the	
   genome	
   of	
   Artic	
   lamprey	
   (Lethenteron	
   camtschaticum)	
  

(GenBank	
  Assembly	
  ID:	
  GCA_000466285.1;	
  Mehta	
  et	
  al.,	
  2013).	
  Chondrichthyan	
  prrx	
  

transcripts	
  were	
  identified	
  by	
  tblastn	
  in	
  the	
  transcriptomes	
  of	
  little	
  skate	
  (Leucoraja	
  

erinacea),	
   small	
   spotted	
   catshark	
   (Scyliorhinus	
   canicula),	
   and	
   elephant	
   shark	
  

(Callorhinchus	
  milii)	
  (http://skatebase.org/downloads).	
  Other	
  Prrx	
  sequences	
  were	
  

obtained	
   from	
   Ensembl	
   release	
   73	
   (http://www.ensembl.org).	
   Suppl.	
   Tab.	
   1	
  

summarized	
  sequence	
  information	
  and	
  accession	
  numbers.	
  

	
  

2.4	
  Phylogenetic	
  analysis	
  

Sequence	
  alignments	
  were	
  performed	
  with	
  MUSCLE	
  (Edgar,	
  2004)	
  implemented	
  

in	
   GENEIOUS	
   6.1.6	
   (Biomatters,	
   Ltd.).	
   The	
   appropriate	
   models	
   for	
   nucleotide	
  

evolution	
  (GTR+I+G)	
  and	
  protein	
  evolution	
  (JTT+G+F)	
  for	
  phylogentic	
  tree	
  inference	
  

were	
  determined	
  using	
  jModelTest	
  2	
  (Darriba	
  et	
  al.,	
  2012)	
  and	
  ProtTest	
  2.4	
  (Abascal	
  

et	
  al.,	
  2005),	
   respectively.	
   	
  Maximum	
   likelihood	
   trees	
  were	
  generated	
  with	
  PhyML	
  

3.0	
   (Guindon	
   et	
   al.,	
   2010)	
   with	
   100	
   bootstrap	
   replications	
   and	
   a	
   50%	
   consensus	
  

rule.	
  	
  	
  	
  

	
  

2.5	
  Synteny	
  analysis	
  

The	
  spotted	
  gar	
  genome	
  assembly	
  (LepOcu1)	
  and	
  a	
  preliminary	
  gene	
  annotation	
  

were	
   downloaded	
   from	
   PreEnsembl	
  

(http://pre.ensembl.org/Lepisosteus_oculatus),	
   integrated	
   into	
   the	
   Synteny	
  

Database	
   (Catchen	
   et	
   al.,	
   2009),	
   and	
   used	
   to	
   generate	
   dot	
   plots,	
   orthologous	
  

pairwise,	
  and	
  paralogous	
  pairwise	
  clusters.	
  Pairwise	
  clusters	
  were	
  generated	
  with	
  

sliding	
  window	
  sizes	
  of	
  100	
  and	
  200	
  genes	
  and	
  paralogous	
  pairwise	
  clusters	
  within	
  

the	
   genomes	
   of	
   spotted	
   gar	
   and	
   human	
   were	
   identified	
   with	
   amphioxus	
  

(Branchiostoma	
  floridae)	
  as	
  outgroup	
  (Fig.	
  1).	
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Genes	
  directly	
  surrounding	
  Prrx	
  genes	
  in	
  human,	
  zebrafish,	
  and	
  stickleback	
  were	
  

identified	
   in	
   Ensembl	
   release	
   73;	
   genes	
   directly	
   surrounding	
   the	
   spotted	
   gar,	
  

Japanese	
  eel,	
  and	
  Arctic	
  lamprey	
  prrx	
  genes	
  were	
  predicted	
  with	
  AUGUSTUS	
  (Stanke	
  

et	
   al.,	
   2004)	
   and	
   then	
   annotated	
  with	
   blastp	
   against	
   the	
   nr	
   database	
   of	
   GenBank	
  

(http://blast.ncbi.nlm.nih.gov/Blast.cgi).	
  

	
  

2.6	
  Spotted	
  gar	
  breeding,	
  husbandry	
  and	
  ethics	
  statement	
  

Wild	
   adult	
   spotted	
   gar	
   were	
   collected	
   from	
   the	
   Atchafalaya	
   River	
   Basin,	
  

Louisiana,	
   using	
   electrofishing.	
   Spotted	
   gar	
   broodstock	
   were	
   injected	
   with	
  

Ovaprim©	
   (0.5	
   ml/kg)	
   to	
   induce	
   spawning	
   and	
   cultured	
   in	
   a	
   2-­‐m	
   diameter	
   tank	
  

containing	
  artificial	
   spawning	
  substrate.	
   	
  Mean	
   total	
   length/weight	
   for	
   female	
  and	
  

male	
   broodstock	
   was	
   691mm/1235g	
   and	
   571mm/616g,	
   respectively.	
   Fertilized	
  

eggs	
  from	
  a	
  group	
  spawn	
  were	
  shipped	
  to	
  the	
  University	
  of	
  Oregon	
  and	
  arrived	
  two	
  

days	
   after	
   fertilization.	
   Embryos	
   were	
   manually	
   dechorionated	
   with	
   forceps	
   and	
  

raised	
  in	
  fish	
  water	
  (salinity	
  1ppt)	
  at	
  24°C	
  in	
  a	
  14h	
  light,	
  10h	
  dark	
  cycle.	
  To	
  inhibit	
  

melanin	
   formation,	
   0.015	
   g/l	
   N-­‐Phenylthiourea	
   (Sigma-­‐Aldrich)	
  was	
   added	
   to	
   the	
  

fish	
   water	
   without	
   any	
   signs	
   of	
   developmental	
   delay	
   or	
   malformations.	
  

Developmental	
  stages	
  were	
  determined	
  following	
  (Long	
  and	
  Ballard,	
  2001).	
  Animals	
  

were	
   handled	
   in	
   accordance	
   with	
   good	
   animal	
   practice	
   as	
   approved	
   by	
   the	
  

University	
  of	
  Oregon	
  Institutional	
  Animal	
  Care	
  and	
  Use	
  Committee	
  (Animal	
  Welfare	
  

Assurance	
  Number	
  A-­‐3009-­‐01,	
  IACUC	
  protocol	
  12-­‐02RA).	
  

	
  	
  

2.7	
  Spotted	
  gar	
  RNA	
  in	
  situ	
  hybridization	
  	
  

RNA	
   in	
   situ	
   hybridization	
   probes	
  were	
   cloned	
   from	
   spotted	
   gar	
   genomic	
   DNA	
  

with	
   the	
   following	
   primer	
   sets:	
   Loc-­‐prrx1-­‐ex4F	
   CTACCTACCCACCCACATGC,	
   Loc-­‐

prrx1-­‐3’UTRR	
   CTTCAGATGTGCTTGGCAGAT	
   (1,572bp);	
   Loc-­‐prrx2-­‐ex4F	
  

GGCCAAGGAGTACAGTCTGC,	
   Loc-­‐prrx2-­‐3’UTRR	
   GTAAAAAGATCGGCCAGCTG	
  

(1,568bp).	
   Spotted	
   gar	
   whole	
   mount	
   in	
   situ	
   hybridizations	
   were	
   performed	
  

following	
  a	
   standard	
   zebrafish	
  protocol	
   (Jowett	
   and	
  Yan,	
  1996)	
  with	
  proteinase	
  K	
  

(10μg/ml)	
  digestion	
   times	
  of	
  35min	
   for	
  Long/Ballard	
  stage	
   (st.)	
  28-­‐29	
  and	
  50min	
  

for	
  st.33-­‐34	
  55min.	
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2.8	
  Tissue	
  expression	
  profiling	
  

For	
  spotted	
  gar,	
  zebrafish,	
  medaka,	
  and	
  European	
  eel,	
  expression	
  profiles	
  among	
  

the	
  tissue	
  set	
  were	
  generated	
  through	
  re-­‐mapping	
  of	
  Illumina	
  reads	
  using	
  BWA	
  (Li	
  

and	
  Durbin,	
  2009)	
  and	
  SAMtools	
  (Li	
  et	
  al.,	
  2009)	
  implemented	
  in	
  Galaxy	
  (Goecks	
  et	
  

al.,	
  2010).	
  For	
  each	
   library,	
  reads	
  were	
  re-­‐aligned	
  onto	
  the	
  coding	
  sequence	
  of	
   the	
  

deduced	
   cDNAs	
   using	
   BWA	
   (maximum	
   of	
   two	
   mismatches	
   allowed,	
   -­‐aln	
   2),	
   and	
  

counted	
  using	
  SAMtools	
  (with	
  a	
  maximum	
  alignment	
  quality	
  value	
  –q	
  30,	
  to	
  discard	
  

ambiguous	
   mapping	
   reads).	
   Read	
   counts	
   were	
   subsequently	
   normalized	
   and	
  

expressed	
  as	
  reads	
  per	
  kb	
  per	
  million	
  reads	
  (RPKM).	
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3.	
  Results	
  

	
  

3.1	
  Prrx1	
  and	
  Prrx2	
  are	
  ancient	
  vertebrate	
  paralogs	
  

A	
  single	
  prrx	
  gene	
  is	
  present	
  in	
  non-­‐vertebrate	
  genomes	
  such	
  as	
  fruitfly	
  and	
  the	
  

cephalochordate	
   amphioxus	
   (Fig.	
   1),	
   but	
   two	
   Prrx	
   genes	
   have	
   been	
   identified	
   in	
  

vertebrates	
  (Zhong	
  and	
  Holland,	
  2011).	
  Prrx1	
  has	
  been	
  described	
  in	
  tetrapods	
  and	
  

zebrafish,	
  but	
  Prrx2	
  has	
  only	
  been	
  found	
  so	
  far	
  in	
  tetrapods	
  and	
  is	
  absent	
  from	
  the	
  

zebrafish	
   genome	
   (Hernandez-­‐Vega	
   and	
   Minguillon,	
   2011).	
   The	
   genome	
   of	
   the	
  

African	
  coelacanth	
  (Latimeria	
  chalumnae)	
  (Amemiya	
  et	
  al.,	
  2013)	
  harbors	
  both	
  Prrx	
  

paralogs,	
  suggesting	
  that	
  Prrx2	
  could	
  be	
  a	
  gene	
  specific	
  to	
  the	
  lobefin	
  lineage.	
  	
