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Abstract	
  

Electric	
  fishes	
  have	
  played	
  important	
  roles	
  historically	
  in	
  science,	
  helping	
  to	
  

elucidate	
  the	
  very	
  nature	
  of	
  electricity,	
  and	
  in	
  determining	
  the	
  first	
  structures	
  and	
  

functions	
  of	
  ion	
  transporters.	
  Despite	
  their	
  historical	
  importance,	
  no	
  study	
  has	
  

comprehensively	
  determined	
  the	
  molecular	
  nature	
  of	
  electric	
  organs	
  (EOs),	
  nor	
  have	
  any	
  

studies	
  compared	
  EOs	
  in	
  distinct	
  lineages	
  of	
  electric	
  fishes	
  on	
  a	
  large	
  scale.	
  Hundreds	
  of	
  

species	
  of	
  electric	
  fish	
  have	
  been	
  described	
  across	
  diverse	
  taxa,	
  the	
  vast	
  majority	
  of	
  which	
  

are	
  capable	
  of	
  producing	
  only	
  weakly	
  electric	
  organ	
  discharges	
  (EODs)	
  for	
  the	
  purposes	
  of	
  

navigation	
  and	
  communication.	
  One	
  such	
  taxa,	
  the	
  Gymnotiformes,	
  are	
  native	
  to	
  South	
  

American	
  fresh	
  waters,	
  and	
  show	
  striking	
  diversity	
  in	
  their	
  weak	
  EO	
  signals.	
  For	
  example,	
  

the	
  strong-­‐voltage	
  electric	
  eel	
  (Electrophorus	
  electricus)	
  is	
  unique	
  among	
  the	
  

Gymnotiformes	
  as	
  not	
  only	
  does	
  it	
  have	
  the	
  ability	
  to	
  generate	
  weak	
  EODs,	
  it	
  also	
  has	
  the	
  

incredible	
  ability	
  to	
  generate	
  high-­‐voltage	
  discharges	
  (in	
  excess	
  of	
  600	
  volts)	
  for	
  the	
  

purposes	
  of	
  predation	
  and	
  defense.	
  In	
  this	
  dissertation,	
  I	
  characterized	
  the	
  genome	
  of	
  E.	
  

electricus	
  using	
  high-­‐throughput	
  DNA	
  sequencing	
  technologies.	
  I	
  also	
  sequenced	
  mRNA	
  and	
  

miRNA	
  transcripts	
  obtained	
  from	
  eight	
  tissues,	
  including	
  the	
  three	
  EOs	
  found	
  in	
  this	
  

species	
  and	
  skeletal	
  muscle.	
  Next,	
  I	
  used	
  comparative	
  transcriptomics	
  to	
  study	
  the	
  

sequence	
  and	
  abundance	
  of	
  transcripts	
  found	
  in	
  EO	
  and	
  muscle	
  in	
  two	
  additional	
  

Gymnotiformes	
  species,	
  and	
  in	
  two	
  lineages	
  of	
  fish	
  that	
  have	
  independently	
  evolved	
  EOs.	
  

We	
  found	
  similar	
  patterns	
  of	
  gene	
  expression	
  in	
  the	
  EOs	
  of	
  these	
  fishes	
  despite	
  their	
  

independent	
  origins,	
  notably	
  of	
  transcription	
  factors	
  and	
  signaling	
  pathways	
  that	
  may	
  

represent	
  a	
  common	
  genetic	
  toolkit	
  important	
  for	
  the	
  independent	
  evolution	
  of	
  EOs.	
  

Finally,	
  I	
  used	
  a	
  quantitative	
  proteomic	
  and	
  phosphoproteomic	
  approach	
  to	
  characterize	
  



	
   v	
  

each	
  of	
  the	
  three	
  distant	
  EOs	
  in	
  E.	
  electricus,	
  and	
  found	
  differences	
  among	
  the	
  EOs	
  that	
  I	
  

have	
  hypothesized	
  may	
  reflect	
  their	
  distinct	
  functions.	
  The	
  main	
  EO	
  (strong	
  voltage)	
  is	
  

used	
  intermittently	
  and	
  is	
  most	
  abundant	
  in	
  proteins	
  vital	
  to	
  EOD:	
  acetylcholine	
  receptor	
  

and	
  acetylcholinesterase,	
  voltage-­‐gated	
  sodium	
  channel,	
  and	
  Na+/K+-­‐ATPase.	
  In	
  contrast,	
  

the	
  Sachs’	
  EO	
  (weak-­‐voltage)	
  is	
  used	
  continuously,	
  and	
  is	
  least	
  abundant	
  in	
  these	
  proteins.	
  

Together,	
  the	
  differences	
  in	
  protein	
  abundance	
  and	
  phosphorylation	
  of	
  these	
  key	
  proteins	
  

in	
  the	
  electrogenic	
  machinery	
  may	
  represent	
  the	
  molecular	
  underpinning	
  between	
  the	
  

tissues’	
  different	
  energetic	
  needs–	
  generating	
  low	
  voltages	
  continuously	
  versus	
  generating	
  

high	
  voltages	
  intermittently.	
  I	
  also	
  identified	
  differences	
  in	
  signaling	
  pathways	
  and	
  

transcription	
  factors	
  between	
  the	
  distinct	
  EOs	
  that	
  may	
  provide	
  clues	
  to	
  differences	
  in	
  their	
  

development	
  and/or	
  function.	
  In	
  summary,	
  this	
  dissertation	
  represents	
  the	
  first	
  major	
  

effort	
  at	
  characterizing	
  a	
  novel	
  tissue	
  type,	
  the	
  EO,	
  both	
  within	
  a	
  species	
  and	
  across	
  diverse	
  

species.	
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Or	
  arm	
  in	
  waves,	
  electric	
  in	
  his	
  ire,	
  

The	
  dread	
  Gymnotus	
  with	
  ethereal	
  fire.—	
  

Onward	
  his	
  course	
  with	
  waving	
  tail	
  he	
  helms,	
  

And	
  mimic	
  lightnings	
  scare	
  the	
  watery	
  realms.	
  …	
  

-­‐Erasmus	
  Darwin	
  (1731-­‐1802),	
  in	
  Canto	
  1	
  of	
  Economy	
  of	
  Vegetation	
  

	
  

Introduction	
  to	
  electric	
  fish	
  in	
  history	
  

Electric	
  fishes	
  have	
  captured	
  the	
  imagination	
  of	
  humans	
  for	
  millennia.	
  References	
  to	
  

an	
  electric	
  fish	
  date	
  back	
  to	
  5000	
  years	
  ago,	
  in	
  ancient	
  Egypt	
  where	
  images	
  of	
  the	
  strong-­‐

voltage	
  electric	
  catfish	
  Malapterurus	
  electricus	
  were	
  used	
  as	
  a	
  hieroglyph	
  to	
  refer	
  to	
  a	
  “man	
  

who	
  has	
  saved	
  many	
  in	
  the	
  sea	
  [1].”	
  This	
  was	
  because	
  any	
  fisherman	
  who	
  caught	
  an	
  electric	
  

catfish	
  together	
  in	
  their	
  net	
  with	
  other	
  fish	
  would	
  be	
  shocked	
  through	
  the	
  wet	
  net	
  or	
  pole,	
  

causing	
  them	
  pain	
  and	
  ultimately	
  making	
  them	
  drop	
  the	
  net,	
  liberating	
  their	
  catch.	
  

The	
  curiosity	
  sparked	
  in	
  mankind	
  by	
  electric	
  fishes	
  ultimately	
  shaped	
  the	
  world	
  we	
  

live	
  in.	
  Electric	
  fishes	
  have	
  played	
  a	
  critical	
  role	
  in	
  physics,	
  helping	
  to	
  elucidate	
  the	
  nature	
  

of	
  electricity.	
  For	
  example,	
  the	
  invention	
  of	
  the	
  Leyden	
  Jar	
  in	
  the	
  1700s	
  which	
  was	
  used	
  to	
  

store	
  and	
  transport	
  electricity	
  generated	
  by	
  electrostatic	
  generators	
  and	
  the	
  numbing	
  

sensation	
  experienced	
  from	
  the	
  Leyden	
  jar	
  caused	
  scientists	
  to	
  draw	
  comparisons	
  with	
  the	
  

numbing	
  sensation	
  experienced	
  from	
  handling	
  Torpedo	
  rays	
  and	
  electric	
  eels	
  [1].	
  By	
  1800,	
  

Alessandro	
  Volta	
  had	
  used	
  the	
  electric	
  organs	
  in	
  Torpedo	
  and	
  the	
  electric	
  eel	
  as	
  inspiration	
  

towards	
  the	
  design	
  of	
  an	
  “artificial	
  electric	
  organ,”	
  the	
  very	
  first	
  electric	
  battery	
  (the	
  Voltaic	
  

pile)	
  [1,	
  2].	
  This	
  consisted	
  of	
  alternating	
  zinc	
  and	
  silver	
  disks	
  followed	
  by	
  ‘spongy	
  matter’	
  

such	
  as	
  leather,	
  all	
  soaked	
  in	
  saline	
  solution.	
  



	
   3	
  

Electric	
  fishes	
  have	
  also	
  played	
  a	
  vital	
  role	
  in	
  biochemistry	
  and	
  neuroscience,	
  

helping	
  scientists	
  first	
  understand	
  how	
  ions	
  could	
  move	
  across	
  cell	
  membranes	
  [3].	
  Electric	
  

organ	
  from	
  the	
  strong-­‐voltage	
  Torpedo	
  ray	
  was	
  critical	
  for	
  the	
  discovery	
  of	
  the	
  

neurotransmitter	
  acetylcholine	
  and	
  cholinesterase	
  [4],	
  and	
  provided	
  such	
  an	
  abundant	
  

source	
  of	
  the	
  acetylcholine	
  receptor	
  (a	
  sodium	
  channel)	
  that	
  the	
  electric	
  organ	
  of	
  Torpedo	
  

was	
  the	
  source	
  for	
  the	
  first	
  ion	
  channel	
  ever	
  cloned	
  and	
  sequenced	
  [3,	
  5,	
  6].	
  Similarly,	
  

electric	
  organs	
  of	
  the	
  strong-­‐voltage	
  electric	
  eel	
  (Electrophorus	
  electricus)	
  are	
  incredibly	
  

rich	
  in	
  voltage-­‐gated	
  sodium	
  channels,	
  and	
  were	
  used	
  to	
  first	
  clone	
  and	
  sequence	
  this	
  

protein	
  [5,	
  7].	
  Electric	
  organs	
  of	
  the	
  E.	
  electricus	
  are	
  also	
  the	
  richest	
  known	
  source	
  for	
  the	
  

Na+/K+	
  ATPase,	
  and	
  the	
  first	
  biochemical	
  analyses	
  of	
  this	
  enzyme	
  were	
  done	
  using	
  the	
  

electric	
  eel	
  [8,	
  9].	
  

	
   Despite	
  the	
  important	
  historical	
  significance	
  of	
  electric	
  fishes,	
  relatively	
  little	
  is	
  

known	
  about	
  their	
  molecular	
  nature,	
  and	
  few	
  studies	
  have	
  offered	
  an	
  analysis	
  of	
  their	
  

molecular	
  nature	
  or	
  evolution.	
  

	
  

What	
  is	
  known	
  about	
  electric	
  organs	
  of	
  other	
  species?	
  

	
   The	
  ability	
  to	
  perceive	
  weak	
  electric	
  fields	
  (electroreception)	
  is	
  an	
  ancestral	
  

vertebrate	
  trait	
  and	
  because	
  water	
  conducts	
  electricity	
  while	
  air	
  is	
  an	
  insulator,	
  the	
  ability	
  

to	
  emit	
  electric	
  discharges,	
  as	
  well	
  as	
  the	
  ability	
  to	
  detect	
  small	
  changes	
  in	
  the	
  electric	
  fields	
  

in	
  their	
  environment,	
  are	
  capabilities	
  only	
  found	
  in	
  organisms	
  that	
  dwell	
  (at	
  least	
  partially)	
  

in	
  water	
  [10].	
  Electroreceptors	
  are	
  found	
  in	
  most	
  non-­‐teleost	
  fishes,	
  in	
  and	
  four	
  orders	
  of	
  

teleost	
  fishes	
  (all	
  Siluriformes,	
  Gymnotiformes,	
  Mormyriforms,	
  and	
  one	
  subfamily	
  of	
  the	
  

Osteoglosiformes),	
  in	
  some	
  amphibians,	
  and	
  on	
  the	
  bill	
  of	
  the	
  Platypus.	
  Unlike	
  



	
   4	
  

electroreception,	
  electrogeneration—the	
  ability	
  to	
  produce	
  coordinated	
  electric	
  fields	
  from	
  

electric	
  organs—	
  is	
  not	
  considered	
  ancestral	
  and	
  is	
  thought	
  to	
  have	
  evolved	
  independently	
  

at	
  least	
  six	
  times	
  in	
  fishes,	
  possibly	
  to	
  complement	
  existing	
  electroreceptive	
  ability	
  (Figure	
  

4.1,	
  A)	
  [11-­‐13].	
  Among	
  cartilaginous	
  fishes,	
  electric	
  organs	
  are	
  thought	
  to	
  have	
  evolved	
  

twice-­‐-­‐	
  in	
  the	
  Torpedinoids	
  (electric	
  rays,	
  ~38	
  species)	
  and	
  in	
  the	
  Rajoids	
  (electric	
  skates,	
  

>200	
  species).	
  In	
  teleost	
  fishes,	
  electric	
  organs	
  are	
  thought	
  to	
  have	
  evolved	
  at	
  least	
  four	
  

times,	
  in	
  Mormyroids	
  (elephant	
  noses,	
  ~200	
  species),	
  the	
  Siluriformes	
  (catfishes,	
  several	
  of	
  

the	
  34	
  families),	
  the	
  stargazers	
  (two	
  of	
  the	
  148	
  families	
  of	
  Perciformes)	
  and	
  all	
  

Gymnitoformes	
  (knifefishes,	
  ~200	
  species).	
  

In	
  this	
  chapter	
  I	
  provide	
  a	
  brief	
  overview	
  about	
  the	
  electric	
  organs	
  of	
  all	
  electric	
  fish	
  

lineages,	
  but	
  will	
  focus	
  mainly	
  on	
  the	
  electric	
  organs	
  of	
  Gymnotiformes,	
  and	
  in	
  particular,	
  

the	
  electric	
  eel.	
  

	
  

Electric	
  Organs	
  in	
  the	
  Cartilaginous	
  Fishes	
  

Torpedinoids	
  (electric	
  rays):	
  The	
  electric	
  rays	
  have	
  paired	
  kidney-­‐shaped	
  electric	
  organs	
  

located	
  in	
  the	
  pectoral	
  muscles	
  that	
  develop	
  from	
  branchiomeric	
  musculature	
  [14].	
  Using	
  

these	
  electric	
  organs,	
  electric	
  rays	
  can	
  generate	
  ~50	
  V	
  and	
  50	
  A	
  of	
  current	
  [15].	
  The	
  electric	
  

organ	
  discharges	
  from	
  the	
  electric	
  rays	
  are	
  used	
  in	
  nocturnal	
  hunting	
  and	
  are	
  strong	
  

enough	
  to	
  stun	
  and	
  occasionally	
  cause	
  tetanus	
  so	
  powerful	
  as	
  to	
  snap	
  the	
  vertebrae	
  of	
  its	
  

prey	
  [16].	
  Despite	
  their	
  historical	
  importance	
  in	
  neuroscience	
  (see	
  introductory	
  section	
  for	
  

a	
  brief	
  overview),	
  few	
  studies	
  have	
  performed	
  an	
  in-­‐depth	
  molecular	
  analysis	
  of	
  their	
  

electric	
  organs.	
  A	
  small	
  number	
  experiments	
  aimed	
  to	
  identify	
  proteins	
  in	
  the	
  

neuromuscular	
  junction	
  of	
  the	
  electric	
  organ	
  of	
  the	
  Torpedo	
  ray	
  [15,	
  17].	
  Maximally,	
  these	
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studies	
  identified	
  ~400	
  proteins,	
  and	
  did	
  not	
  do	
  a	
  comparison	
  to	
  Torpedo	
  muscle	
  directly,	
  

but	
  rather,	
  to	
  mouse	
  skeletal	
  muscle	
  [15].	
  

	
  

Rajoids	
  (electric	
  skates):	
  	
  Electric	
  skates,	
  like	
  the	
  electric	
  rays,	
  possess	
  a	
  paired	
  electric	
  

organ;	
  however,	
  unlike	
  that	
  of	
  the	
  electric	
  ray,	
  the	
  electric	
  organs	
  develop	
  from	
  hypaxial	
  

skeletal	
  muscle	
  fibers,	
  and	
  are	
  spindle-­‐shaped	
  and	
  confined	
  to	
  the	
  tail	
  along	
  each	
  side	
  of	
  

the	
  vertebral	
  column	
  from	
  within	
  the	
  tail	
  [18].	
  These	
  electric	
  organs	
  emit	
  only	
  weak	
  

electric	
  organ	
  discharges	
  that	
  are	
  used	
  in	
  communication	
  only,	
  and	
  surprisingly,	
  do	
  not	
  

have	
  a	
  known	
  role	
  in	
  navigation	
  or	
  defense.	
  

	
  

Electric	
  Organs	
  in	
  the	
  Teleost	
  Fishes	
  

Uranoscopidae	
  (the	
  Stargazers):	
  The	
  stargazers	
  belonging	
  to	
  the	
  genera	
  Astroscopus	
  and	
  

Uranoscopus	
  are	
  the	
  only	
  known	
  marine	
  electric	
  teleosts	
  [19,	
  20].	
  There	
  are	
  a	
  small	
  number	
  

of	
  species	
  belonging	
  to	
  two	
  genera	
  that	
  are	
  electric	
  [21].	
  The	
  electric	
  organs	
  in	
  stargazers	
  

are	
  derived	
  from	
  ocular	
  muscles	
  [22]	
  and	
  can	
  generate	
  upwards	
  of	
  ~50V.	
  Although	
  the	
  

function	
  of	
  their	
  electric	
  organs	
  remains	
  unclear	
  because	
  their	
  electric	
  organ	
  discharges	
  are	
  

too	
  weak	
  to	
  stun	
  prey,	
  they	
  are	
  likely	
  used	
  in	
  predation	
  and	
  defense	
  because	
  agitation	
  of	
  

the	
  fish	
  by	
  poking	
  with	
  a	
  stick	
  elicits	
  a	
  predictable	
  electric	
  organ	
  discharge	
  [19,	
  21],	
  but	
  

because	
  the	
  species	
  lack	
  any	
  known	
  electrosensory	
  system	
  (i.e.,	
  no	
  electroreceptors),	
  their	
  

electric	
  organs	
  are	
  likely	
  not	
  used	
  in	
  communication	
  or	
  navigation	
  [19,	
  21].	
  

	
  

Siluriformes	
  (catfishes):	
  	
  Catfish	
  belonging	
  to	
  the	
  genus	
  Malapterurus	
  are	
  the	
  only	
  strong-­‐

voltage	
  fish	
  that	
  use	
  electric	
  organ	
  discharges	
  for	
  communication	
  as	
  well	
  as	
  predation	
  and	
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defense	
  (no	
  other	
  fish	
  identified	
  to	
  date	
  use	
  their	
  strong	
  voltage	
  organs	
  for	
  communication	
  

purposes)	
  [20].	
  Electric	
  organs	
  in	
  Malapterurus	
  are	
  paired	
  and	
  develop	
  from	
  trunk	
  muscles,	
  

covering	
  most	
  of	
  the	
  body	
  in	
  a	
  sheath	
  that	
  runs	
  under	
  just	
  under	
  the	
  skin	
  from	
  just	
  behind	
  

the	
  head	
  to	
  nearly	
  as	
  far	
  as	
  the	
  anal	
  fin	
  [23]	
  Dissimilarly,	
  electric	
  catfish	
  belonging	
  to	
  the	
  

genera	
  Claria	
  and	
  Syndontis	
  have	
  weakly	
  electric	
  organs	
  that	
  are	
  used	
  in	
  communication	
  

[20].	
  Interestingly,	
  Syndontis	
  has	
  electric	
  organs	
  that	
  develop	
  from	
  sonic	
  muscle	
  associated	
  

with	
  the	
  swim	
  bladder	
  [20].	
  Other	
  catfish	
  belonging	
  to	
  the	
  genera	
  Auchenoglanis,	
  Ompok,	
  

and	
  Ictalurus	
  have	
  been	
  reported	
  to	
  have	
  electric	
  organ	
  discharges	
  from	
  unknown	
  origin,	
  

and	
  the	
  vastly	
  different	
  tissue	
  origins	
  for	
  electric	
  organs	
  in	
  catfish	
  has	
  lead	
  to	
  hypotheses	
  

that	
  within	
  catfish	
  multiple	
  independent	
  evolutionary	
  origins	
  of	
  electric	
  organs	
  have	
  

occurred,	
  but	
  these	
  claims	
  have	
  yet	
  to	
  be	
  confirmed.	
  

	
  

Mormyroids	
  (African	
  electric	
  fish):	
  The	
  Mormyrids	
  have	
  a	
  weak,	
  myogenically-­‐derived	
  

electric	
  organ	
  used	
  in	
  navigation	
  and	
  communication	
  that	
  is	
  derived	
  from	
  axial	
  mesoderm;	
  

in	
  adults,	
  the	
  electric	
  organ	
  is	
  small	
  and	
  restricted	
  to	
  the	
  caudal	
  peduncle	
  of	
  the	
  tail	
  [20].	
  

Group	
  hunting	
  has	
  been	
  demonstrated	
  in	
  mormyroid	
  fish	
  in	
  which	
  occasionally	
  electric	
  

organ	
  discharges	
  were	
  synchronized,	
  which	
  suggests	
  it	
  may	
  function	
  as	
  a	
  pack	
  cohesion	
  

signal	
  in	
  complex	
  communication	
  behaviors	
  [24].	
  

	
  

Gymnotiformes	
  (South-­‐American	
  electric	
  fish):	
  Nearly	
  200	
  different	
  species	
  of	
  

Gymnotiformes	
  have	
  been	
  identified	
  to	
  date,	
  all	
  native	
  to	
  the	
  South	
  American	
  neotropics	
  

[20].	
  Gymnotiformes	
  are	
  quite	
  diverse	
  anatomically,	
  from	
  the	
  electric	
  organ	
  discharges,	
  

and	
  from	
  the	
  electric	
  organ	
  structures	
  themselves.	
  Most	
  Gymnotiformes	
  have	
  electric	
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organs	
  that	
  are	
  derived	
  from	
  skeletal	
  muscle	
  precursors;	
  adults	
  in	
  species	
  belonging	
  to	
  

Apternotus	
  have	
  neurogenic	
  electric	
  organs.	
  Apternotus	
  begins	
  life	
  with	
  a	
  myogenic	
  

ELECTRIC	
  ORGAN,	
  but	
  in	
  13-­‐day-­‐old	
  larvae,	
  the	
  neurogenic	
  organ	
  begins	
  to	
  appear	
  which	
  

are	
  modified	
  axons	
  of	
  electromotor	
  neurons;	
  by	
  41	
  days,	
  the	
  influence	
  of	
  the	
  myogenic	
  

organ	
  on	
  electric	
  organ	
  discharge	
  is	
  ablated	
  [25].	
  E.	
  electricus	
  is	
  unique	
  among	
  the	
  

Gymnotiformes	
  as	
  it	
  has	
  three	
  distinct	
  electric	
  organs	
  (Figure	
  3.1),	
  and	
  has	
  the	
  ability	
  to	
  

produce	
  both	
  strong	
  and	
  weak-­‐voltage	
  discharges	
  -­‐-­‐	
  all	
  other	
  species	
  have	
  weakly	
  electric	
  

myogenic	
  or	
  neurogenic	
  organs.	
  

	
  

How	
  do	
  electric	
  organs	
  function?	
  