  

We	
   examined	
   the	
   spotted	
   gar	
   genome	
   and	
   its	
   transcriptomes	
   and	
   found	
   that	
  

both	
   resources	
   contained	
   both	
  prrx	
   genes,	
  prrx1	
   and	
  prrx2.	
   The	
  prrx1	
   ortholog	
   is	
  

located	
   on	
   spotted	
   gar	
   linkage	
   group	
   10	
   (LG10)	
   with	
   extensive	
   conserved	
  

macrosynteny	
  to	
  the	
  human	
  PRRX1	
  genes	
  on	
  human	
  chromosome	
  Hsa1	
  (Figs.	
  2A,	
  C).	
  

Likewise,	
   the	
   spotted	
   gar	
   prrx2	
   ortholog	
   on	
   LG21	
   shows	
   long-­‐range	
   conserved	
  

macrosynteny	
  to	
   the	
  human	
  PRRX2	
   region	
  on	
  Hsa9	
  (Figs.	
  2B,	
  D).	
  These	
  data	
  show	
  

that	
  the	
  duplication	
  of	
  the	
  Prrx1/2	
  precursor	
  predates	
  the	
  divergence	
  of	
  rayfin	
  and	
  

lobefin	
  vertebrates.	
  

A	
  prrx1	
  gene	
  was	
  previously	
  reported	
  for	
  small	
  spotted	
  catshark	
  (Compagnucci	
  

et	
  al.,	
  2013).	
  To	
  further	
  date	
  the	
  duplication	
  of	
  the	
  Prrx1/2	
  precursor,	
  we	
  looked	
  for	
  

Prrx	
   genes	
   in	
   the	
   transcriptomes	
   and	
   genomes	
   of	
   three	
   cartilaginous	
   fish,	
   whose	
  

lineage	
   diverged	
   from	
   the	
   bony	
   vertebrates	
   before	
   the	
   divergence	
   of	
   rayfin	
   and	
  

lobefin	
  fish,	
  and	
  in	
  the	
  genomes	
  of	
  two	
  lamprey	
  species	
  as	
  representatives	
  of	
  jawless	
  

vertebrates,	
   the	
   deepest	
   diverging	
   living	
   vertebrates	
   (Fig.	
   1).	
   Both	
   Prrx	
   paralogs	
  

were	
  found	
  for	
  small	
  spotted	
  catshark,	
  little	
  skate,	
  and	
  elephant	
  shark	
  showing	
  that	
  

the	
  Prrx	
  duplication	
  predates	
  the	
  origin	
  of	
  extant	
  jawed	
  (gnathostome)	
  vertebrates.	
  

The	
  situation	
  in	
  lampreys,	
  however,	
  is	
  less	
  conclusive:	
  While	
  no	
  prrx	
  gene	
  could	
  be	
  

located	
   in	
   the	
   genome	
   assembly	
   of	
   the	
   sea	
   lamprey	
   (Petromyzon	
   marinus),	
   the	
  

genome	
  of	
  the	
  Arctic	
   lamprey	
  possesses	
  a	
  clear	
  prrx	
  gene.	
  Thus,	
  based	
  on	
  the	
  prrx	
  

gene	
   repertoire	
   in	
   agnathans,	
   it	
   remains	
   unclear	
   whether	
   the	
   duplication	
   of	
   Prrx	
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predates	
   the	
   origin	
   of	
   all	
   living	
   vertebrate	
   lineages	
   or	
   whether	
   this	
   was	
   a	
  

gnathostome-­‐specific	
  duplication	
  (but	
  see	
  section	
  3.4	
  below).	
  

	
  

3.2	
  Evolution	
  of	
  prrx1	
  genes	
  in	
  teleost	
  model	
  species	
  

Next,	
   we	
   analyzed	
   the	
   situation	
   for	
   prrx	
   genes	
   in	
   Clupeocephala,	
   the	
   teleost	
  

order	
   containing	
   the	
   major	
   fish	
   model	
   species	
   zebrafish,	
   medaka,	
   platyfish,	
   and	
  

stickleback	
   (Fig.	
   1).	
   Two	
   paralogs	
   of	
  prrx1,	
  prrx1a	
   and	
  prrx1b,	
   are	
   present	
   in	
   the	
  

genome	
   of	
   zebrafish	
   (Hernandez-­‐Vega	
   and	
   Minguillon,	
   2011),	
   an	
   ostariophysian	
  

teleost	
  (Fig.	
  1).	
  The	
  genome	
  of	
  another	
  ostariophysian,	
  the	
  Mexican	
  tetra	
  (Astyanax	
  

mexicanus),	
   harbors	
   prrx1a	
   and	
   prrx1b	
   as	
   well.	
   In	
   contrast,	
   the	
   genomes	
   of	
   the	
  

acanthomorph	
   teleosts	
   –	
   medaka,	
   platyfish	
   (Xiphophorus	
   maculatus),	
   Nile	
   tilapia	
  

(Oreochromis	
   niloticus),	
   three-­‐spined	
   stickleback	
   (Gasterosteus	
   aculeatus),	
   two	
  

pufferfishes	
   (both	
  Tetraodon	
  nigroviridis	
   and	
  Takifugu	
   rubripes),	
   and	
   Atlantic	
   cod	
  

(Gadus	
  morhua)	
   –	
   contain	
   only	
   a	
   single	
   prrx1	
   gene.	
   Therefore,	
  prrx1a	
   and	
   prrx1b	
  

may	
   be	
   either	
   paralogs	
   from	
   an	
   ostariophysian-­‐specific	
   gene	
   duplication	
   or	
   older	
  

duplicates	
  generated,	
  for	
  example,	
  during	
  the	
  TGD	
  with	
  a	
  subsequent	
  loss	
  of	
  one	
  of	
  

the	
  two	
  genes	
  in	
  the	
  lineage	
  leading	
  to	
  acanthomorphs.	
  	
  

Synteny	
  data	
  support	
  the	
  origin-­‐in-­‐TGD	
  hypothesis:	
  the	
  prrx1	
  region	
  on	
  spotted	
  

gar	
   LG10	
   shows	
   double	
   conserved	
   synteny	
   to	
   zebrafish	
   chromosomes	
   Dre2	
   and	
  

Dre20,	
   which	
   contain	
   the	
   prrx1a	
   and	
   prrx1b	
   genes,	
   respectively	
   (Fig.	
   3A).	
   The	
  

synteny	
  block	
  on	
  Dre20	
  is	
  relatively	
  short	
  as	
  some	
  LG10	
  co-­‐orthlogs	
  jump	
  to	
  Dre8	
  

and	
   Dre6.	
   Furthermore,	
   the	
   prrx1	
   region	
   in	
   spotted	
   gar	
   LG10	
   shows	
   double	
  

conserved	
  synteny	
  to	
  medaka	
  chromosome	
  Ola4,	
  containing	
   the	
  single	
  prrx1	
  gene,	
  

and	
  to	
  Ola17,	
  which	
  does	
  not	
  harbor	
  a	
  prrx	
  gene	
  (Fig.	
  3B).	
  Finally,	
  the	
  prrx1b	
  region	
  

on	
  Dre20	
  shows	
  conserved	
  synteny	
  with	
  Ola4	
  but	
  also	
  Ola24	
  (Suppl.	
  Fig.	
  1A),	
  while	
  

the	
  prrx1a	
  region	
  on	
  Dre2	
  shows	
  extensive	
  conserved	
  synteny	
  to	
  Ola17	
  (Suppl.	
  Fig.	
  

1B).	
  Dre2,	
  as	
  well	
  as	
  Ola17	
  and	
  Ola4	
  are	
  derived	
   from	
  the	
  reconstructed	
  ancestral	
  

pre-­‐TGD	
  protochromosome	
  m	
  (Kasahara	
   et	
   al.,	
   2007;	
  Nakatani	
   et	
   al.,	
   2007).	
  Thus,	
  

we	
  conclude	
  (i)	
  that	
  the	
  zebrafish	
  prrx1	
  co-­‐orthologs	
  were	
  generated	
  in	
  the	
  TGD;	
  (ii)	
  

that	
   in	
  the	
  zebrafish	
   lineage	
  the	
  chromosomal	
  region	
  surrounding	
  the	
  prrx1b	
  gene	
  

was	
  translocated	
  to	
  a	
  different	
  chromosome	
  that	
  became	
  Dre20	
  after	
  the	
  TGD;	
  and	
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(iii)	
   that	
   the	
  prrx1a	
   co-­‐ortholog	
  was	
   lost	
   in	
   the	
   lineage	
   leading	
   to	
  acanthomorphs,	
  

leaving	
  this	
  teleost	
  group	
  with	
  only	
  the	
  prrx1b	
  co-­‐ortholog.	
  