Electric	
  organs	
  are	
  comprised	
  of	
  individual	
  cells	
  called	
  electrocytes,	
  which	
  are	
  

specialized	
  in	
  generating	
  ion	
  flow.	
  In	
  the	
  E.	
  electricus,	
  individual	
  electrocytes	
  are	
  made	
  up	
  

of	
  two	
  ‘faces:’	
  the	
  innervated	
  face	
  contains	
  acetylcholine	
  receptors	
  (ligand-­‐gated	
  Na+	
  

channel)	
  and	
  voltage-­‐gated	
  Na+	
  channels,	
  and	
  thus,	
  is	
  both	
  chemically	
  and	
  electrically	
  

excitable;	
  the	
  opposite	
  membrane	
  face	
  is	
  not	
  innervated	
  and	
  is	
  also	
  not	
  excitable,	
  and	
  

instead	
  of	
  Na+	
  channels,	
  contains	
  Na+/K+	
  ATPase	
  (Figure	
  1.1,	
  A)	
  [5,	
  26].	
  This	
  is	
  in	
  contrast	
  

to	
  the	
  marine	
  electric	
  fish	
  species	
  such	
  as	
  Torpedo,	
  which	
  are	
  not	
  electrically	
  excitable,	
  and	
  

instead	
  rely	
  entirely	
  on	
  the	
  acetylcholine	
  receptor	
  to	
  trigger	
  membrane	
  depolarization	
  [26]	
  

To	
  activate	
  electrocytes	
  in	
  E.	
  electricus,	
  acetylcholine	
  is	
  released	
  from	
  the	
  innervating	
  

neuron	
  and	
  binds	
  to	
  the	
  acetylcholine	
  receptor,	
  allowing	
  a	
  small	
  amount	
  of	
  Na+	
  to	
  flow	
  into	
  

the	
  cell,	
  which	
  causes	
  a	
  slight	
  membrane	
  depolarization.	
  This	
  initial	
  membrane	
  

depolarization	
  in	
  turn	
  causes	
  the	
  voltage-­‐gated	
  Na+	
  channels	
  to	
  open,	
  causing	
  a	
  massive	
  

influx	
  of	
  Na+	
  across	
  the	
  innervated	
  membrane	
  face	
  [26].	
  Because	
  the	
  opposite	
  membrane	
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face	
  contains	
  no	
  Na+	
  channels,	
  a	
  large	
  trans-­‐cellular	
  potential	
  difference	
  (voltage)	
  is	
  

generated	
  in	
  each	
  individual	
  electrocyte	
  (~150	
  mV	
  per	
  electrocyte),	
  and	
  because	
  

electrocytes	
  are	
  arranged	
  massively	
  in	
  series	
  in	
  an	
  electric	
  organ	
  (like	
  batteries	
  in	
  a	
  

flashlight),	
  the	
  individual	
  voltages	
  sum	
  up	
  (Figure	
  1.1,B).	
  Further,	
  a	
  high	
  voltage	
  (e.g.,	
  600	
  

volts	
  in	
  a	
  mature	
  eel)	
  is	
  generated	
  because	
  electrocytes	
  are	
  also	
  arranged	
  massively	
  in	
  

parallel,	
  spanning	
  the	
  width	
  of	
  the	
  tail	
  of	
  an	
  electric	
  eel.	
  The	
  presence	
  of	
  Na+/K+	
  ATPase	
  

(which	
  pumps	
  three	
  Na+	
  out,	
  and	
  two	
  K+	
  in,	
  for	
  every	
  ATP	
  consumed)	
  and	
  inward	
  rectifying	
  

K+	
  channels	
  (which	
  allows	
  K+	
  to	
  flow	
  out)	
  return	
  the	
  electrocytes	
  to	
  their	
  normal	
  -­‐85	
  mV	
  

resting	
  potential.	
  	
  Since	
  it	
  is	
  imperative	
  that	
  each	
  electrocyte	
  fires	
  at	
  the	
  same	
  time,	
  a	
  

unique	
  region	
  of	
  the	
  brain	
  called	
  the	
  pacemaker	
  nucleus	
  (or	
  central	
  control	
  nucleus),	
  

located	
  in	
  the	
  brain	
  stem	
  of	
  electric	
  fish,	
  coordinates	
  the	
  simultaneous	
  firing	
  of	
  the	
  large	
  

population	
  of	
  electrocytes,	
  and	
  this	
  unique	
  combination	
  of	
  anatomical	
  and	
  biochemical	
  

specialization	
  forms	
  the	
  basis	
  for	
  the	
  electric	
  organ	
  discharge	
  [5,	
  26].	
  

Interspecies	
  differences	
  in	
  electric	
  organ	
  signaling	
  diversity	
  have	
  been	
  explored	
  

most	
  extensively	
  in	
  Gymnotiformes.	
  Electric	
  organ	
  discharges	
  vary	
  between	
  species	
  due	
  to	
  

each	
  having	
  a	
  somewhat	
  unique	
  repertoire	
  of	
  other	
  ion	
  channels	
  besides	
  the	
  ligand	
  and	
  

voltage-­‐gated	
  Na+	
  channels	
  [5].	
  Further,	
  certain	
  species	
  of	
  Gymnotiformes	
  are	
  electrically	
  

excitable	
  on	
  two	
  membrane	
  faces,	
  which	
  fire	
  in	
  succession	
  and	
  cause	
  a	
  unique	
  waveform	
  to	
  

the	
  electric	
  organ	
  discharge.	
  Also,	
  the	
  electric	
  organ	
  discharge	
  between	
  species	
  can	
  vary	
  

with	
  the	
  presence	
  of	
  ‘accessory	
  electric	
  organs,’	
  which	
  are	
  separated	
  in	
  space	
  and	
  activated	
  

at	
  a	
  slightly	
  different	
  time	
  than	
  the	
  predominant	
  electric	
  organ	
  in	
  species;	
  accessory	
  

electric	
  organs	
  do	
  not	
  generate	
  their	
  own	
  distinct	
  electric	
  organ	
  discharge,	
  but	
  rather,	
  add	
  

complexity	
  to	
  the	
  overall	
  waveform	
  of	
  a	
  given	
  species	
  electric	
  organ	
  discharge.	
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What	
  is	
  known	
  about	
  electric	
  organs	
  of	
  weakly	
  electric	
  species?	
  

Apart	
  from	
  the	
  important	
  historical	
  role	
  that	
  strong-­‐voltage	
  electric	
  fish	
  such	
  as	
  E.	
  

electricus	
  and	
  the	
  Torpedo	
  played	
  in	
  the	
  beginning	
  days	
  of	
  modern	
  physics	
  and	
  

biochemistry,	
  there	
  are	
  other	
  important	
  roles	
  that	
  weakly	
  electric	
  fish,	
  particularly	
  

Gymnotiformes,	
  have	
  played	
  in	
  the	
  natural	
  sciences.	
  Weakly	
  electric	
  fish	
  are	
  commonly	
  

used	
  as	
  models	
  for	
  the	
  study	
  of	
  the	
  evolution	
  of	
  intra-­‐species	
  communication,	
  which	
  

confers	
  species	
  identity,	
  and	
  inter-­‐species	
  communication,	
  or	
  ‘social’	
  communication,	
  

which	
  relays	
  information	
  about	
  sexual	
  identity	
  (males	
  and	
  females	
  often	
  have	
  differences	
  

in	
  frequency	
  of	
  electric	
  organ	
  discharge),	
  sexual	
  receptiveness,	
  and	
  dominance	
  [20].	
  	
  

Some	
  research	
  has	
  gone	
  into	
  looking	
  for	
  signals	
  that	
  cause	
  modulations	
  to	
  electric	
  

organ	
  discharges	
  [5].	
  Studies	
  in	
  Gymnotiformes	
  looking	
  at	
  sexual	
  dimorphism	
  in	
  electric	
  

organ	
  signal	
  have	
  demonstrated	
  that	
  exposure	
  to	
  steroid	
  hormones	
  can	
  alter	
  the	
  electric	
  

organ	
  discharge	
  over	
  the	
  course	
  of	
  days;	
  for	
  example,	
  androgens	
  have	
  a	
  masculinizing	
  

effect	
  on	
  the	
  electric	
  organ	
  discharges	
  of	
  females	
  [27,	
  28].	
  	
  It	
  was	
  further	
  demonstrated	
  in	
  

both	
  Mormyriformes	
  and	
  Gymnotiformes	
  that	
  androgens	
  caused	
  changes	
  in	
  electric	
  organ	
  

discharges	
  by	
  acting	
  on	
  the	
  electric	
  organs	
  themselves	
  via	
  changes	
  in	
  the	
  duration	
  of	
  action	
  

potentials	
  in	
  electrocytes.	
  	
  This	
  is	
  achieved	
  by	
  modifying	
  the	
  kinetics	
  of	
  the	
  voltage-­‐gated	
  

Na+	
  channels,	
  rather	
  than	
  by	
  altering	
  the	
  rate	
  of	
  firing	
  in	
  the	
  pacemaker	
  nucleus	
  of	
  the	
  

brain	
  [28,	
  29].	
  

Some	
  (but	
  not	
  all)	
  Gymnotiformes	
  exhibit	
  social	
  and	
  circadian	
  changes	
  to	
  electric	
  

organ	
  discharge	
  that	
  occur	
  much	
  more	
  rapidly	
  (minutes/hours,	
  as	
  opposed	
  to	
  days	
  with	
  

steroid	
  hormones),	
  and	
  are	
  under	
  the	
  control	
  of	
  peptide	
  hormones	
  [5].	
  In	
  Sternopygus,	
  it	
  is	
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clear	
  that	
  these	
  signaling	
  changes,	
  in	
  part,	
  are	
  mediated	
  by	
  changes	
  in	
  membrane	
  

trafficking	
  as	
  circulating	
  melanocortin	
  peptide	
  hormone	
  caused	
  very	
  rapid	
  changes	
  in	
  

electric	
  organ	
  discharge	
  via	
  regulating	
  ion	
  channels	
  trafficking	
  to	
  the	
  electrocyte	
  plasma	
  

membrane	
  [30,	
  31].	
  Several	
  other	
  peptide	
  hormones	
  that	
  are	
  involved	
  with	
  regulating	
  

rapid	
  changes	
  in	
  electric	
  organ	
  discharge	
  have	
  been	
  described,	
  and	
  all	
  of	
  them	
  are	
  known	
  

now	
  to	
  signal	
  through	
  protein	
  kinase	
  A,	
  but	
  the	
  phosphorylated	
  targets	
  of	
  the	
  kinase	
  and	
  

the	
  downstream	
  players	
  are	
  currently	
  not	
  known	
  [5].	
  No	
  Mormyriformes	
  have	
  

demonstrated	
  rapid	
  electric	
  organ	
  discharge	
  modulation.	
  

Importantly,	
  Gymnotiformes	
  exhibit	
  one	
  of	
  the	
  largest	
  capacities	
  for	
  tissue	
  

regeneration,	
  including	
  the	
  ability	
  to	
  regenerate	
  parts	
  of	
  the	
  brain,	
  spinal	
  cord,	
  and	
  parts	
  of	
  

the	
  body	
  that	
  contain	
  diverse	
  tissue	
  types,	
  such	
  as	
  all	
  of	
  the	
  tissues	
  lost	
  from	
  tail	
  

amputation	
  [32].	
  A	
  small	
  number	
  of	
  studies	
  have	
  performed	
  comprehensive	
  analyses	
  of	
  the	
  

central	
  nervous	
  system	
  and	
  spinal	
  cord	
  in	
  Gymnotiformes	
  species,	
  either	
  under	
  normal	
  

conditions	
  or	
  under	
  repair	
  conditions	
  [33-­‐35],	
  but	
  these	
  mechanisms	
  remain	
  largely	
  

unexplained.	
  Of	
  particular	
  interest,	
  in	
  Sternopygus,	
  it	
  has	
  been	
  demonstrated	
  that	
  post	
  

amputation	
  of	
  the	
  claudal	
  region	
  of	
  the	
  tail,	
  skeletal	
  muscle	
  transdifferentiates	
  into	
  electric	
  

organ	
  during	
  tail	
  regeneration	
  [36].	
  The	
  underlying	
  mechanisms	
  of	
  robust	
  tissue	
  

regeneration	
  in	
  electric	
  fishes	
  are	
  beginning	
  to	
  be	
  characterized	
  but	
  are	
  largely	
  

unexplained	
  [32]	
  and	
  if	
  electrical	
  discharges	
  are	
  involved	
  in	
  this	
  process,	
  it	
  will	
  be	
  of	
  great	
  

interest	
  and	
  importance	
  for	
  translational	
  work	
  being	
  performed	
  in	
  medical	
  areas	
  such	
  as	
  

spinal	
  cord	
  injury.	
  

	
  

What	
  is	
  known	
  about	
  the	
  electric	
  organs	
  of	
  E.	
  electricus?	
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Like	
  other	
  Gymnotiformes,	
  E.	
  electricus	
  has	
  weak	
  electric	
  organ	
  discharges	
  that	
  are	
  used	
  

for	
  the	
  purposes	
  of	
  navigation	
  and	
  communication.	
  E.	
  electricus	
  is	
  unique	
  among	
  the	
  

Gymnotiformes,	
  however,	
  because	
  it	
  has	
  the	
  ability	
  to	
  produce	
  strong	
  voltage	
  electric	
  organ	
  

discharges	
  for	
  the	
  purpose	
  of	
  predation	
  and	
  defense.	
  	
  Recently,	
  it	
  was	
  shown	
  that	
  these	
  

strong-­‐voltage	
  discharges	
  are	
  not	
  only	
  used	
  	
  to	
  stun	
  prey,	
  but	
  to	
  cause	
  them	
  to	
  reveal	
  their	
  

location	
  by	
  inducing	
  muscle	
  contractions,	
  and	
  thus,	
  small	
  voltages	
  that	
  are	
  perceptible	
  by	
  

the	
  electroreceptive	
  electric	
  eel	
  [37].	
  

Very	
  little	
  is	
  known	
  about	
  the	
  differences	
  among	
  the	
  three	
  distinct	
  electric	
  organs	
  in	
  E.	
  

electricus.	
  Electrocytes	
  in	
  the	
  main	
  electric	
  organ	
  are	
  packed	
  tightly	
  next	
  to	
  one	
  another	
  

while	
  in	
  the	
  Sachs’	
  electric	
  organ,	
  they	
  are	
  more	
  separated	
  from	
  one	
  another	
  [38],	
  which	
  

could	
  contribute	
  to	
  the	
  smaller	
  voltage	
  emitted	
  from	
  the	
  Sachs’	
  electric	
  organ	
  compared	
  to	
  

the	
  main	
  electric	
  organ.	
  Additionally,	
  electrocytes	
  in	
  the	
  Sachs’	
  electric	
  organs	
  are	
  larger	
  

than	
  the	
  main	
  electric	
  organ	
  and	
  have	
  larger	
  invaginations	
  [38].	
  Action	
  potentials	
  from	
  

main	
  and	
  Sachs’	
  electric	
  organ	
  were	
  pretty	
  similar,	
  but	
  the	
  action	
  potentials	
  occur	
  much	
  

more	
  rapidly	
  in	
  main	
  electric	
  organ—the	
  mean	
  duration	
  being	
  1.5	
  msec	
  in	
  main	
  and	
  2.2	
  

msec	
  in	
  Sachs’	
  [38].	
  Similar	
  sizes	
  of	
  action	
  potentials	
  are	
  observed	
  in	
  different	
  electric	
  

organs,	
  however	
  [26,	
  38].	
  The	
  energetic	
  and	
  regulatory	
  demands	
  on	
  the	
  electrocytes	
  that	
  

are	
  generating	
  weak	
  versus	
  the	
  strong	
  electric	
  organ	
  discharges	
  are	
  quite	
  different—the	
  

electrocytes	
  generating	
  weak	
  electric	
  organ	
  discharges	
  are	
  experiencing	
  action	
  potentials	
  

continuously,	
  while	
  the	
  electrocytes	
  generating	
  strong-­‐voltage	
  electric	
  organ	
  discharges	
  

are	
  experiencing	
  action	
  potentials	
  only	
  intermittently.	
  It	
  is	
  my	
  hypothesis	
  that	
  the	
  

energetic	
  demands	
  on	
  these	
  organs	
  is	
  different,	
  and	
  that	
  differences	
  in	
  the	
  proteome	
  will	
  

reflect	
  this.	
  Further,	
  it	
  my	
  hypothesis	
  that	
  there	
  may	
  be	
  post	
  translational	
  modifications	
  on	
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the	
  ion	
  channels	
  and	
  pumps	
  involved	
  with	
  the	
  depolarization	
  and	
  repolarization	
  of	
  the	
  

plasma	
  membrane	
  and	
  these	
  will	
  show	
  differences	
  among	
  the	
  organs.	
  	
  

A	
  few	
  molecular	
  differences	
  between	
  the	
  electric	
  organs	
  have	
  been	
  described,	
  but	
  

almost	
  entirely	
  by	
  measuring	
  mRNA	
  levels	
  and	
  electrophysiological	
  measurements	
  

although	
  the	
  great	
  abundance	
  of	
  the	
  three	
  major	
  proteins	
  (two	
  sodium	
  channels	
  and	
  the	
  

sodium	
  pump)	
  has	
  enabled	
  biochemical	
  studies	
  of	
  these	
  proteins	
  for	
  several	
  decades.	
  The	
  

highest	
  expression	
  of	
  alpha	
  subunit	
  of	
  Na+/K+	
  ATPase	
  (ATP1a2a)	
  is	
  in	
  the	
  main	
  electric	
  

organ	
  and	
  Hunter’s	
  electric	
  organ	
  and	
  lowest	
  expression	
  is	
  in	
  the	
  Sachs’	
  electric	
  organ	
  [39].	
  

With	
  respect	
  to	
  the	
  kinetics	
  of	
  the	
  Na+/K+	
  ATPase,	
  the	
  main	
  electric	
  organ	
  has	
  highest	
  Vmax	
  	
  

(how	
  fast	
  the	
  enzyme	
  performs	
  its	
  function)	
  while	
  Sachs’	
  electric	
  organ	
  has	
  the	
  lowest,	
  and	
  

Hunter’s	
  falls	
  between	
  the	
  two	
  [39].	
  Similarly,	
  the	
  Na+/K+	
  ATPase	
  in	
  main	
  electric	
  organ	
  

has	
  lowest	
  Km	
  (highest	
  affinity)	
  for	
  Na+	
  and	
  K+	
  of	
  the	
  three	
  electric	
  organs	
  [39].	
  Together,	
  

this	
  indicates	
  that	
  the	
  main	
  electric	
  organ	
  is	
  more	
  efficient	
  at	
  moving	
  Na+/K+	
  out	
  of	
  the	
  cell	
  

and	
  can	
  rapidly	
  return	
  to	
  homeostasis	
  [39].	
  

A	
  small	
  number	
  of	
  studies	
  have	
  considered	
  electric	
  organ	
  development	
  in	
  E.	
  electricus.	
  

A	
  study	
  that	
  gathered	
  E.	
  electricus	
  right	
  after	
  hatching	
  found	
  that	
  electrocytes	
  are	
  formed	
  

from	
  electroblasts	
  which	
  develop	
  from	
  specific	
  progenitor	
  cells	
  called	
  pre-­‐electroblasts.	
  

The	
  pre-­‐electroblasts	
  are	
  formed	
  from	
  the	
  ventral	
  most	
  tip	
  of	
  embryonic	
  trunk	
  mesoderm	
  

at	
  hatching	
  [40].	
  Early	
  in	
  development	
  actin	
  filaments	
  attached	
  to	
  Z-­‐line	
  like	
  structures	
  

reminiscent	
  of	
  skeletal	
  muscle	
  are	
  present	
  in	
  electric	
  organ,	
  and	
  these	
  disintegrate	
  with	
  

time	
  [40]	
  as	
  the	
  cells	
  lose	
  their	
  myogenic	
  mechanical	
  function	
  and	
  attain	
  their	
  enhanced	
  

electrogenic	
  capabilities.	
  The	
  first	
  electrocytes	
  present	
  in	
  10	
  mm	
  hatchlings	
  represent	
  the	
  

beginning	
  of	
  the	
  main	
  electric	
  organ	
  which	
  begins	
  emitting	
  electric	
  organ	
  discharges	
  seven	
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days	
  after	
  hatching	
  (15	
  mm	
  in	
  length).	
  At	
  140	
  mm,	
  the	
  Hunter’s	
  electric	
  organ	
  can	
  be	
  

detected,	
  but	
  the	
  Sachs’	
  electric	
  organ	
  is	
  not	
  yet	
  present;	
  interestingly,	
  both	
  low	
  voltage	
  and	
  

high	
  voltage	
  pulses	
  are	
  generated	
  at	
  this	
  phase	
  [25].	
  

	
  

Problems	
  in	
  the	
  field	
  of	
  electric	
  fish	
  biology	
  

	
   Electric	
  fishes	
  have	
  played	
  important	
  roles	
  throughout	
  the	
  sciences—historically,	
  in	
  

understanding	
  the	
  nature	
  of	
  electricity,	
  in	
  the	
  biochemical	
  characterization	
  of	
  the	
  first	
  ion	
  

pumps	
  and	
  channels,	
  in	
  understanding	
  the	
  nature	
  of	
  the	
  synapse	
  and	
  more	
  modernly,	
  in	
  

the	
  behavioral	
  and	
  developmental	
  biology	
  sciences,	
  in	
  understanding	
  the	
  evolution	
  of	
  

communication	
  and	
  understanding	
  underlying	
  mechanisms	
  of	
  tissue	
  regeneration.	
  Despite	
  

these	
  important	
  and	
  diverse	
  roles	
  electric	
  fishes	
  have	
  played	
  in	
  science,	
  a	
  comprehensive	
  

analysis	
  of	
  genes	
  expressed	
  in	
  an	
  electric	
  organ	
  of	
  any	
  species	
  is	
  lacking.	
  Further,	
  no	
  

genome	
  sequence	
  has	
  been	
  previously	
  described	
  for	
  any	
  of	
  these	
  species.	
  

	
  

My	
  dissertation	
  thus	
  provides	
  the	
  first	
  analysis	
  of	
  the	
  following	
  important	
  aspects	
  of	
  

electric	
  fish:	
  

1. The	
  annotated	
  genome	
  of	
  the	
  electric	
  eel,	
  Electrophorus	
  electricus	
  (Chapters	
  3,	
  4	
  and	
  5).	
  

2. A	
  comprehensive	
  analysis	
  of	
  RNA	
  and	
  miRNAs	
  expressed	
  in	
  eight	
  tissues	
  of	
  E.	
  

electricus—whole	
  brain,	
  whole	
  spinal	
  cord,	
  whole	
  heart,	
  whole	
  kidney,	
  skeletal	
  muscle,	
  

main	
  electric	
  organ,	
  Sachs’	
  electric	
  organ,	
  and	
  Hunter’s	
  electric	
  organ	
  (Chapter	
  3	
  and	
  

Chapter	
  4).	
  

3. An	
  analysis	
  of	
  mRNAs	
  expressed	
  in	
  two	
  other	
  lineages	
  of	
  electric	
  fishes	
  with	
  

independently	
  evolved	
  electric	
  organs	
  (Chapter	
  4).	
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4. A	
  quantitative	
  proteomic	
  and	
  phosphoproteomic	
  analysis	
  of	
  the	
  three	
  electric	
  organs	
  

and	
  skeletal	
  muscle	
  in	
  E.	
  electricus	
  (Chapter	
  5).	
  

	
  

In	
  summary,	
  this	
  dissertation	
  presents	
  a	
  series	
  of	
  studies	
  that	
  aim	
  to	
  shed	
  light	
  on	
  the	
  

molecular	
  nature	
  and	
  evolution	
  of	
  electric	
  organs,	
  both	
  within	
  E.	
  electricus	
  and	
  also	
  across	
  

independent	
  lineages	
  of	
  electric	
  fish.	
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Figure	
  1.2.	
  	
  Image	
  and	
  caption	
  from	
  [26]	
  “Diagrammatic	
  representation	
  of	
  electrocytes.	
  

The	
  left	
  surface	
  of	
  each	
  cell	
  represents	
  the	
  posterior	
  innervated	
  membrane.	
  (A)	
  At	
  rest,	
  

both	
  the	
  innervated	
  and	
  non-­‐innervated	
  membrane	
  exhibit	
  a	
  potential	
  of	
  85	
  mV.	
  When	
  

stimulated,	
  activated	
  AchRs	
  generate	
  endplate	
  potentials,	
  triggering	
  Na	
  channel-­‐mediated	
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action	
  potentials	
  peaking	
  at	
  65	
  mV	
  on	
  the	
  innervated	
  membrane.	
  The	
  non-­‐innervated	
  

membrane	
  contains	
  no	
  voltage-­‐gated	
  Na	
  channels	
  and	
  maintains	
  the	
  85	
  mV	
  resting	
  

potential.	
  The	
  result	
  is	
  a	
  trans-­‐cellular	
  potential	
  difference	
  of	
  approximately	
  150	
  mV.	
  The	
  

presence	
  of	
  an	
  L-­‐type	
  Ca2+	
  channel	
  has	
  not	
  yet	
  been	
  supported	
  by	
  experimental	
  evidence,	
  

but	
  is	
  included	
  in	
  this	
  diagram	
  given	
  the	
  myogenic	
  origin	
  of	
  electric	
  tissue.	
  (B)	
  Since	
  each	
  

cell	
  is	
  stimulated	
  simultaneously,	
  electrocyte	
  trans-­‐cellular	
  potentials	
  summate.	
  The	
  

potentials	
  of	
  three	
  electrocytes	
  culminate	
  to	
  produce	
  450	
  mV.	
  Currents	
  generated	
  by	
  

stimulated	
  electrocytes	
  flow	
  down	
  electrocyte	
  columns	
  in	
  the	
  posterior	
  to	
  anterior	
  

direction.	
  The	
  circuit	
  is	
  closed	
  by	
  current	
  flowing	
  out	
  the	
  head	
  of	
  the	
  eel,	
  through	
  the	
  water,	
  

and	
  back	
  into	
  the	
  tail	
  region.”	
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Technological	
  advances	
  and	
  increases	
  in	
  throughput	
  in	
  the	
  fields	
  of	
  genomics,	
  

transcriptomics,	
  and	
  proteomics	
  have	
  provided	
  researchers	
  with	
  the	
  ability	
  to	
  realize	
  the	
  

dynamics	
  of	
  biological	
  systems,	
  allowing	
  for	
  the	
  exploration	
  of	
  not	
  only	
  the	
  central	
  dogma	
  

of	
  molecular	
  biology	
  (genome,	
  transcriptome,	
  and	
  proteome),	
  but	
  also	
  elements	
  that	
  fall	
  

outside	
  of	
  the	
  central	
  dogma	
  (microRNAs,	
  protein	
  phosphorylation,	
  and	
  others).	
  Although	
  

the	
  ability	
  to	
  generate	
  massively	
  high	
  throughput	
  datasets	
  in	
  biology	
  has	
  become	
  

commonplace,	
  using	
  and	
  manipulating	
  these	
  valuable	
  datasets	
  as	
  well	
  as	
  leveraging	
  them	
  

to	
  answer	
  specific	
  biological	
  questions	
  remains	
  a	
  technical	
  challenge.	
  This	
  chapter	
  provides	
  

an	
  overview	
  of	
  the	
  ‘omics’	
  technologies	
  that	
  I	
  utilized	
  throughout	
  my	
  dissertation	
  work	
  to	
  

answer	
  biological	
  questions	
  related	
  to	
  electric	
  fish,	
  namely,	
  genomics	
  (Chapters	
  3,	
  4,	
  and	
  

5),	
  transcriptomics	
  (Chapters	
  3	
  and	
  4)	
  and	
  proteomics	
  and	
  phosphoproteomics	
  (Chapter	
  

5).	
  