When	
   did	
   the	
   prrx1a	
   gene	
   get	
   lost	
   during	
   the	
   course	
   of	
   teleost	
   evolution?	
   To	
  

answer	
   this	
   question,	
   we	
   surveyed	
   the	
   transcriptomes	
   of	
   several	
   phylogenetic	
  

informative	
  taxa	
  (Fig.	
  1).	
  Transcripts	
  of	
  both	
  genes,	
  prrx1a	
  and	
  prrx1b,	
  were	
  found	
  

for	
  the	
  striped	
  catfish,	
  another	
  ostariophysian,	
  for	
  the	
  allis	
  shad,	
  a	
  clupeomorph,	
  and	
  

for	
  the	
  Northern	
  pike,	
  an	
  esociform	
  that	
  represents	
  a	
  sister	
  lineage	
  to	
  acanthomorph	
  

teleosts	
   (Near	
  et	
  al.,	
  2012).	
  These	
  data	
  would	
  be	
  expected	
   if	
  prrx1a	
  was	
   lost	
   in	
  an	
  

ancestor	
  of	
  acanthomorph	
  teleosts.	
  	
  	
  	
  	
  	
  

	
  

3.3	
  Three	
  prrx	
  genes	
  in	
  basal	
  teleosts	
  and	
  the	
  problem	
  of	
  orthology	
  

Until	
   recently,	
   historical	
   relationsships	
   of	
   the	
   three	
   major	
   teleost	
   lineages,	
  

Clupeocephala	
   (including	
   zebrafish,	
   medaka,	
   stickleback,	
   and	
   others),	
  

Osteoglossomorpha	
  (bony	
  tongues	
  and	
  mooneyes),	
  and	
  Elopomorpha	
  (eels,	
  tarpons,	
  

ladyfishes,	
   bonefishes)	
   were	
   unclear.	
   Fresh	
   molecular	
   phylogenetic	
   analyses	
   now	
  

place	
  elopomorphs	
  basally	
  in	
  the	
  phylogeny	
  (Fig.	
  1)	
  as	
  a	
  sister	
  group	
  to	
  the	
  lineage	
  

of	
   osteoglossomorphs	
   and	
   clupeocephalans,	
   which	
   together	
   constitute	
   the	
  

monophylum	
  Osteoglossocephala	
  (Betancur	
  et	
  al.,	
  2013;	
  Faircloth	
  et	
  al.,	
  2013;	
  Near	
  

et	
   al.,	
   2012).	
  We	
  were	
   interested	
   in	
   the	
   status	
   of	
   prrx	
   genes	
   in	
   elopomorphs	
   and	
  

osteoglossomorphs	
   and	
   therefore	
   analyzed	
   the	
   genomes	
   of	
   two	
   eels	
   species,	
   the	
  

European	
  eel	
  (Henkel	
  et	
  al.,	
  2012a)	
  and	
  the	
  Japanese	
  eel	
  (Henkel	
  et	
  al.,	
  2012b);	
  we	
  

also	
   searched	
   our	
   transcriptomes	
   from	
   the	
   European	
   eel	
   and	
   the	
   butterflyfish,	
   an	
  

osteoglossomorph.	
  

Surprisingly,	
   and	
   in	
  contrast	
   to	
   clupeocephalans,	
  we	
   found	
  a	
  prrx2	
   gene	
   for	
  all	
  

three	
   basally	
   diverging	
   teleosts.	
   Therefore,	
  prrx2	
  was	
   still	
   present	
   in	
   the	
   pre-­‐TGD	
  

teleost	
  ancestor	
  and	
  after	
  the	
  TGD,	
  one	
  of	
  the	
  two	
  prrx2	
  TGD	
  duplicates	
  was	
  lost	
  in	
  

all	
   teleost,	
  but	
  the	
  other	
  TGD	
  duplicate	
  of	
  them	
  was	
  retained	
  both	
  in	
  elopomorphs	
  

and	
   in	
   osteoglossomorphs,	
   but	
   was	
   lost	
   in	
   an	
   ancestor	
   of	
   the	
   clupeocephalan	
  

lineage.	
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Similar	
  to	
  zebrafish,	
  eels	
  and	
  butterflyfish	
  both	
  have	
  two	
  prrx1	
  genes.	
  Thus,	
  the	
  

lineages	
   of	
   elopomorphs	
   and	
   osteoglossomorphs	
   contain	
   three	
   prrx	
   genes,	
   more	
  

than	
  any	
  other	
  vertebrate	
  so	
  far	
  investigated.	
  	
  

But	
  which	
  of	
   the	
  prrx1	
   co-­‐orthlogs	
   in	
   eels	
   and	
  butterflyfish	
   are	
  orthologous	
   to	
  

prrx1a	
   or	
   prrx1b	
   in	
   zebrafish?	
   To	
   answer	
   this	
   question,	
   we	
   generated	
   multiple	
  

phylogenetic	
   trees	
   of	
   vertebrate	
  Prrx	
   genes	
   based	
  both	
   on	
  nucleotide	
   and	
  protein	
  

sequences.	
   A	
   bootstrap	
   consensus	
   (50%)	
   maximum	
   likelihood	
   phylogeny	
   of	
   the	
  

nucleotide	
  phylogeny	
  is	
  shown	
  in	
  Fig.	
  3C,	
  other	
  trees	
  appear	
  in	
  Suppl.	
  Fig.	
  2.	
  

Common	
   to	
   all	
   inferred	
   phylogenies	
   is	
   that	
   Prrx1	
   genes	
   are	
   clearly	
   separated	
  

from	
   Prrx2.	
   In	
   the	
   Prrx2	
   clade,	
   coelacanth	
   groups	
   anomalously	
   with	
   rayfin	
   fish	
  

rather	
   than	
   lobefins.	
   In	
   contrast	
   to	
   Prrx2,	
   however,	
   in	
   the	
   Prrx1	
   clade	
   the	
   vast	
  

majority	
  of	
  nodes	
  are	
  not	
  well	
   supported	
  because	
   the	
  relatively	
  short	
  Prrx1	
   genes	
  

(738bp)	
  and	
  accordingly	
  Prrx1	
  proteins	
  (246aa)	
  lack	
  phylogenetic	
  signal.	
  It	
  is	
  thus	
  

impossible	
   to	
   determine	
   orthology	
   of	
   prrx1	
   duplicates	
   within	
   teleosts	
   based	
   on	
  

phylogenetic	
  trees.	
  	
  

	
  	
  	
  	
  	
  Using	
   the	
   draft	
   genome	
   assemblies	
   of	
   eel	
   species,	
   we	
   were	
   able	
   to	
   assign	
  

orthology	
   of	
   the	
   eel	
   genes	
   based	
   on	
   conserved	
   microsynteny	
   for	
   genes	
   directly	
  

surrounding	
  the	
  prrx	
  genes	
  (Fig.	
  4).	
  In	
  Japanese	
  eel,	
  scaffold222	
  appears	
  to	
  be	
  more	
  

conserved	
  with	
   the	
   prrx1b	
   neighborhood	
   in	
   clupeocephalans:	
   6/9	
   eel	
   genes	
   from	
  

scaffold222	
   contribute	
   to	
   conserved	
   synteny	
   with	
   zebrafish	
   chromosome	
   Dre20	
  

(including	
  slc25a24,	
  which	
  is	
  specific	
  to	
  the	
  zebrafish	
  prrx1b	
  region)	
  and	
  stickleback	
  

chromosome	
  GacVIII,	
  compared	
  to	
  2/9	
  genes	
  shared	
  with	
  the	
  prrx1a	
  neighborhoods	
  

on	
  Dre2	
  and	
  GacIII.	
  The	
  genomic	
  region	
  on	
  Japanese	
  eel	
  scaffold1220	
  on	
  the	
  other	
  

hand	
  is	
  less	
  decisive:	
  3/5	
  eel	
  genes	
  contribute	
  to	
  conserved	
  synteny	
  with	
  both	
  prrx1	
  

paralogons	
   in	
   zebrafish,	
   yet	
   eel	
   scaffold1220	
   contains	
   ivns1ap,	
   which	
   is	
   in	
   the	
  

vicinity	
   of	
   the	
   prrx1a	
   paralogon	
   on	
   Dre2.	
   A	
   genomic	
   assembly	
   of	
   butterflyfish	
   is	
  

currently	
  lacking	
  precluding	
  a	
  similar	
  analysis	
  for	
  this	
  osteoglossomorph.	
  

Alternative	
   splicing	
   patterns	
   can	
   provide	
   phylogenetically	
   informative	
  

characters	
   independent	
   of	
   sequence	
   similarities	
   and	
   the	
   preservation	
   of	
   genome	
  

neighborhoods.	
   In	
   mammals,	
   Prrx1	
   gene	
   generates	
   two	
   major	
   splice	
   isoforms	
  

(Norris	
   and	
   Kern,	
   2001),	
   hereafter	
   called	
   splisoform	
   A	
   and	
   splisoform	
   B.	
   While	
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Prrx1	
  splisoform	
  A	
  contains	
  both	
  the	
  homeodomain	
  and	
  the	
  C-­‐terminal	
  OAR	
  protein	
  

domain	
  similar	
   to	
   the	
  single	
  Prrx2	
   splisoform,	
   the	
  shorter	
  Prrx1	
   splisoform	
  B	
  uses	
  

an	
  alternative	
  fourth	
  exon	
  lacking	
  the	
  OAR	
  domain	
  (Norris	
  and	
  Kern,	
  2001)	
  (Fig.	
  5).	
  