Genomics	
  

	
   The	
  world	
  of	
  DNA	
  sequencing	
  changed	
  in	
  the	
  1970s	
  with	
  the	
  advent	
  of	
  Sanger	
  

sequencing	
  methods,	
  and	
  the	
  subsequent	
  automation	
  of	
  Sanger	
  sequencing	
  in	
  the	
  mid	
  

1980s,	
  which	
  finally	
  enabled	
  scientists	
  to	
  sequence	
  not	
  only	
  single	
  genes	
  with	
  greater	
  ease	
  

but	
  also	
  larger	
  projects,	
  such	
  as	
  the	
  human	
  genome	
  [1-­‐3].	
  The	
  publically-­‐funded	
  Human	
  

Genome	
  Project	
  began	
  in	
  1990,	
  was	
  budgeted	
  for	
  $3	
  billion,	
  and	
  anticipated	
  to	
  take	
  15	
  

years.	
  After	
  some	
  heavy	
  competition,	
  in	
  2001	
  two	
  papers	
  were	
  released	
  from	
  the	
  

publically-­‐funded	
  Human	
  Genome	
  Project,	
  and	
  the	
  privately	
  owned	
  Celera,	
  showcasing	
  the	
  

first	
  Human	
  Genome	
  Assemblies	
  [4,	
  5].	
  However,	
  the	
  method	
  was	
  costly	
  and	
  material	
  (??)	
  

prohibitive	
  and	
  relatively	
  low-­‐throughput,	
  and	
  so	
  the	
  field	
  of	
  genome	
  sequencing	
  did	
  not	
  

blossom	
  until	
  novel	
  technologies	
  were	
  invented	
  [3].	
  In	
  the	
  subsequent	
  14	
  years	
  since	
  these	
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papers	
  were	
  published,	
  technology	
  surrounding	
  DNA	
  sequencing	
  has	
  blossomed	
  and	
  the	
  

cost	
  of	
  sequencing	
  has	
  plummeted—one	
  can	
  now	
  generate	
  the	
  sequence	
  of	
  short	
  reads	
  to	
  

attempt	
  to	
  assemble	
  the	
  sequence	
  a	
  large	
  genome	
  for	
  ~$8000	
  [6].	
  

	
   The	
  tides	
  dramatically	
  changed	
  in	
  the	
  field	
  of	
  genomics	
  in	
  2005	
  with	
  the	
  advent	
  of	
  

new	
  sequencing	
  technologies,	
  the	
  very	
  first	
  instrument	
  developed	
  from	
  454	
  Life	
  Sciences	
  

was	
  capable	
  of	
  generating	
  50	
  times	
  the	
  sequence	
  data	
  at	
  one-­‐sixth	
  the	
  cause	
  of	
  traditional	
  

Sanger	
  sequencing	
  [3].	
  To	
  date,	
  several	
  platforms	
  and	
  strategies	
  exist;	
  the	
  choice	
  of	
  which	
  

strategies	
  to	
  use	
  is	
  a	
  tradeoff	
  among	
  read	
  length	
  (for	
  example,	
  100-­‐250	
  base	
  pairs	
  with	
  

Illumina	
  technologies,	
  the	
  potential	
  of	
  thousands	
  of	
  base	
  pairs	
  with	
  Pacific	
  Biosciences),	
  

accuracy	
  of	
  the	
  sequencing	
  reads	
  generated	
  (Pacific	
  Biosciences	
  reads	
  have	
  high	
  error	
  as	
  

high	
  as	
  ~13%,	
  significantly	
  higher	
  than	
  other	
  sequencing	
  platforms),	
  cost,	
  and	
  number	
  of	
  

unique	
  reads	
  generated	
  [7].	
  

One	
  of	
  the	
  most	
  ubiquitously	
  used	
  high	
  throughput	
  sequencing	
  platform	
  at	
  this	
  time	
  is	
  

Illumina	
  sequencing.	
  Generally,	
  sequencing	
  methods	
  involve	
  isolating	
  genomic	
  DNA	
  and	
  

randomly	
  breaking	
  it	
  into	
  smaller	
  fragments	
  (<	
  500	
  bp),	
  followed	
  by	
  ligation	
  of	
  platform-­‐

specific	
  adapters,	
  amplification	
  of	
  fragments,	
  followed	
  by	
  sequencing	
  [7].	
  While	
  the	
  user	
  

can	
  generate	
  a	
  massive	
  amount	
  of	
  small	
  fragment	
  data	
  with	
  relatively	
  small	
  cost,	
  these	
  

small	
  genomic	
  fragments	
  (up	
  to	
  300	
  bp	
  for	
  Illumina	
  technology)	
  offer	
  very	
  little	
  in	
  terms	
  of	
  

‘genomic	
  context.’	
  For	
  genomes	
  that	
  are	
  highly	
  repetitive,	
  short	
  sequence	
  fragments	
  are	
  

limited,	
  because	
  in	
  large	
  stretches	
  of	
  repetitive	
  sequence,	
  short	
  reads	
  generated	
  are	
  not	
  

unique	
  and	
  can	
  match	
  multiple	
  places,	
  making	
  assembly	
  across	
  the	
  region	
  impossible.	
  

Mate-­‐pair	
  libraries	
  can	
  be	
  advantageous	
  because	
  they	
  can	
  allow	
  users	
  to	
  bypass	
  stretches	
  

of	
  repetitive	
  sequence	
  in	
  genomes,	
  which	
  stymie	
  assemblies	
  by	
  short	
  reads	
  alone.	
  Mate	
  pair	
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libraries	
  allow	
  users	
  to	
  sequence	
  the	
  ends	
  of	
  much	
  longer	
  genomic	
  fragments	
  (for	
  example,	
  

5kb).	
  Although	
  the	
  user	
  does	
  not	
  generate	
  sequence	
  data	
  across	
  the	
  entire	
  fragment	
  (only	
  

the	
  ends	
  are	
  sequenced,	
  and	
  the	
  reads	
  generated	
  themselves	
  are	
  still	
  short	
  reads),	
  the	
  user	
  

gains	
  ‘genome	
  context’	
  information	
  because	
  it	
  is	
  known	
  that	
  each	
  short	
  read	
  in	
  a	
  mated-­‐

pair	
  are	
  separated	
  by	
  the	
  distance	
  that	
  is	
  your	
  library	
  size	
  (so	
  ~5kb	
  in	
  this	
  example).	
  These	
  

kinds	
  of	
  reads	
  are	
  valuable	
  when	
  assembling	
  a	
  large	
  genome	
  from	
  short	
  reads,	
  because	
  

they	
  allow	
  connections	
  to	
  be	
  made	
  between	
  contiguous	
  DNA	
  pieces	
  in	
  the	
  assembly	
  

(contigs,	
  which	
  are	
  assembled	
  regions	
  of	
  consensus	
  sequence),	
  and	
  allowing	
  the	
  genome	
  to	
  

be	
  scaffolded	
  into	
  longer,	
  ordered	
  pieces.	
  

A	
  technology	
  that	
  has	
  the	
  potential	
  to	
  radically	
  change	
  the	
  field	
  of	
  genomics	
  is	
  Pacific	
  

Bioscience	
  (PacBio),	
  which	
  has	
  the	
  ability	
  to	
  sequence	
  single	
  molecules	
  of	
  DNA	
  and	
  

generate	
  extremely	
  long	
  read	
  lengths;	
  a	
  current	
  major	
  limitation	
  of	
  this	
  technology,	
  

however,	
  is	
  the	
  error	
  rate,	
  remains	
  quite	
  high	
  (~13%	
  )	
  [8].	
  Despite	
  this	
  high	
  error	
  rate,	
  

longer	
  read	
  information	
  is	
  incredibly	
  useful	
  in	
  genome	
  assembly	
  because	
  it	
  offers	
  more	
  

genomic	
  context	
  for	
  the	
  assembler	
  to	
  build	
  off	
  of,	
  and	
  clever	
  programmers	
  have	
  created	
  

methods	
  to	
  correct	
  these	
  error-­‐prone	
  PacBio	
  reads,	
  including	
  using	
  short	
  Illumina	
  reads,	
  

aligning	
  them	
  to	
  PacBio,	
  and	
  using	
  the	
  low	
  error	
  rate	
  Illumina	
  reads	
  to	
  correct	
  errors	
  in	
  the	
  

long	
  PacBio	
  reads	
  [9,	
  10].	
  

Genome	
  assembly	
  

Necessitated	
  by	
  the	
  rapid	
  expanse	
  of	
  sequencing	
  projects,	
  the	
  number	
  of	
  genome	
  

assembly	
  programs	
  available	
  and	
  the	
  strategies	
  that	
  go	
  along	
  with	
  them	
  have	
  expanded.	
  

Researchers	
  can	
  benefit	
  from	
  the	
  rapidly	
  expanding	
  knowledge	
  of	
  genome	
  assemblers—

many	
  assembly	
  programs	
  have	
  been	
  evaluated	
  and	
  rigorously	
  tested	
  by	
  those	
  in	
  the	
  field	
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for	
  performance	
  on	
  real	
  and	
  simulated	
  data	
  such	
  as	
  the	
  Assemblathon	
  and	
  GAGE	
  

collaborations	
  [11,	
  12].	
  In	
  these	
  large-­‐scale	
  collaborations,	
  experts	
  in	
  genome	
  assembly	
  

worked	
  together	
  to	
  explore	
  how	
  different	
  assemblers	
  and	
  assembly	
  parameters	
  affect	
  the	
  

assembly	
  outcome	
  on	
  the	
  same	
  raw	
  sequence	
  input;	
  this	
  was	
  done	
  massively,	
  for	
  small	
  

bacterial	
  genomes	
  and	
  large	
  vertebrate	
  genomes	
  alike.	
  These	
  kinds	
  of	
  projects	
  are	
  

incredibly	
  useful	
  for	
  scientists	
  learning	
  genome	
  assembly	
  because	
  it	
  gives	
  them	
  a	
  way	
  to	
  

choose	
  not	
  only	
  the	
  programs	
  that	
  may	
  work	
  best	
  for	
  their	
  purposes	
  but	
  also	
  the	
  

ingredients	
  for	
  the	
  ‘recipes’	
  of	
  genome	
  sequence	
  (amount	
  and	
  combinations	
  of	
  read	
  

lengths,	
  etc.)	
  and	
  assemblers	
  that	
  worked	
  best	
  for	
  similar	
  genomes.	
  