Likewise,	
   in	
   the	
   spotted	
   gar	
   transcriptome	
   two	
   splice	
   variants	
   were	
   present	
   for	
  

prrx1,	
  splisoform	
  A	
  and	
  splisoform	
  B’,	
  with	
  B’	
  meaning	
  that,	
  although	
  this	
  gene	
  uses	
  

an	
   alternative	
   fourth	
   exon,	
   this	
   exon	
   is	
   not	
   conserved	
   with	
   the	
   mammalian	
  

alternative	
  fourth	
  exon.	
  The	
  resulting	
  protein	
  in	
  spotted	
  gar	
  lacks	
  the	
  OAR	
  domain	
  

and	
   thus	
   appears	
   to	
   be	
   functionally	
   equivalent	
   to	
   the	
   mammalian	
   splisoform	
   B,	
  

hence	
   the	
   name	
   splisoform	
   B’.	
   In	
   zebrafish,	
   only	
   prrx1b	
   (and	
   likewise	
   the	
  

acanthomorph	
  prrx1b	
  genes)	
  generate	
  splisoform	
  B’.	
  The	
  alternative	
  fourth	
  exon	
  is	
  

gone	
   from	
   zebrafish	
  prrx1a	
   (Fig.	
   5).	
   In	
   the	
   eel	
   genomes	
   and	
   supported	
   by	
   the	
   eel	
  

transcriptome,	
  for	
  one	
  of	
  the	
  two	
  prrx1	
  co-­‐orthologs	
  we	
  also	
  found	
  evidence	
  for	
  the	
  

presence	
  of	
   the	
  alternative	
   fourth	
  exon	
   that	
  characterizes	
  splisoform	
  B’	
   in	
  spotted	
  

gar	
   and	
   zebrafish.	
   This	
   eel	
   co-­‐ortholog	
   (scaffold222	
   in	
   Japanese	
   eel)	
   is	
   thus	
  

annotated	
   as	
   prrx1b,	
   which	
   is	
   consistent	
   with	
   our	
   conserved	
   synteny	
   results	
  

(Figs.	
  	
  4/5).	
   In	
   the	
   butterflyfish	
   transcriptome,	
   however,	
  we	
   did	
   not	
   find	
   evidence	
  

for	
   an	
   isoform	
   B’	
   for	
   either	
   prrx1	
   genes;	
   therefore,	
   the	
   orthology	
   of	
   butterflyfish	
  

prrx1	
  genes	
  remains	
  unresolved	
  and	
  so	
  these	
  genes	
  were	
  called	
  prrx1x	
  and	
  prrx1y	
  

following	
   nomenclature	
   conventions	
   for	
   unclear	
   phylogenetic	
   relationships	
  

following	
  genome	
  duplications	
  (Force	
  et	
  al.,	
  2002).	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

	
  

3.4	
  Origin	
  of	
  Prrx1	
  and	
  Prrx2	
  in	
  the	
  early	
  vertebrate	
  genome	
  duplications	
  

We	
  next	
  analyzed	
  the	
  origin	
  of	
  gnathostome	
  Prrx1	
  and	
  Prrx2	
  genes.	
  As	
  we	
  have	
  

seen,	
   Arctic	
   lamprey	
   contains	
   only	
   a	
   single	
   prrx	
   gene	
   (see	
   section	
   3.1)	
   and	
  

phylogenetic	
  trees	
  tend	
  to	
  place	
  lamprey	
  prrx	
  as	
  outgroup	
  to	
  the	
  gnathostome	
  genes	
  

(Fig.	
  3C,	
  Suppl.	
  Fig.	
  2).	
  The	
  direct	
  genomic	
  environment	
  of	
   lamprey	
  prrx,	
  however,	
  

appears	
   to	
   be	
   more	
   similar	
   to	
   gnathostome	
   Prrx1	
   than	
   to	
   Prrx2.	
   Among	
   the	
   ten	
  

genes	
  on	
  lamprey	
  scaffold416	
  surrounding	
  prrx,	
  three	
  genes	
  (kifap3,	
  mettl11b,	
  and	
  

pde4dip)	
  are	
  also	
  found	
  in	
  the	
  neighborhood	
  of	
  gnathostome	
  Prrx1	
  genes,	
  but	
  none	
  

of	
   the	
   genes	
   on	
   scaffold416	
   provides	
   conserved	
   synteny	
  with	
   gnathostome	
  Prrx2	
  

(Fig.	
  4).	
  In	
  addition,	
  sequence	
  comparisons	
  uncovered	
  no	
  evidence	
  for	
  an	
  alternative	
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fourth	
   exon	
   could.	
   From	
   these	
   data,	
   it	
   is	
   thus	
   difficult	
   to	
   conclude	
   whether	
   the	
  

duplication	
  of	
  Prrx	
  genes	
  occurred	
  before	
  or	
  after	
  the	
  divergence	
  on	
  agnathans	
  and	
  

gnathostomes.	
  	
  

As	
  with	
  the	
  TGD,	
  intragenomic	
  patterns	
  of	
  conserved	
  synteny	
  can	
  be	
  informative	
  

to	
   infer	
   gene	
   family	
   history	
   with	
   regard	
   to	
   the	
   vertebrate	
   whole	
   genome	
  

duplications	
   (e.g.	
   Braasch	
   et	
   al.,	
   2009;	
   Canestro	
   et	
   al.,	
   2009;	
   Lagman	
   et	
   al.,	
   2013;	
  

Nakatani	
   et	
   al.,	
   2007).	
   We	
   therefore	
   used	
   the	
   Synteny	
   Database	
   (Catchen	
   et	
   al.,	
  

2009)	
   to	
   generate	
   pairwise	
   paralogous	
   clusters	
   and	
  paralogy	
   dotplots	
   for	
   spotted	
  

gar	
  and	
  human	
  with	
  amphioxus	
  as	
  outgroup	
  (Fig.	
  6).	
  Within	
  spotted	
  gar	
  and	
  human,	
  

the	
   two	
  Prrx	
   gene	
  regions	
  show	
  extensive	
  pairwise	
  paralogy	
  with	
  each	
  other	
   (Fig.	
  

6A,	
   B)	
   suggesting	
   that	
   the	
   Prrx-­‐containing	
   paralogons	
  were	
   generated	
   in	
   a	
   large-­‐

scale	
   duplication	
   event.	
   Dotplots	
   further	
   provide	
   evidence	
   that	
   the	
   two	
   Prrx	
  

paralogons	
  found	
  in	
  spotted	
  gar	
  were	
  indeed	
  generated	
  during	
  the	
  earlier	
  rounds	
  of	
  

vertebrate	
  whole	
   genome	
  duplication:	
   In	
   spotted	
   gar,	
   the	
   two	
  prrx	
   paralogons	
   on	
  

LG10	
  and	
  LG21	
  also	
  show	
  conserved	
  synteny	
  with	
  LG2,	
  LG6,	
  and	
  LG19	
  (Fig.	
  6C);	
  in	
  

human,	
   the	
   two	
   PRRX	
   paralogons	
   on	
   Hsa1	
   and	
   Hsa9	
   share	
   additional	
   conserved	
  

synteny	
  with	
  regions	
  on	
  Hsa6	
  and	
  Hsa19	
  (Fig.	
  6D).	
  Similar	
  observations	
  were	
  made	
  

for	
   the	
   chicken	
   genome	
   (data	
   not	
   shown).	
   The	
   paralogous	
   regions	
   evident	
   in	
   the	
  

human	
  and	
  chicken	
  dotplots	
  were	
  previously	
  shown	
  to	
  be	
  derived	
  from	
  the	
  inferred	
  

vertebrate	
  ancestral	
  protochromosome	
  A	
  (Nakatani	
  et	
  al.,	
  2007).	
  Thus	
  we	
  conclude	
  

that	
   the	
   gnathostome	
  Prrx	
   genes	
  were	
   generated	
   as	
   result	
   of	
   the	
   early	
   vertebrate	
  

genome	
  duplications	
  VGD1	
  and	
  VGD2.	
  	
  	
  	
  	
  	
  	
  	
  	
  

	
  

3.5	
  Expression	
  of	
  prrx	
  ohnologs	
  in	
  spotted	
  gar	
  and	
  teleosts	
  

To	
   gain	
   insight	
   into	
   the	
   expression	
   of	
   prrx	
   genes	
   in	
   the	
   spotted	
   gar,	
   we	
  

performed	
   RNA	
   whole	
   mount	
   in	
   situ	
   hybridization	
   experiments	
   on	
   spotted	
   gar	
  

embryos	
   (Fig.	
   7A).	
   Based	
   on	
   the	
   prominent	
   expression	
   of	
  Prrx1	
   and	
  Prrx2	
   in	
   the	
  

fore-­‐	
   and	
   hindlimb	
   buds	
   of	
   mouse	
   and	
   chicken	
   (Beverdam	
   and	
   Meijlink,	
   2001;	
  

Kuratani	
  et	
  al.,	
  1994;	
  Lu	
  et	
  al.,	
  1999;	
  Nohno	
  et	
  al.,	
  1993)	
  and	
  of	
  prrx1	
  co-­‐orthologs	
  in	
  

pectoral	
  fin	
  buds	
  of	
  zebrafish	
  (Hernandez-­‐Vega	
  and	
  Minguillon,	
  2011),	
  we	
  selected	
  

two	
  critical	
  developmental	
  stages	
  for	
  our	
  analysis.	
  At	
  Long/Ballard	
  stage	
  28-­‐29	
  (5-­‐6	
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days	
  post	
  fertilization),	
  the	
  pectoral	
  fins	
  are	
  visible	
  as	
  low	
  discs;	
  at	
  stage	
  32-­‐33	
  (11-­‐

12	
  days	
  post	
  fertilization),	
  pelvic	
  fin	
  buds	
  become	
  apparent	
  for	
  the	
  first	
  time	
  (Long	
  

and	
  Ballard,	
  2001).	
  Indeed,	
  we	
  find	
  that	
  prrx1	
  and	
  prrx2	
  are	
  both	
  expressed	
  in	
  the	
  

pectoral	
   fins	
   buds	
   at	
   stage	
   28-­‐29.	
   Furthermore,	
   both	
   genes	
   are	
   expressed	
   in	
  

branchial	
  arches	
  and	
  head	
  structures	
  at	
  stage	
  28-­‐29.	
  At	
  stage	
  32-­‐33,	
  prrx1	
  and	
  prrx2	
  

are	
  both	
  expressed	
  in	
  the	
  pelvic	
  fin	
  buds	
  while	
  the	
  expression	
  in	
  pectoral	
  find	
  is	
  no	
  

longer	
  detectable	
  (Fig.	
  7A).	
  