There	
  are	
  many	
  strategies	
  that	
  exist	
  in	
  genome	
  assembly.	
  A	
  common	
  strategy	
  

utilizes	
  an	
  abundance	
  of	
  both	
  short	
  reads	
  (eg.	
  100	
  bp	
  reads	
  from	
  on	
  an	
  Illumina	
  platform)	
  

and	
  reads	
  that	
  are	
  generated	
  from	
  a	
  longer-­‐range	
  paired	
  end	
  library	
  (2x	
  100	
  bp	
  reads	
  from	
  

a	
  library	
  with	
  5	
  kb	
  or	
  12kb	
  insert	
  sizes,	
  for	
  example).	
  As	
  was	
  performed	
  in	
  our	
  first	
  round	
  

of	
  genome	
  assembly	
  (Chapter	
  3,	
  4),	
  short	
  reads	
  may	
  be	
  assembled	
  together	
  to	
  form	
  

contiguous	
  regions	
  of	
  assembled	
  DNA	
  (called	
  contigs)	
  using	
  primarily	
  short-­‐read	
  (2x100)	
  

and	
  short-­‐jump	
  (2.5	
  kb	
  library)	
  mate	
  pair	
  data	
  [13].	
  This	
  assembly	
  was	
  further	
  improved	
  

by	
  performing	
  an	
  additional	
  round	
  of	
  scaffolding	
  with	
  longer-­‐range	
  mate	
  pair	
  data	
  (12kb	
  

insert	
  library,	
  in	
  this	
  case),	
  which	
  attempted	
  to	
  string	
  the	
  assembled	
  contigs	
  into	
  larger	
  

pieces,	
  which	
  give	
  more	
  genome	
  context	
  (Chapter	
  5).	
  Following	
  scaffolding,	
  short	
  reads	
  can	
  

be	
  used	
  to	
  attempt	
  and	
  fill	
  in	
  gaps	
  within	
  the	
  resulting	
  scaffolds.	
  This	
  reflects	
  the	
  strategy	
  

ultimately	
  used	
  within	
  my	
  dissertation,	
  but	
  many	
  pipelines	
  and	
  algorithms	
  exist	
  and	
  have	
  

been	
  successful,	
  and	
  generally	
  several	
  attempts	
  are	
  needed	
  to	
  find	
  a	
  strategy	
  that	
  will	
  work	
  

well	
  on	
  any	
  given	
  dataset	
  [14].	
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Because	
  so	
  many	
  genome	
  assembly	
  programs	
  exist,	
  and	
  because	
  no	
  assembly	
  is	
  

perfect,	
  evaluating	
  and	
  comparing	
  genome	
  assemblies	
  is	
  very	
  important.	
  Various	
  metrics	
  

help	
  researchers	
  compare	
  assemblies	
  to	
  one	
  another,	
  and	
  these	
  commonly	
  include:	
  number	
  

of	
  contigs	
  (or	
  scaffolds)	
  in	
  the	
  assembly;	
  size	
  (in	
  nucleotides)	
  of	
  the	
  longest	
  contig	
  (or	
  

scaffold);	
  the	
  N50	
  length,	
  which	
  is	
  the	
  length	
  of	
  the	
  longest	
  contig	
  (or	
  scaffold)	
  for	
  which	
  

50%	
  of	
  the	
  total	
  nucleotides	
  in	
  your	
  assembly	
  are	
  in	
  contigs	
  greater	
  than,	
  or	
  equal	
  to	
  [15].	
  

Unfortunately,	
  a	
  comprehensive	
  approach	
  at	
  comparing	
  genome	
  assembly	
  versions	
  

remains	
  elusive	
  (for	
  example,	
  longer	
  scaffolds	
  in	
  an	
  assembly	
  may	
  not	
  mean	
  those	
  scaffolds	
  

are	
  of	
  higher	
  accuracy).	
  In	
  my	
  evaluation	
  of	
  genome	
  assemblies,	
  I	
  used	
  the	
  statistics	
  

discussed	
  above,	
  but	
  also	
  considered	
  the	
  underlying	
  genes	
  predicted	
  in	
  the	
  assemblies	
  

when	
  determining	
  whether	
  I	
  had	
  made	
  an	
  improvement	
  to	
  a	
  given	
  genome	
  assembly	
  (see	
  

next	
  section).	
  

	
  

Gene	
  model	
  prediction	
  and	
  annotation	
  

Generally,	
  a	
  genome	
  assembly	
  itself	
  is	
  not	
  particularly	
  useful	
  or	
  informative	
  by	
  itself.	
  

It	
  is	
  only	
  when	
  the	
  information	
  encoded	
  within	
  the	
  genome	
  is	
  deciphered	
  that	
  the	
  genome	
  

becomes	
  more	
  readily	
  useful.	
  Just	
  as	
  many	
  genome	
  assemblers	
  exist,	
  many	
  programs	
  and	
  

pipelines	
  exist	
  for	
  the	
  annotation	
  of	
  large,	
  vertebrate	
  genomes	
  (AUGUSTUS,	
  and	
  MAKER	
  are	
  

examples	
  of	
  these	
  [16,	
  17]).	
  Gene	
  prediction	
  programs	
  benefit	
  from	
  the	
  incorporation	
  of	
  

additional	
  input	
  that	
  can	
  give	
  the	
  prediction	
  algorithm	
  hints	
  as	
  to	
  what	
  gene	
  models	
  should	
  

look	
  like.	
  For	
  example,	
  gene	
  prediction	
  programs	
  can	
  use	
  hints	
  in	
  the	
  form	
  of	
  RNA	
  

sequencing	
  reads	
  mapped	
  to	
  the	
  genome,	
  or	
  protein	
  sequence	
  from	
  related	
  species	
  mapped	
  

to	
  the	
  genome,	
  as	
  evidence	
  of	
  the	
  location	
  of	
  genes	
  as	
  well	
  as	
  the	
  exon/intron	
  boundaries	
  of	
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those	
  genes.	
  Further,	
  several	
  gene	
  prediction	
  programs	
  can	
  be	
  trained	
  to	
  predict	
  genes	
  in	
  

novel	
  genomes;	
  this	
  process	
  requires	
  many	
  hundreds	
  to	
  thousands	
  of	
  well-­‐defined	
  gene	
  

models	
  to	
  be	
  known	
  and	
  used	
  as	
  “training”	
  and	
  “testing”	
  sets,	
  by	
  which	
  the	
  gene	
  prediction	
  

program	
  iteratively	
  predicts	
  genes	
  and	
  compares	
  them	
  to	
  the	
  known	
  gene	
  models	
  as	
  to	
  

make	
  slight	
  adjustments	
  to	
  the	
  parameters	
  and	
  improve	
  gene	
  prediction	
  as	
  a	
  whole	
  for	
  a	
  

given	
  genome.	
  

	
   For	
  the	
  work	
  presented	
  in	
  this	
  dissertation,	
  I	
  used	
  AUGUSTUS	
  to	
  do	
  all	
  of	
  the	
  gene	
  

predictions	
  in	
  both	
  genome	
  assemblies	
  (see	
  Chapters	
  4	
  and	
  5).	
  Although	
  as	
  part	
  of	
  the	
  

annotation	
  pipeline	
  MAKER	
  can	
  utilize	
  AUGUSTUS	
  to	
  perform	
  gene	
  prediction,	
  MAKER	
  

doesn’t	
  allow	
  the	
  user	
  to	
  make	
  many	
  parameter	
  changes	
  to	
  the	
  way	
  AUGUSTUS	
  performs.	
  

In	
  my	
  hands,	
  running	
  AUGUSTUS	
  on	
  a	
  small	
  subset	
  of	
  scaffolds	
  with	
  slight	
  parameter	
  

changes	
  to	
  the	
  way	
  AUGUSTUS	
  uses	
  extrinsic	
  information	
  (RNA	
  seq	
  information,	
  etc)	
  and	
  

the	
  Human	
  Genome	
  preset	
  parameters,	
  comparing	
  the	
  outcomes,	
  and	
  choosing	
  the	
  

extrinsic	
  file	
  parameters	
  that	
  give	
  the	
  best	
  results	
  outperforms	
  what	
  I	
  could	
  produce	
  from	
  

MAKER.	
  Further,	
  running	
  AUGUSTUS	
  with	
  the	
  Human	
  Genome	
  preset	
  parameters	
  instead	
  

of	
  training	
  AUGUSTUS	
  for	
  the	
  E.	
  electricus	
  genome	
  gave	
  the	
  best	
  overall	
  outcome	
  of	
  genes	
  

predicted.	
  I	
  used	
  this	
  strategy	
  in	
  gene	
  prediction	
  in	
  Chapters	
  4	
  and	
  5.	
  

To	
  date,	
  the	
  process	
  of	
  assembling	
  and	
  annotating	
  a	
  large	
  genome	
  requires	
  some	
  

technical	
  knowhow—at	
  a	
  minimum,	
  the	
  ability	
  to	
  operate	
  in	
  a	
  Linux	
  environment,	
  and	
  

likely,	
  the	
  ability	
  to	
  write	
  scripts	
  (ie.	
  perl	
  or	
  python	
  language);	
  the	
  need	
  for	
  these	
  skills	
  and	
  

the	
  lack	
  of	
  them	
  in	
  biology	
  is	
  so	
  prevalent	
  that	
  free	
  introductory	
  courses	
  are	
  available	
  and	
  

relatively	
  easy	
  to	
  find	
  [18].	
  Genome-­‐scale	
  projects	
  often	
  require	
  analysis	
  that	
  are	
  far	
  from	
  

“push	
  button,”	
  but	
  projects	
  such	
  as	
  Galaxy	
  have	
  come	
  a	
  long	
  way	
  towards	
  making	
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otherwise	
  intensive	
  bioinformatics	
  analyses	
  more	
  accessible	
  to	
  researchers	
  by	
  

consolidating	
  commonly	
  used	
  bioinformatics	
  tools,	
  providing	
  data	
  formatting	
  ability,	
  

establishing	
  pipelines	
  for	
  data	
  analysis,	
  and	
  improving	
  ease	
  of	
  reproducibility	
  and	
  data	
  

sharing	
  [19-­‐21].	
  

	
  

Transcriptomics	
  

RNA	
  sequencing	
  to	
  measure	
  transcript	
  expression	
  

	
   The	
  high	
  throughput	
  measurement	
  of	
  all	
  transcripts	
  in	
  a	
  sample	
  (called	
  

transcriptomics)	
  is	
  often	
  facilitated	
  by	
  RNA	
  sequencing,	
  another	
  application	
  of	
  high	
  

throughput	
  sequencing	
  used	
  to	
  profile	
  all	
  transcripts	
  in	
  a	
  sample	
  (such	
  as	
  tissue	
  type)	
  [22].	
  

In	
  RNA	
  sequencing,	
  total	
  RNA	
  is	
  isolated	
  and	
  converted	
  to	
  cDNA	
  with	
  reverse	
  transcriptase.	
  

Often,	
  if	
  only	
  messenger	
  RNA	
  sequencing	
  is	
  desired,	
  RNAs	
  are	
  enriched	
  by	
  the	
  presence	
  of	
  

the	
  poly-­‐A	
  tail.	
  Alternately,	
  if	
  only	
  micro	
  RNAs	
  are	
  desired,	
  only	
  short	
  cDNAs	
  will	
  be	
  size-­‐

selected	
  and	
  used.	
  Following	
  this,	
  the	
  cDNA	
  libraries	
  are	
  prepared	
  and	
  sequenced	
  using	
  

high-­‐throughput	
  technologies.	
  The	
  reads	
  that	
  are	
  generated	
  are	
  then	
  mapped	
  to	
  a	
  reference	
  

genome	
  or	
  reference	
  transcriptome	
  for	
  quantitation;	
  the	
  number	
  of	
  reads	
  mapping	
  to	
  any	
  

given	
  transcript	
  or	
  gene	
  is	
  proportional	
  to	
  the	
  abundance	
  of	
  that	
  transcript	
  in	
  the	
  sample	
  

being	
  tested.	
  Many	
  tools	
  exist	
  to	
  perform	
  the	
  steps	
  of	
  this	
  process,	
  such	
  as	
  mapping	
  reads	
  

to	
  your	
  genome	
  or	
  transcriptome	
  [23-­‐26],	
  to	
  count	
  the	
  reads	
  mapping	
  to	
  individual	
  genes	
  

in	
  your	
  genome,	
  or	
  transcripts	
  in	
  your	
  assembly	
  [25,	
  27],	
  and	
  to	
  normalize	
  resulting	
  

abundances,	
  and	
  perform	
  differential	
  expression	
  analysis	
  [28];	
  this	
  list	
  is	
  non-­‐exhaustive,	
  

and	
  is	
  continuously	
  growing,	
  but	
  these	
  are	
  the	
  programs	
  utilized	
  in	
  this	
  dissertation	
  (in	
  

Chapters	
  4,	
  and	
  5).	
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Transcriptome	
  sequencing	
  and	
  assembly	
  

	
   Just	
  like	
  genomes,	
  transcriptomes	
  (a	
  collection	
  of	
  all	
  mRNA	
  transcripts	
  present	
  in	
  a	
  

sample)	
  can	
  be	
  assembled	
  de	
  novo	
  from	
  sequencing	
  reads.	
  Several	
  programs	
  exist	
  to	
  

perform	
  transcriptome	
  assembly,	
  and	
  depending	
  on	
  the	
  assembler	
  used,	
  there	
  is	
  a	
  tradeoff	
  

between	
  completeness	
  of	
  the	
  transcriptome	
  assembly	
  (Trinity	
  maximizes	
  transcripts	
  

reported)	
  and	
  reliability	
  (Abyss	
  only	
  reports	
  highly	
  reliable	
  assemblies)	
  [29].	
  The	
  

transcriptome	
  assemblies	
  of	
  five	
  species	
  of	
  electric	
  fishes	
  are	
  presented	
  in	
  Chapter	
  4,	
  and	
  

for	
  each	
  assembly,	
  the	
  program	
  Trinity	
  was	
  used.	
  