Using	
  our	
  RNA-­‐Seq	
  data	
  we	
   furthermore	
  determined	
   expression	
   levels	
   of	
  pprx	
  

genes	
  in	
  adult	
  tissues	
  of	
  spotted	
  gar,	
  European	
  eel,	
  zebrafish,	
  and	
  medaka	
  (Fig.	
  7B).	
  

A	
  general	
  observation	
  is	
  that	
  in	
  all	
  species	
  the	
  level	
  of	
  prrx	
  gene	
  expression	
  is	
  higher	
  

in	
   whole	
   embryos	
   than	
   in	
   any	
   adult	
   tissue.	
   Furthermore,	
   in	
   the	
   two	
   species	
   that	
  

have	
  a	
  prrx2	
   gene,	
   spotted	
  gar	
  and	
  European	
  eel,	
   the	
  expression	
  of	
  prrx2	
   is	
   lower	
  

than	
   the	
   expression	
   of	
   prrx1	
   (spotted	
   gar)	
   or	
   prrx1	
   co-­‐orthologs	
   combined	
  

(European	
  eel).	
  	
  

In	
   spotted	
   gar,	
  prrx1	
   is	
  most	
   prominently	
   expressed	
   in	
   testis	
   and	
   bone,	
  while	
  

prrx2	
  is	
  barely	
  expressed	
  in	
  these	
  tissues.	
  Gar	
  prrx1	
  is	
  also	
  expressed	
  in	
  gills,	
  heart,	
  

muscle	
  and	
  kidney,	
  with	
  prrx2	
  expression	
  being	
  equally	
  high	
  in	
  the	
  heart	
  (Fig.	
  7B).	
  

In	
  the	
  eel,	
  prrx1a	
  is	
  generally	
  more	
  highly	
  expressed	
  than	
  prrx1b.	
  While	
  prrx1a	
  is	
  

expressed	
   in	
  bone,	
   testis,	
   gills,	
  brain,	
   and	
  muscle,	
  prrx1b	
   is	
  only	
  expressed	
   in	
  gills	
  

(Suppl.	
   Fig.	
   3).	
   Eel	
   prrx2	
   expression	
   is	
   found	
   mostly	
   in	
   the	
   gills,	
   in	
   contrast	
   to	
  

spotted	
  gar	
  prrx2	
  (Fig.	
  7B).	
  

In	
   zebrafish	
   as	
   in	
   eel,	
   prrx1a	
   is	
  more	
   highly	
   expressed	
   than	
   prrx1b.	
   Zebrafish	
  

prrx1a	
   is	
   expressed	
   in	
   gills,	
  muscle,	
   brain,	
   bone,	
   testis,	
   and	
   kidney,	
   and	
   prrx1b	
   is	
  

expressed	
  in	
  testis,	
  gills,	
  and	
  muscle	
  (Fig.	
  7B,	
  Suppl.	
  Fig.3).	
  When	
  comparing	
  prrx1	
  

co-­‐ortholog	
  expression	
  between	
  zebrafish	
  and	
  eel	
  (Suppl.	
  Fig.	
  3),	
  we	
  see	
  that	
  despite	
  

differences	
   in	
  absolute	
  expression	
   levels	
  (which	
  are	
  generally	
  higher	
   in	
  zebrafish),	
  

the	
  ratio	
  of	
  expression	
  of	
  prrx1a	
  vs.	
  prrx1b	
  is	
  similar	
  in	
  both	
  species.	
  	
  

In	
   medaka,	
   prrx1b	
   is	
   expressed	
   in	
   bone,	
   muscle,	
   and	
   gills	
   and	
   thereby	
   more	
  

closely	
  resembles	
  the	
  expression	
  of	
  prrx1a	
  in	
  zebrafish	
  and	
  eel	
  than	
  the	
  expression	
  

of	
  prrx1b	
  in	
  these	
  species	
  (Fig.	
  7B).	
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4.	
  Discussion	
  

	
  

4.1	
  Evolution	
  of	
  vertebrate	
  Prrx	
  genes	
  by	
  three	
  rounds	
  of	
  genome	
  duplication	
  

The	
   analyses	
   presented	
   here	
   provide	
   evidence	
   to	
   support	
   a	
   model	
   for	
   the	
  

evolution	
   of	
   the	
   Prrx	
   gene	
   family	
   in	
   vertebrates	
   through	
   three	
   rounds	
   of	
   whole	
  

genome	
   duplication	
   (VGD1,	
   VGD2,	
   TGD)	
   (Fig.	
   8).	
   The	
   two	
   vertebrate	
   genome	
  

duplications	
   led	
   to	
   the	
   amplification	
   of	
   many	
   gene	
   families	
   in	
   vertebrates,	
  

generating	
   for	
   example	
   the	
   four	
   vertebrate	
   Hox	
   clusters	
   (reviewed	
   in	
   (Canestro,	
  

2012)).	
   In	
   the	
  case	
  of	
   the	
  prrx	
   genes,	
  gnathostomes	
  have	
  retained	
  only	
   two	
  of	
   the	
  

theoretically	
   four	
  VGD	
  ohnologs.	
  This	
   result	
   could	
  be	
   explained	
  by	
   the	
  hypothesis	
  

that	
  one	
  of	
  the	
  two	
  VGD1-­‐paralogs	
  was	
  lost	
  before	
  VGD2	
  so	
  that	
  only	
  a	
  single	
  Prrx	
  

gene	
  was	
  available	
   for	
  duplication	
   in	
   the	
  VGD2	
  event.	
  The	
  genomic	
   location	
  of	
   the	
  

two	
  PRRX	
  genes	
  in	
  human	
  and	
  chicken	
  relative	
  to	
  the	
  reconstruction	
  of	
  vertebrate	
  

karyotype	
   evolution	
   by	
   Nakatani	
   et	
   al.	
   (2007),	
   however,	
   is	
   inconsistent	
   with	
   this	
  

hypothesis.	
   The	
   PRRX	
   paralogons	
   in	
   human	
   and	
   chicken	
   genomes	
   are	
   located	
   in	
  

chromosomal	
  blocks	
  A2	
  (PRRX1)	
  and	
  A0	
  (PRRX2),	
  which	
  are	
  connected	
  by	
  VGD1,	
  not	
  

VGD2	
  (Nakatani	
  et	
  al.,	
  2007).	
  Thus,	
  it	
  appears	
  that	
  after	
  duplication	
  of	
  the	
  ancestral	
  

chromosome	
  A	
  during	
  VGD1	
  and	
  VGD2	
  four	
  Prrx	
  ohnologs	
  were	
  initially	
  present	
  but	
  

the	
  VGD2	
  ohnologs	
  of	
  the	
  two	
  extant	
  Prrx	
  genes	
  were	
  lost	
  independently	
  after	
  VGD2	
  

(Fig.	
   8).	
   The	
  presence	
  of	
   a	
   single	
  prrx	
   gene	
   in	
   lamprey,	
  whose	
   lineage	
  most	
   likely	
  

diverged	
   from	
  gnathostomes	
  after	
  VGD2	
  (Smith	
  et	
  al.,	
  2013),	
  neither	
  supports	
  nor	
  

refutes	
   this	
   model.	
   The	
   phylogenetic	
   position	
   of	
   the	
   lamprey	
   prrx	
   gene	
   remains	
  

unresolved,	
  a	
  common	
  problem	
  when	
  inferring	
  gene	
  family	
  histories	
  among	
  the	
  two	
  

major,	
   early	
   diverging	
   vertebrate	
   lineages,	
   agnathans	
   and	
   gnathostomes	
   (Kuraku,	
  

2013).	
  

The	
  common	
  ancestor	
  of	
  bony	
  vertebrates	
  (euteleostomes)	
  still	
  contained	
  both	
  

Prrx	
   genes	
  because	
  we	
   find	
  both	
  genes	
   in	
  many	
   lobefins	
   as	
  well	
   as	
   in	
   spotted	
  gar	
  

among	
  rayfins.	
  Our	
  analysis	
  of	
  teleost	
  transcriptomes	
  further	
  shows	
  that	
  prrx2	
  is	
  not	
  

an	
  ohnolog	
  gone	
  missing	
  in	
  all	
  teleosts,	
  but	
  that	
  it	
  was	
  lost	
  in	
  the	
  lineage	
  leading	
  to	
  

clupeocephalan	
   teleosts,	
  and	
  was	
  retained	
   in	
   the	
   two	
  other	
  major	
   teleost	
   lineages,	
  

elopomorphs	
  and	
  osteoglossomorphs.	
  Following	
  the	
  TGD,	
  prrx1	
  was	
  still	
  present	
  in	
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two	
   copies	
   in	
   the	
   ancestors	
   of	
   the	
   elopomorph,	
   osteoglossomorph,	
   and	
  

clupeocephalan	
  lineages.	
  Within	
  clupeocephalans,	
  the	
  prrx1a	
  gene	
  was	
  later	
  lost	
  in	
  

the	
  lineage	
  leading	
  to	
  acanthomorphs.	
  

Based	
   on	
   the	
   rapid	
   succession	
   of	
   the	
   TGD	
   and	
   the	
   diversification	
   of	
   the	
   three	
  

major	
   teleost	
   lineages	
   (elopomorphs,	
   osteoglossomorphs,	
   and	
   clupeocephalans),	
  

phylogenetic	
   reconstructions	
   can	
   fail	
   in	
   clearly	
   inferring	
   orthology	
   of	
   TGD	
  

duplicates	
   among	
   the	
   three	
   teleost	
   lineages	
   (Kuraku,	
   2013),	
   particularly	
   in	
  

situations	
  with	
   low	
  phylogenetic	
  signal	
   like	
   the	
  one	
  described	
  here	
   for	
  prrx	
  genes.	
  

Therefore,	
   other	
   measures,	
   such	
   as	
   conserved	
   synteny	
   and	
   splicing	
   patterns,	
  

become	
   essential	
   to	
   determine	
   orthology	
   as	
   successfully	
   applied	
   here	
   for	
  

clupeocephalan	
  and	
  eel	
  prrx1	
  genes.	
  	
  	
  	
  	
  	
  

Our	
   analysis	
   of	
  Prrx	
   gene	
   family	
   history	
   shows	
   that	
   none	
   of	
   the	
   teleost	
  model	
  

species	
   resembles	
   the	
   situation	
   of	
  PRRX	
   genes	
   in	
   human.	
   The	
  makeup	
   of	
   the	
  prrx	
  

gene	
  family	
  in	
  neither	
  zebrafish	
  nor	
  medaka	
  is	
  representative	
  of	
  teleosts	
  in	
  general,	
  

and	
   ironically,	
   despite	
   the	
   TGD,	
   the	
   prrx	
   gene	
   repertoire	
   is	
   most	
   reduced	
   among	
  

bony	
   vertebrates	
   in	
   acanthomorphs,	
   including	
   model	
   species	
   like	
   medaka	
   and	
  

platyfish.	
  The	
  basal	
  teleost	
  lineages,	
  in	
  contrast,	
  have	
  the	
  most	
  expanded	
  prrx	
  gene	
  

repertoire	
  of	
  all	
  vertebrates	
  analyzed	
  so	
  far.	
  Among	
  investigated	
  rayfins,	
  the	
  spotted	
  

gar	
  is	
  the	
  only	
  one	
  that	
  is	
  the	
  same	
  as	
  human	
  with	
  regard	
  to	
  its	
  prrx	
  gene	
  repertoire.	
  	
  

This	
  census	
  of	
  rayfin	
  prrx	
  genes	
   illustrates	
  that	
   the	
  choice	
  of	
  model	
  species	
   for	
  

the	
   study	
  of	
   gene	
   functions	
   can	
  be	
   rather	
   random	
  at	
   the	
   level	
  of	
   the	
   specific	
   gene	
  

family	
   and	
   that	
   the	
   specifics	
   of	
   the	
   gene	
   regulatory	
   network	
   components	
   in	
   the	
  

teleost	
  model	
  under	
  investigation	
  should	
  be	
  taken	
  into	
  account	
  when	
  generalizing	
  to	
  

teleosts	
  and	
  translating	
  the	
  knowledge	
  to	
  the	
  human	
  situation.	
  

	
  

4.2	
   Implications	
   of	
   gene	
   family	
   history	
   for	
   gene	
   function	
   evolution	
   and	
  

modeling	
  human	
  conditions	
  

Prrx	
   genes	
   are	
   most	
   prominently	
   known	
   for	
   their	
   function	
   during	
   the	
  

development	
  of	
  limbs	
  and	
  craniofacial	
  structures	
  (ten	
  Berge	
  et	
  al.,	
  1998).	
  Our	
  in	
  situ	
  

hybridization	
  analysis	
  during	
  spotted	
  gar	
  development	
  shows	
  for	
  the	
  first	
  time	
  that	
  

the	
   overlapping	
   expression	
   of	
   Prrx1	
   and	
   Prrx2	
   genes	
   in	
   paired	
   appendages	
   and	
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branchial	
  arches	
  is	
  not	
  restricted	
  to	
  tetrapods,	
  but	
  is	
  most	
  likely	
  derived	
  from	
  a	
  gene	
  

regulatory	
   program	
   that	
   predates	
   the	
   divergence	
   of	
   bony	
   vertebrates.	
   Besides	
  

reports	
  on	
  the	
  expression	
  of	
  prrx1	
  in	
  the	
  branchial	
  arches	
  in	
  shark	
  (Compagnucci	
  et	
  

al.,	
   2013),	
   expression	
   data	
   are	
   currently	
   lacking	
   for	
   species	
   basal	
   to	
   bony	
  

vertebrates,	
  but	
  will	
  be	
  required	
  to	
  gain	
  more	
  insight	
  into	
  the	
  evolutionary	
  origin	
  of	
  

vertebrate	
  Prrx	
  gene	
  expression	
  patterns.	
  	
  	
  	
  

Following	
   the	
   parsimony	
   principle,	
   the	
   similarity	
   in	
   expression	
   of	
   bony	
  

vertebrate	
   Prrx1	
   and	
   Prrx2	
   suggests	
   that	
   their	
   common	
   single	
   precursor	
   gene	
  

potentially	
   already	
   had	
   cis-­‐regulatory	
   elements	
   enabling	
   expression	
   in	
   branchial	
  

arches	
   and	
   paired	
   appendages	
   that	
   both	
   daughter	
   genes	
   then	
   retained	
   after	
   the	
  

duplication.	
  Genomic	
  evidence	
  shows	
  that	
  the	
  VGD1	
  event	
  initially	
  generated	
  Prrx1	
  

and	
   Prrx2	
   (Fig.	
   8),	
   an	
   event	
   that	
   predates	
   the	
   divergence	
   of	
   gnathostome	
   and	
  

agnathan	
  vertebrates	
  (Smith	
  et	
  al.,	
  2013).	
  These	
  arguments	
  lead	
  to	
  the	
  paradoxical	
  

situation	
  that	
  the	
  paired	
  appendage	
  expression	
  domain	
  evolved	
  before	
  the	
  evolution	
  

of	
   paired	
   appendages	
   in	
   gnathostomes	
   (Tulenko	
   et	
   al.,	
   2013)!	
   	
   This	
   conclusion	
   is	
  

reminiscent	
   of	
   the	
   situation	
   for	
   Tbx5	
   and	
   Tbx4,	
   which	
   are	
   expressed	
   in	
  

gnathostomes	
  in	
  anterior	
  and	
  posterior	
  paired	
  appendages,	
  respectively,	
  suggesting	
  

that	
  their	
  expression	
  program	
  is	
  derived	
  from	
  the	
  common	
  Tbx4/5	
  precursor	
  gene,	
  

and	
   yet	
   the	
   duplication	
   that	
   generated	
   these	
   paralogs	
   presumably	
   predates	
   the	
  

origin	
   of	
   paired	
   appendages	
   itself	
   (Horton	
   et	
   al.,	
   2008;	
   Minguillon	
   et	
   al.,	
   2009;	
  

Tanaka	
  et	
  al.,	
  2002).	
  	
  Considering	
  both	
  gene	
  families	
  (Prrx	
  and	
  Tbx4/5),	
  we	
  conclude	
  

that	
   the	
  evolution	
  of	
  paired	
  appendages	
  may	
   involve	
   the	
  exaptation	
  of	
  preexisting	
  

regulatory	
   elements	
   driving	
   the	
   expression	
   of	
   limb-­‐specific	
   genes	
   in	
   paired	
  

mesodermal	
  domains.	
  

The	
  present	
  study	
  furthermore	
  shows	
  that	
  the	
  spotted	
  gar	
  will	
  be	
  very	
  useful	
  to	
  

functionally	
  model	
   the	
   role	
  of	
  prrx1	
   and	
  prrx2	
   in	
   the	
  ancestor	
  of	
   tetrapods	
  before	
  

the	
   fin-­‐to-­‐limb	
   transition.	
   Lobefin	
   fish,	
   i.e.	
   coelacanths	
   and	
   lungfishes,	
   are	
   not	
  

suitable	
   for	
   functional	
   and/or	
   genetic	
   studies,	
   while	
   teleost	
   model	
   species	
   are	
  

variants	
  as	
  proxies	
  due	
  to	
  the	
  loss	
  of	
  prrx2	
  and	
  the	
  independent	
  duplication	
  of	
  prrx1	
  

during	
  the	
  TGD.	
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The	
   expression	
   of	
   the	
   two	
   prrx1	
   co-­‐orthologs	
   during	
   zebrafish	
   development	
  

largely	
   overlapps	
   in	
   pectoral	
   fin	
   buds,	
   head	
   mesenchyme,	
   and	
   branchial	
   arches	
  

(Hernandez-­‐Vega	
   and	
   Minguillon,	
   2011)	
   and	
   matches	
   similar	
   expression	
   of	
   the	
  

single	
   prrx1	
   gene	
   in	
   spotted	
   gar	
   embryos	
   (Fig.	
   7A).	
   The	
   expression	
   of	
   prrx1	
   in	
  

embryonic	
   and	
   adult	
   spotted	
   gar,	
   in	
   comparison	
   to	
   zebrafish	
   and	
   eel	
   prrx1	
   co-­‐

orthologs,	
   does	
   not	
   clearly	
   indicate	
   of	
   sub-­‐	
   and/or	
   neofunctionalization	
   after	
   the	
  

TGD.	
  Generally,	
  in	
  both	
  zebrafish	
  and	
  eel,	
  prrx1a	
  is	
  the	
  more	
  highly	
  expressed	
  TGD	
  

co-­‐ortholog,	
  and	
  thus	
  presumably	
  already	
  was	
  more	
  highly	
  expressed	
  than	
  prrx1b	
  in	
  

the	
   last	
   common	
   ancestor	
   of	
   elopomorphs	
   and	
   clupeocephalans.	
   Surprisingly,	
  

however,	
   within	
   clupeocephalans,	
   prrx1a,	
   the	
   highly	
   expressed	
   gene,	
   rather	
   than	
  

prrx1b,	
  the	
  lower	
  expressed	
  gene,	
  was	
  lost	
  in	
  acanthomorphs.	
  We	
  hypothesize	
  that	
  

prrx1a	
  was	
  more	
  prone	
  to	
  gene	
  loss	
  than	
  prrx1b	
  despite	
  its	
  presumable	
  higher	
  and	
  

broader	
   expression	
   because	
   it	
   had	
   lost	
   its	
   ability	
   to	
   generate	
   splisoform	
   B’	
   soon	
  

after	
  the	
  TGD.	
  	