Transcriptome	
  sequencing	
  and	
  assembly	
  hails	
  enormous	
  advantages	
  for	
  

investigators,	
  especially	
  in	
  organisms	
  for	
  which	
  there	
  is	
  no	
  genome	
  sequence.	
  Using	
  

transcriptome	
  assembly	
  programs,	
  one	
  can	
  gain	
  a	
  comprehensive	
  understanding	
  of	
  gene	
  

expression	
  in	
  an	
  organism	
  or	
  tissue	
  as	
  well	
  as	
  yield	
  a	
  predicted	
  proteome	
  of	
  good	
  quality.	
  

There	
  are	
  still	
  gains	
  to	
  be	
  had	
  from	
  transcriptome	
  assembly,	
  however.	
  It	
  is	
  my	
  experience	
  

that	
  transcriptome	
  assembly,	
  while	
  comprehensive,	
  can	
  yield	
  an	
  unmanageable	
  number	
  of	
  

assembled	
  transcripts	
  (hundreds	
  of	
  thousands	
  to	
  millions,	
  see	
  supplemental	
  materials	
  in	
  

Chapter	
  4).	
  Depending	
  on	
  the	
  scientific	
  question,	
  this	
  may	
  be	
  problematic—it	
  is	
  my	
  

experience	
  that	
  it	
  is	
  incredibly	
  difficult	
  or	
  impossible	
  to	
  sort	
  out	
  orthologous	
  sequences	
  

(especially	
  on	
  a	
  large-­‐scale)	
  among	
  fishes	
  when	
  dealing	
  with	
  hundreds	
  of	
  thousands	
  of	
  

sequences,	
  hundreds	
  of	
  which	
  can	
  be	
  variants	
  of	
  a	
  single	
  ‘gene’	
  that	
  have	
  incorporated	
  low	
  

frequency	
  transcriptional	
  events	
  or	
  errors	
  in	
  them.	
  The	
  presence	
  of	
  the	
  E.	
  electricus	
  

genome	
  in	
  our	
  study	
  presented	
  in	
  Chapter	
  4,	
  with	
  a	
  limited	
  number	
  of	
  gene	
  models	
  

predicted	
  in	
  the	
  genome	
  (~20,000	
  gene	
  models	
  instead	
  of	
  ~400,000	
  assembled	
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transcripts),	
  was	
  a	
  major	
  facilitator	
  of	
  comparisons	
  among	
  species,	
  because	
  we	
  had	
  a	
  

manageable	
  anchor	
  to	
  which	
  to	
  compare	
  all	
  other	
  species.	
  It	
  would	
  be	
  interesting	
  to	
  revisit	
  

our	
  transcriptome	
  assemblies,	
  given	
  the	
  field	
  has	
  had	
  a	
  few	
  additional	
  years	
  to	
  improve	
  

since	
  these	
  original	
  assemblies	
  were	
  completed,	
  and	
  to	
  try	
  reassembling	
  them	
  using	
  

programs	
  that	
  weren’t	
  available	
  or	
  weren’t	
  fully	
  matured	
  at	
  the	
  time	
  we	
  were	
  doing	
  these	
  

initial	
  experiments	
  (Chapter	
  4).	
  In	
  fact,	
  if	
  further	
  experiments	
  were	
  to	
  be	
  done	
  using	
  the	
  

transcriptome	
  assemblies	
  alone,	
  I	
  would	
  be	
  a	
  strong	
  advocate	
  to	
  spending	
  additional	
  time	
  

and	
  using	
  new	
  resources	
  to	
  improve	
  the	
  assemblies	
  because	
  improving	
  the	
  transcriptome	
  

assemblies	
  to	
  get	
  a	
  smaller	
  number	
  of	
  higher-­‐confidence	
  transcripts	
  would	
  improve	
  and	
  

simplify	
  the	
  downstream	
  analysis.	
  Although	
  Trinity	
  generally	
  continues	
  to	
  outperform	
  

other	
  de	
  novo	
  transcriptome	
  assemblers	
  [30,	
  31],	
  in	
  addition	
  to	
  improvements	
  in	
  

transcriptome	
  assembly	
  programs,	
  new	
  tools	
  to	
  compare	
  the	
  output	
  from	
  several	
  

assemblies	
  have	
  been	
  developed	
  [31].	
  By	
  using	
  such	
  tools	
  to	
  evaluate	
  transcriptome	
  

assemblies	
  quickly	
  and	
  objectively,	
  researchers	
  could	
  spend	
  additional	
  time	
  tweaking	
  

assembly	
  parameters	
  and	
  quickly	
  and	
  objectively	
  evaluating	
  output.	
  

	
  

Proteomics	
  

Untargeted,	
  “shotgun”	
  proteomics	
  approaches	
  

Mass	
  spectrometers	
  are	
  instruments	
  used	
  in	
  proteomics	
  to	
  precisely	
  measure	
  the	
  

mass	
  of	
  proteins	
  and/or	
  short	
  peptides	
  derived	
  from	
  them.	
  Untargeted	
  proteomics	
  is	
  an	
  

unbiased	
  method	
  that	
  can	
  be	
  used	
  to	
  identify	
  thousands	
  of	
  proteins	
  in	
  a	
  complex	
  sample	
  

such	
  as	
  plant	
  or	
  animal	
  tissue;	
  by	
  contrast,	
  targeted	
  proteomics	
  approaches	
  are	
  used	
  to	
  

distinctly	
  target	
  and	
  monitor	
  small	
  number	
  of	
  proteins.	
  Untargeted	
  proteomics	
  approaches	
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typically	
  follow	
  a	
  similar	
  workflow	
  [32]:	
  	
  proteins	
  are	
  extracted	
  from	
  cells	
  or	
  tissues	
  of	
  

interest.	
  Extracted	
  proteins	
  are	
  digested	
  enzymatically	
  into	
  peptides	
  with	
  enzymes	
  such	
  as	
  

trypsin	
  or	
  lys-­‐c.	
  Following	
  digestion,	
  complex	
  samples	
  can	
  be	
  greatly	
  simplified	
  using	
  

prefractionation	
  methods	
  like	
  ion-­‐exchange	
  chromatography	
  or	
  high	
  pH	
  reversed-­‐phase	
  

chromatography.	
  Samples	
  can	
  also	
  be	
  enriched	
  for	
  low-­‐abundance	
  post-­‐translational	
  

modifications,	
  such	
  as	
  phosphorylation	
  or	
  acetylation.	
  Prepared	
  peptide	
  samples	
  can	
  then	
  

be	
  analyzed	
  by	
  liquid-­‐chromatography	
  coupled	
  with	
  tandem	
  mass	
  spectrometry	
  (also	
  

called	
  MS/MS	
  or	
  MS2).	
  

	
  

Database	
  development,	
  searching,	
  and	
  false	
  discovery	
  rate	
  calculation	
  

Large-­‐scale	
  proteomics	
  experiments,	
  such	
  as	
  those	
  described	
  in	
  Chapter	
  5,	
  are	
  not	
  

de	
  novo	
  peptide	
  sequencing,	
  and	
  rather,	
  rely	
  heavily	
  on	
  a	
  complete	
  reference	
  proteome	
  

database,	
  although	
  methods	
  are	
  being	
  developed	
  for	
  proteomics	
  analysis	
  without	
  a	
  

reference	
  proteome	
  [32].	
  To	
  date,	
  for	
  peptide	
  sequence	
  identification,	
  a	
  well-­‐defined	
  

proteome	
  and	
  a	
  database	
  search	
  algorithm	
  are	
  required	
  to	
  bioinformatically	
  correlate	
  the	
  

thousands	
  of	
  experimentally	
  obtained	
  MS1	
  and	
  MS2	
  peptide	
  spectra	
  with	
  the	
  theoretically-­‐

derived	
  fragmentation	
  spectra	
  from	
  a	
  protein	
  database	
  to	
  determine	
  peptide	
  and	
  protein	
  

identifications.	
  For	
  that	
  reason,	
  I	
  spent	
  additional	
  time	
  in	
  the	
  course	
  of	
  my	
  thesis	
  work	
  to	
  

improve	
  the	
  genome	
  assembly,	
  over	
  what	
  we	
  used	
  initially	
  for	
  RNA	
  sequencing	
  analysis	
  

(see	
  “genome	
  assembly”	
  section	
  above).	
  Once	
  a	
  high	
  quality	
  protein	
  database	
  has	
  been	
  

developed,	
  various	
  database	
  search	
  algorithms	
  exist	
  for	
  this	
  purpose,	
  both	
  free	
  (such	
  as	
  

OMSSA	
  [33])	
  and	
  fee-­‐for-­‐license	
  (such	
  as	
  MASCOT	
  (Matrix	
  Science)).	
  Because	
  the	
  output	
  

from	
  database	
  searching	
  is	
  the	
  highest-­‐scoring	
  match	
  between	
  the	
  experimentally	
  obtained	
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mass	
  spectra,	
  and	
  the	
  theoretical	
  peptide	
  spectra	
  generated	
  in	
  a	
  protein	
  database,	
  and	
  thus,	
  

the	
  two	
  are	
  intimately	
  intertwined,	
  it	
  is	
  important	
  to	
  distinguish	
  between	
  true	
  and	
  false	
  

peptide	
  matches.	
  One	
  approach	
  at	
  identifying	
  and	
  filtering	
  out	
  false	
  identifications	
  (false	
  

discovery	
  rates,	
  FDR),	
  uses	
  a	
  decoy	
  database	
  that	
  is	
  generated	
  by	
  taking	
  the	
  reverse	
  of	
  all	
  

protein	
  sequences	
  in	
  your	
  actual	
  protein	
  database,	
  giving	
  the	
  database	
  search	
  algorithm	
  

lots	
  of	
  opportunities	
  to	
  match	
  spectra	
  to	
  peptide	
  sequences	
  that	
  should	
  not	
  exist	
  in	
  the	
  

sample	
  you	
  are	
  measuring	
  [34].	
  While	
  analyzing	
  data	
  post	
  database	
  searching,	
  an	
  FDR	
  

threshold	
  is	
  chosen	
  which	
  strikes	
  a	
  balance	
  between	
  being	
  identifying	
  the	
  maximal	
  number	
  

of	
  peptides	
  or	
  proteins	
  in	
  the	
  sample	
  and	
  being	
  highly	
  confident	
  that	
  all	
  peptides/proteins	
  

identified	
  are	
  true	
  matches.	
  

	
  

Protein	
  Quantitation	
  

Untargeted	
  proteomics	
  approaches	
  can	
  be	
  quantitative	
  and	
  multiplexed	
  with	
  the	
  

addition	
  of	
  isobaric	
  mass	
  tags.	
  One	
  such	
  approach,	
  utilizing	
  Tandem	
  Mass	
  Tags	
  (TMT,	
  

Thermo	
  Scientific)	
  allows	
  for	
  the	
  addition	
  of	
  unique	
  isobaric	
  tags	
  to	
  peptide	
  samples	
  post	
  

digestion.	
  Labeled	
  peptides	
  from	
  independent	
  biological	
  samples	
  can	
  then	
  be	
  combined	
  in	
  

equal	
  ratios	
  and	
  analyzed	
  simultaneously	
  on	
  a	
  mass	
  spectrometer	
  (at	
  the	
  time	
  of	
  this	
  

writing,	
  a	
  TMT	
  kit	
  to	
  maximally	
  label	
  a	
  10-­‐plex	
  reaction	
  was	
  available).	
  The	
  distinct	
  

isobaric	
  tags	
  add	
  identical	
  mass/charge	
  ratios	
  to	
  the	
  labeled	
  peptides;	
  in	
  the	
  first	
  mass	
  scan	
  

(MS1)	
  identical	
  peptides	
  from	
  different	
  biological	
  samples	
  are	
  concurrently	
  selected.	
  

During	
  subsequent	
  fragmentation,	
  the	
  isobaric	
  tags	
  release	
  a	
  reporter	
  ion	
  moiety	
  along	
  

with	
  the	
  peptide,	
  which	
  are	
  then	
  detected	
  in	
  MS2;	
  the	
  relative	
  abundance	
  of	
  each	
  reporter	
  

ion	
  determines	
  the	
  relative	
  abundance	
  of	
  each	
  peptide	
  in	
  each	
  sample. 