  

Our	
   RNA-­‐Seq	
   analysis	
   of	
   adult	
   rayfin	
   tissues	
   revealed	
   that	
   prrx	
   genes	
   are	
  

predominantly	
  expressed	
   in	
  bone,	
  gills,	
  heart,	
  muscle,	
  brain,	
  and	
   testis.	
  Prrx	
   genes	
  

are	
  expressed	
  in	
  bone,	
  heart,	
  and	
  muscle	
  in	
  human	
  and	
  mouse	
  as	
  well	
  (Leussink	
  et	
  

al.,	
  1995;	
  Norris	
  et	
  al.,	
  2000)	
  suggesting	
  similar	
  functions	
  in	
  rayfins	
  and	
  mammals.	
  

Prrx1	
  has	
  been	
  recently	
  shown	
  to	
  be	
  important	
  for	
  the	
  maintenance	
  of	
  adult	
  neural	
  

stem	
  cells	
  in	
  mammals	
  (Shimozaki	
  et	
  al.,	
  2013).	
  Zebrafish	
  is	
  becoming	
  an	
  important	
  

model	
   organism	
   for	
   adult	
   neurogenesis	
   in	
   vertebrates	
   (see	
   e.g.	
   (Grandel	
   et	
   al.,	
  

2006))	
  and	
  our	
  expression	
  data	
  suggest	
   that	
  prrx1a	
   is	
  a	
  primary	
  candidate	
   to	
   test	
  

for	
  similar	
  functions	
  in	
  teleosts.	
  In	
  medaka,	
  in	
  contrast,	
  we	
  did	
  not	
  find	
  expression	
  of	
  

its	
  only	
  remaining	
  gene,	
  prrx1b,	
  in	
  the	
  adult	
  brain	
  (Fig.	
  7B)	
  suggesting	
  that	
  zebrafish	
  

potentially	
   better	
   than	
   medaka	
   models	
   adult	
   neurogenic	
   functions	
   of	
   PRRX1	
   in	
  

human.	
  	
  	
  

Interestingly,	
   testis	
  had	
   the	
  highest	
  expression	
  of	
  prrx1	
   among	
  adult	
   tissues	
   in	
  

spotted	
  gar,	
  and	
  testis	
  expression	
  of	
  prrx1a	
  as	
  well	
  as	
  of	
  prrx1a	
  and	
  prrx1b	
  was	
  also	
  

found	
  in	
  eel	
  and	
  zebrafish,	
  respectively.	
  To	
  the	
  best	
  of	
  our	
  knowledge,	
  Prrx1	
  has	
  not	
  

been	
  studied	
  in	
  the	
  context	
  of	
  testis	
  development	
  and	
  testis	
  function	
  and	
  it	
  will	
  be	
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interesting	
   to	
   analyze	
   if	
   this	
   is	
   a	
   rayfin-­‐specific	
   function	
   or	
   shared	
   with	
   other	
  

vertebrates.	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

5.	
  Conclusions	
  

The	
  present	
  study	
  illustrates,	
  based	
  on	
  the	
  example	
  of	
  Prrx	
  genes,	
  the	
  diversity	
  

of	
   the	
   developmental	
   genetic	
   toolbox	
   components	
   among	
   vertebrates	
   and	
   within	
  

teleost	
  fishes	
  in	
  particular.	
  These	
  differences	
  are	
  the	
  results	
  of	
  lineage-­‐specific	
  gene	
  

family	
   expansions	
   by	
   genome	
   duplications	
   and	
   multiple	
   subsequent	
   gene	
   loss	
  

events.	
   We	
   also	
   uncovered	
   significant	
   differences	
   in	
   the	
   prrx	
   gene	
   repertoires	
  

among	
   teleost	
   model	
   and	
   non-­‐model	
   species	
   and	
   learned	
   that	
   no	
   single	
   species	
  

represents	
   teleosts	
   in	
   general,	
   emphasizing	
   the	
   need	
   to	
   study	
   several	
   different	
  

teleost	
  models.	
  	
  

Our	
  study	
  highlights	
  the	
  suitability	
  of	
  spotted	
  gar	
  to	
  infer	
  gene	
  family	
  histories	
  in	
  

vertebrates.	
  The	
  spotted	
  gar	
  lends	
  itself	
  as	
  the	
  best	
  possible	
  model	
  for	
  the	
  situation	
  

of	
  the	
  Prrx	
  gene	
  family	
  before	
  the	
  fin-­‐to-­‐limb	
  transition	
  and	
  to	
  study	
  the	
  function	
  of	
  

prrx2	
   in	
   a	
   fish.	
   Future	
   biomedical	
   studies	
   concerned	
   with	
   Prrx	
   genes	
   in	
   teleost	
  

model	
  species	
  need	
  to	
  take	
  into	
  account	
  differences	
  with	
  respect	
  to	
  the	
  human	
  gene	
  

family.	
  The	
  currently	
  rapid	
  progress	
  in	
  fish	
  genomics	
  illuminates	
  the	
  ‘genomic	
  black	
  

boxes’	
  of	
  teleosts	
  and	
  enables	
  us	
  to	
  make	
  better	
  predictions	
  about	
  which	
  particular	
  

fish	
  model	
   to	
   use	
   for	
  modeling	
   specific	
   human	
   gene	
   functions,	
   thereby	
   improving	
  

the	
   interpretation	
   and	
   translation	
   of	
   insights	
   from	
   fish	
  models	
   to	
   human	
   disease	
  

states.	
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Figure	
  Captions	
  

	
  

Fig.	
   1:	
   Cladogram	
   showing	
   phylogenetic	
   relationships	
   among	
   vertebrates	
  

analyzed	
  in	
  the	
  present	
  study.	
  Tree	
  topology	
  was	
  adopted	
  from	
  Near	
  et	
  al.	
  (2012).	
  

VGD1/2:	
  vertebrate	
  genome	
  duplication	
  1/2;	
  TGD:	
  teleost	
  genome	
  duplication.	
  The	
  

results	
  of	
  our	
  Prrx	
  gene	
  surveys	
  are	
  shown	
  to	
  the	
  right.	
  Presence/absence	
  of	
  genes	
  

is	
   indicated	
   by	
   colored/white	
   boxes.	
   The	
   relationship	
   of	
   the	
   single	
   lamprey	
   prrx	
  

gene	
  remains	
  unresolved.	
  

	
  

Fig.	
   2:	
   Conserved	
   synteny	
   between	
   human	
   and	
   spotted	
   gar	
  Prrx	
   genes.	
   A)	
  A	
  

dotplot	
  comparing	
   the	
  human	
  PRRX1	
   gene	
  region	
  on	
  chromosome	
  1	
  (Hsa1)	
   to	
   the	
  

spotted	
  gar	
  (Loc)	
  genome	
  shows	
  extensive	
  conserved	
  synteny	
  to	
  spotted	
  gar	
  LG10.	
  

B)	
   Conserved	
   synteny	
   of	
   human	
   and	
   spotted	
   gar	
   Prrx2	
   genes.	
   C,	
   D)	
   Orthologous	
  

pairwise	
  clusters	
  between	
  human	
  and	
  spotted	
  gar.	
  

	
  

Fig.	
  3:	
  Rayfin	
   conserved	
  synteny	
  and	
  phylogeny	
  of	
  Prrx	
   genes.	
  A,	
  B)	
  A	
  dotplot	
  

analysis	
  comparing	
  the	
  chromosomal	
  neighborhood	
  surrounding	
  spotted	
  gar	
  prrx1	
  

on	
  LG10	
   shows	
  double	
   conserved	
   synteny	
  with	
   chromosome	
   segments	
   containing	
  

prrx1	
  co-­‐orthologs	
  in	
  zebrafish	
  on	
  Dre2	
  and	
  Dre20	
  (A)	
  and	
  in	
  medaka	
  to	
  prrx1b	
  on	
  

Ola4	
   and	
   to	
   Ola17,	
   which	
   lacks	
   a	
   prrx1	
   gene.	
   C)	
   Nucleotide	
   maximum	
   likelihood	
  

phylogeny	
   of	
   vertebrate	
   Prrx	
   genes	
   (GTR+I+G	
   model,	
   50%	
   bootstrap	
   consensus)	
  

rooted	
   on	
   amphioxus	
   prrx.	
   Node	
   values	
   indicate	
   %	
   bootstrap	
   support.	
   Note	
   that	
  

gene	
   names	
  were	
   assigned	
   taking	
   conserved	
   synteny	
   and/or	
   splicing	
   information	
  

into	
  account.	
  Aal:	
  allis	
  shad;	
  Aja:	
  Japanese	
  eel;	
  Ame:	
  Mexican	
  tetra;	
  Bfl:	
  amphioxus;	
  

Cmi:	
  elephant	
  shark;	
  Elu:	
  Northern	
  pike;	
  Gac:	
   stickleback;	
  Gga:	
   chicken;	
  Gmo:	
  cod;	
  

Hsa:	
   human;	
   Lca:	
  Arctic	
   lamprey;	
   Lch:	
   coelacanth;	
   Loc:	
   spotted	
   gar;	
  Mmu:	
  mouse;	
  

Ola:	
  medaka;	
  Oni:	
  tilapia;	
  Pbu:	
  butterflyfish;	
  Phy:	
  striped	
  catfish;	
  Xtr:	
  frog.	
  	
  

	
  

Fig.	
  4:	
  Genomic	
  environments	
  of	
  vertebrate	
  Prrx	
  genes.	
  Orthologous	
  genes	
  

contributing	
  to	
  conserved	
  synteny	
  are	
  similarly	
  color-­‐coded.	
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Fig.	
   5:	
   Splice	
   variants	
   of	
  Prrx	
   genes.	
  Three	
  domains	
  characterize	
  Prrx	
  proteins:	
  

the	
  prx	
  domain,	
  the	
  homeodomain	
  and	
  the	
  OAR	
  domain.	
  The	
  OAR	
  domain	
  is	
  missing	
  

from	
   the	
   amniote	
   Prrx1	
   splisoform	
   B	
   and	
   from	
   rayfin	
   splisoforms	
   B’	
   of	
   Prrx1	
  

(spotted	
  gar)	
  and	
  Prrx1b	
  (teleosts)	
  because	
  of	
  the	
  use	
  of	
  alternative	
  fourth	
  exons.	
  	
  	
  

	
  

Fig.	
  6:	
  Conserved	
  synteny	
  of	
  Prrx	
  paralogons	
  after	
  VGD1	
  and	
  VGD2.	
  Prrx	
  genes	
  

in	
   spotted	
   gar	
   (A)	
   and	
   human	
   (B)	
   are	
   part	
   of	
   larger	
   paralogons.	
   Intragenomic	
  

paralogy	
  dotplots	
  in	
  spotted	
  gar	
  (C)	
  and	
  human	
  (D)	
  show	
  that	
  additional	
  paralogons	
  

are	
  present	
  in	
  vertebrate	
  genomes	
  despite	
  the	
  absence	
  of	
  additional	
  Prrx	
  genes,	
  as	
  

would	
  be	
  expected	
  after	
  two	
  rounds	
  of	
  whole	
  genome	
  duplication	
  followed	
  by	
  gene	
  

loss.	
  	
  

	
  

Fig.	
   7:	
   Expression	
   of	
  prrx	
   genes	
   in	
   rayfins.	
  A)	
  Expression	
  of	
  prrx	
   genes	
  during	
  

spotted	
   gar	
   development.	
   RNA	
  whole	
  mount	
   in	
   situ	
   hybridizations	
   are	
   shown	
   for	
  

prrx1	
  to	
  the	
  left,	
  prrx2	
  to	
  the	
  right.	
  The	
  upper	
  row	
  shows	
  embryos	
  at	
  Long/Ballard	
  

stage	
  (st.)	
  28-­‐29	
  at	
  left	
  with	
  a	
  dorsal	
  view	
  of	
  the	
  gar	
  embryo	
  (heads	
  to	
  the	
  left)	
  and	
  

at	
   the	
   right	
   a	
   lateral	
   view	
   of	
   the	
   head	
   and	
   anterior	
   trunk	
   region.	
   Both	
   genes	
   are	
  

expressed	
  in	
  the	
  pectoral	
  fin	
  buds	
  (fb),	
  branchial	
  arches	
  (white	
  asterisks)	
  and	
  head	
  

structures.	
  	
  The	
  lower	
  row	
  shows	
  embryos	
  at	
  stage	
  32-­‐33.	
  	
  At	
  the	
  left,	
  lateral	
  views	
  

of	
   the	
   embryos	
   are	
   shown	
   with	
   a	
   box	
   insert	
   highlighting	
   the	
   region	
   around	
   the	
  

pelvic	
   fin	
  bud	
  (fb)	
  that	
   is	
  shown	
  in	
  the	
  magnification	
  on	
  the	
  right.	
  Both	
  prrx	
  genes	
  

are	
   expressed	
   in	
   the	
   pelvic	
   find	
   buds	
   at	
   this	
   stage,	
   while	
   expression	
   is	
   no	
   longer	
  

detectable	
   in	
   the	
  pectorals.	
  B)	
  RNA-­‐Seq	
  based	
  expression	
  analysis	
  of	
  prrx	
  genes	
   in	
  

tissues	
   of	
   spotted	
   gar,	
   European	
   eel,	
   zebrafish,	
   and	
   medaka.	
   Expression	
   level	
   is	
  

measured	
  as	
  reads	
  per	
  kb	
  per	
  million	
  reads	
  (rpkm).	
  

	
  

Fig.	
   8:	
  Model	
   for	
   the	
   evolution	
   of	
   vertebrate	
  Prrx	
   genes.	
  The	
  Prrx	
  gene	
   family	
  

evolved	
   through	
   three	
   round	
   of	
   whole	
   genome	
   duplication,	
   vertebrate	
   genome	
  

duplications	
   1	
   and	
   2	
   (VGD1/VGD2),	
   and	
   the	
   teleost	
   genome	
   duplication	
   (TGD)	
  

followed	
  by	
  several	
  instances	
  of	
  gene	
  loss	
  in	
  multiple	
  lineages	
  (OGM:	
  ohnolog	
  gone	
  

missing).	
  	
  



	
   31	
  

Suppl.	
   Fig.	
   1:	
   Orthology	
   of	
   clupeocephalan	
   teleost	
   prrx1	
   genes.	
   Dot	
   plots	
   of	
  

zebrafish	
   chromosomes	
   Dre2	
   (A)	
   and	
   Dre20	
   (B)	
   containing	
   prrx1a	
   and	
   prrx1b,	
  

respectively,	
  against	
  medaka	
  (Ola)	
  chromosomes.	
  A)	
  Zebrafish	
  prrx1a	
  shares	
  highly	
  

conserved	
  syntenies	
  with	
  Ola17,	
  while	
  the	
  medaka	
  prrx1	
  gene	
  is	
  located	
  on	
  Ola4.	
  B)	
  

The	
   zebrafish	
   prrx1b-­‐containing	
   chromosome	
   shares	
   conserved	
   syntenies	
   with	
  

Ola4,	
   but	
   even	
   more	
   pronounced	
   with	
   Ola	
   24.	
   Thus,	
   the	
   gene	
   lost	
   in	
   medaka	
   is	
  

prrx1a	
   and	
   the	
   retained	
   gene	
   is	
  prrx1b.	
   Because	
  Ola4	
   and	
  Ola17	
   are	
   clearly	
   TGD-­‐

derived	
   paralogous	
   chromosomes	
   (see	
   Fig.	
   3	
   and	
   Kasahara	
   et	
   al.,	
   2007),	
   we	
  

conclude	
   that	
   the	
   prrx1b	
   gene	
   region	
   has	
   been	
   translocated	
   to	
   a	
   different	
  

chromosomes	
  after	
  the	
  TGD	
  in	
  the	
  zebrafish	
  lineage.	
  	
  

	
  

Suppl.	
   Figure	
   2:	
   Phylogenetic	
   trees	
   of	
   the	
   vertebrate	
   Prrx	
   transcription	
  

factors.	
   A)	
   Maximum	
   likelihood	
   (ML)	
   phylogeny	
   of	
   Prrx	
   nucleotide	
   sequences	
  

(GTR+I+G	
  model).	
  B)	
  ML	
  bootstrap	
  50%	
  consensus	
  phylogeny,	
  C)	
  ML	
  phylogeny	
  of	
  

Prrx	
   proteins	
   (JTT+G+F	
  model).	
   Node	
   values	
   indicate	
  %	
   bootstrap	
   support.	
   Trees	
  

were	
   rooted	
   with	
   the	
   amphioxus	
   sequence.	
   Gene/protein	
   names	
   were	
   assigned	
  

taking	
   synteny	
   and/or	
   splicing	
   information	
   into	
   account.	
   Aal:	
   Allis	
   shad;	
   Aja:	
  

Japanese	
   eel;	
   Ame:	
   Mexican	
   tetra;	
   Bfl:	
   amphioxus;	
   Cmi:	
   elephant	
   shark;	
   Elu:	
  

Northern	
   pike;	
   Gac:	
   stickleback;	
   Gga:	
   chicken;	
   Gmo:	
   cod;	
   Hsa:	
   human;	
   Lca:	
   Arctic	
  

lamprey;	
  Lch:	
  coelacanth;	
  Loc:	
  spotted	
  gar;	
  Mmu:	
  mouse;	
  Ola:	
  medaka;	
  Oni:	
  tilapia;	
  

Pbu:	
  butterflyfish;	
  Phy:	
  striped	
  catfish;	
  Xtr:	
  frog.	
  

	
  

Suppl.	
   Figure	
  3:	
   Expression	
  of	
  prrx1	
   co-­‐orthologs	
   in	
   zebrafish	
   and	
  European	
  

eel.	
  RNA-­‐Seq	
  based	
  expression	
  level	
  is	
  measured	
  as	
  reads	
  per	
  kb	
  per	
  million	
  reads	
  

(rpkm).	
  Despite	
  the	
  differences	
  in	
  absolute	
  expression	
  levels	
  between	
  zebrafish	
  and	
  

eel,	
   the	
   relative	
   tissue	
  specific	
  expression	
  patterns	
  of	
  prrx1	
   co-­‐orthologs	
   is	
   similar	
  

across	
  species	
  with	
  prrx1a	
  being	
  generally	
  more	
  highly	
  expressed	
  than	
  prrx1b.	
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