	
   34	
  

 

Phosphoproteomics	
  

Mass	
  spectrometry	
  is	
  a	
  widely	
  used	
  tool	
  for	
  examining	
  post-­‐translational	
  

modifications	
  of	
  proteins	
  such	
  as	
  phosphorylation–the	
  addition	
  of	
  a	
  phosphate	
  group	
  to	
  

serene,	
  threonine,	
  or	
  tyrosine.	
  Phosphorylation	
  is	
  known	
  to	
  play	
  an	
  important	
  role	
  in	
  

modulating	
  the	
  activity	
  of	
  many	
  proteins,	
  including	
  ion	
  channels	
  and	
  pumps	
  [36,	
  37].	
  This	
  

is	
  of	
  particular	
  interest	
  with	
  respect	
  to	
  electric	
  organ	
  discharge	
  (EOD)	
  in	
  electric	
  fishes;	
  

because	
  EODs	
  in	
  electric	
  fishes	
  are	
  caused	
  by	
  ion	
  fluctuations	
  within	
  electrocytes,	
  it	
  follows	
  

that	
  phosphorylation	
  of	
  the	
  key	
  ion	
  channels	
  and	
  pumps	
  likely	
  plays	
  an	
  important	
  role	
  in	
  

the	
  EODs	
  of	
  electric	
  fish.	
  Since	
  the	
  number	
  of	
  peptides	
  containing	
  even	
  one	
  phosphorylated	
  

amino	
  acid	
  is	
  low,	
  in	
  examining	
  a	
  tryptic	
  digest	
  of	
  a	
  proteome,	
  it	
  is	
  necessary	
  to	
  enrich	
  for	
  

phosphopeptides	
  prior	
  to	
  injection	
  onto	
  the	
  MS/MS	
  instrument.	
  The	
  method	
  that	
  I	
  used	
  to	
  

enrich	
  for	
  phosphopeptides	
  is	
  titanium	
  dioxide	
  chromatography	
  [35],	
  one	
  of	
  several	
  widely	
  

used	
  in	
  this	
  field.	
  

	
  

Summary	
  

By	
  leveraging	
  these	
  different	
  high	
  throughput	
  approaches	
  spanning	
  genomics,	
  

transcriptomics,	
  and	
  proteomics,	
  we	
  were	
  able	
  to	
  comprehensively	
  characterize	
  electric	
  

organs	
  in	
  electric	
  fishes	
  for	
  the	
  first	
  time.	
  First,	
  by	
  sequencing,	
  assembling,	
  and	
  annotating	
  

the	
  genome	
  of	
  E.	
  electricus,	
  and	
  transcriptome	
  assemblies	
  of	
  several	
  other	
  electric	
  fish	
  

species,	
  we	
  were	
  able	
  to	
  compare	
  abundances	
  of	
  transcripts	
  expressed	
  in	
  EO	
  and	
  muscle	
  

across	
  lineages,	
  ultimately	
  leading	
  to	
  hypotheses	
  regarding	
  both	
  the	
  development	
  and	
  

evolution	
  of	
  electric	
  organs	
  in	
  distinct	
  lineages	
  of	
  electric	
  fish	
  species	
  (Chapter	
  4).	
  The	
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genome	
  of	
  E.	
  electricus	
  and	
  the	
  discrete	
  set	
  of	
  proteins	
  predicted	
  in	
  it,	
  facilitated	
  proteomic	
  

and	
  phosphoproteomic	
  comparisons	
  among	
  the	
  three	
  distinct	
  EO,	
  leading	
  to	
  the	
  

identification	
  of	
  novel	
  phosphorylation	
  sites	
  in	
  proteins	
  important	
  for	
  electric	
  organ	
  

discharge,	
  and	
  the	
  development	
  of	
  hypotheses	
  related	
  to	
  ATP	
  conservation	
  in	
  the	
  

continually-­‐used	
  weak	
  EO	
  (Sachs’	
  EO)	
  and	
  intermittently-­‐used	
  strong-­‐voltage	
  organ	
  (main	
  

EO)	
  (Chapter	
  5).	
  Together,	
  this	
  dissertation	
  provides	
  a	
  reference	
  genome,	
  several	
  

transcriptomes,	
  and	
  a	
  proteome/phosphoproteome	
  that	
  will	
  provide	
  a	
  foundation	
  for	
  the	
  

electric	
  fish	
  community	
  for	
  decades	
  to	
  come.	
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Abstract	
  

Background	
  

With	
  its	
  unique	
  ability	
  to	
  produce	
  high-­‐voltage	
  electric	
  discharges	
  in	
  excess	
  of	
  600	
  

volts,	
  the	
  South	
  American	
  strong	
  voltage	
  electric	
  eel	
  (Electrophorus	
  electricus)	
  has	
  played	
  

an	
  important	
  role	
  in	
  the	
  history	
  of	
  science.	
  Remarkably	
  little	
  is	
  understood	
  about	
  the	
  

molecular	
  nature	
  of	
  its	
  electric	
  organs.	
  

Results	
  

We	
  present	
  an	
  in-­‐depth	
  analysis	
  of	
  the	
  genome	
  of	
  E.	
  electricus,	
  including	
  the	
  

transcriptomes	
  of	
  eight	
  mature	
  tissues:	
  brain,	
  spinal	
  cord,	
  kidney,	
  heart,	
  skeletal	
  muscle,	
  

Sachs’	
  electric	
  organ,	
  main	
  electric	
  organ,	
  and	
  Hunter’s	
  electric	
  organ.	
  A	
  gene	
  set	
  

enrichment	
  analysis	
  based	
  on	
  gene	
  ontology	
  reveals	
  enriched	
  functions	
  in	
  all	
  three	
  electric	
  

organs	
  related	
  to	
  transmembrane	
  transport,	
  androgen	
  binding,	
  and	
  signaling.	
  This	
  study	
  

also	
  represents	
  the	
  first	
  analysis	
  of	
  miRNA	
  in	
  electric	
  fish.	
  It	
  identified	
  a	
  number	
  of	
  miRNAs	
  

displaying	
  electric	
  organ-­‐specific	
  expression	
  patterns,	
  including	
  one	
  novel	
  miRNA	
  highly	
  

over-­‐expressed	
  in	
  all	
  three	
  electric	
  organs	
  of	
  E.	
  electricus.	
  All	
  three	
  electric	
  organ	
  tissues	
  

also	
  express	
  three	
  conserved	
  miRNAs	
  that	
  have	
  been	
  reported	
  to	
  inhibit	
  muscle	
  

development	
  in	
  mammals,	
  suggesting	
  that	
  miRNA-­‐dependent	
  regulation	
  of	
  gene	
  expression	
  

might	
  play	
  an	
  important	
  role	
  in	
  specifying	
  an	
  electric	
  organ	
  identity	
  from	
  its	
  muscle	
  

precursor.	
  These	
  miRNA	
  data	
  were	
  supported	
  using	
  another	
  complete	
  miRNA	
  profile	
  from	
  

muscle	
  and	
  electric	
  organ	
  tissues	
  of	
  a	
  second	
  gymnotiform	
  species.	
  

Conclusions	
  

Our	
  work	
  on	
  the	
  E.	
  electricus	
  genome	
  and	
  eight	
  tissue-­‐specific	
  gene	
  expression	
  

profiles	
  will	
  greatly	
  facilitate	
  future	
  research	
  on	
  determining	
  the	
  coding	
  and	
  regulatory	
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sequences	
  that	
  specify	
  the	
  function,	
  development,	
  and	
  evolution	
  of	
  electric	
  organs.	
  

Moreover,	
  these	
  data	
  and	
  future	
  studies	
  will	
  be	
  informed	
  by	
  the	
  first	
  comprehensive	
  

analysis	
  of	
  miRNA	
  expression	
  in	
  an	
  electric	
  fish	
  presented	
  here.	
  

	
  

Background	
  

The	
  electric	
  eel	
  (Electrophorus	
  electricus)	
  is	
  a	
  freshwater	
  teleost	
  (order:	
  

Gymnotiformes)	
  from	
  South	
  America,	
  the	
  only	
  species	
  identified	
  to	
  date	
  within	
  the	
  genus	
  

Electrophorus	
  [1].	
  Reaching	
  more	
  than	
  seven	
  feet	
  in	
  total	
  length,	
  E.	
  electricus	
  is	
  most	
  

famous	
  for	
  its	
  ability	
  to	
  generate	
  strong	
  voltage	
  discharges	
  (up	
  to	
  ~600	
  volts	
  [2])	
  from	
  

electric	
  organ	
  (EO)	
  tissues	
  for	
  use	
  in	
  predation	
  and	
  defense.	
  Because	
  of	
  this	
  remarkable	
  

ability,	
  E.	
  electricus	
  has	
  played	
  a	
  prominent	
  role	
  in	
  the	
  history	
  of	
  science	
  –	
  in	
  physics,	
  for	
  

early	
  insights	
  into	
  the	
  nature	
  of	
  electricity,	
  and	
  in	
  biochemistry,	
  as	
  a	
  rich	
  source	
  of	
  tissue	
  

for	
  extensive	
  biochemical	
  investigations	
  of	
  ion	
  channels	
  and	
  pumps	
  [3].	
  

Over	
  700	
  species	
  of	
  electric	
  fishes	
  have	
  been	
  identified	
  [1],	
  the	
  vast	
  majority	
  of	
  

which	
  are	
  capable	
  of	
  generating	
  only	
  weak	
  electric	
  organ	
  discharges	
  (EOD)	
  for	
  the	
  purpose	
  

of	
  navigation	
  and	
  communication.	
  Like	
  other	
  members	
  of	
  Gymnotiformes,	
  E.	
  electricus	
  

produces	
  weak	
  EODs	
  (mV-­‐V	
  scale)	
  for	
  navigation	
  and	
  communication.	
  However,	
  it	
  is	
  

unique	
  within	
  Gymnotiformes	
  in	
  possessing	
  three	
  distinct	
  EOs	
  (most	
  other	
  Gymnotiformes	
  

have	
  only	
  one	
  distinct	
  organ,	
  and	
  some	
  have	
  additional	
  accessory	
  organs),	
  and	
  it	
  is	
  the	
  only	
  

gymnotiform	
  capable	
  of	
  a	
  strong-­‐voltage	
  EOD.	
  In	
  E.	
  electricus,	
  strong	
  EODs	
  are	
  produced	
  

from	
  the	
  main	
  EO	
  and	
  the	
  anterior	
  two-­‐thirds	
  of	
  the	
  more	
  ventrally-­‐positioned	
  Hunter's	
  

EO;	
  weak	
  EODs	
  are	
  produced	
  from	
  the	
  Sachs’	
  organ	
  and	
  the	
  posterior	
  one-­‐third	
  of	
  the	
  

Hunter's	
  organ	
  (Figure	
  3.1).	
  All	
  three	
  EOs	
  of	
  E.	
  electricus	
  are	
  derived	
  developmentally	
  from	
  



	
   43	
  

a	
  germinal	
  zone	
  located	
  on	
  the	
  ventral	
  margin	
  of	
  the	
  hypaxial	
  musculature	
  [4,5].	
  

Interestingly,	
  the	
  ability	
  to	
  produce	
  EODs	
  is	
  not	
  limited	
  to	
  the	
  Gymnotiformes;	
  indeed,	
  

electric	
  organs	
  have	
  evolved	
  independently	
  from	
  skeletal	
  muscle	
  at	
  least	
  six	
  times	
  in	
  fishes	
  

[4,6].	
  

Despite	
  the	
  importance	
  of	
  electric	
  fishes	
  in	
  the	
  history	
  of	
  science,	
  genomic,	
  

proteomic,	
  and	
  metabolomic	
  approaches	
  towards	
  understanding	
  the	
  molecular	
  nature	
  of	
  

electrocytes	
  (the	
  single	
  cell	
  of	
  the	
  electric	
  organ)	
  have	
  only	
  lately	
  been	
  undertaken	
  [7-­‐16].	
  

In	
  a	
  recent	
  report	
  from	
  this	
  consortium,	
  we	
  described	
  a	
  small	
  group	
  of	
  protein-­‐coding	
  

genes	
  that	
  showed	
  similar	
  patterns	
  of	
  expression	
  in	
  electric	
  organs	
  as	
  compared	
  to	
  skeletal	
  

muscle	
  from	
  three	
  distinct	
  lineages	
  in	
  which	
  the	
  electrogenic	
  phenotype	
  evolved	
  

independently	
  [13].	
  Included	
  in	
  this	
  study	
  was	
  the	
  first	
  draft	
  genome	
  sequence	
  of	
  E.	
  

electricus,	
  but	
  a	
  detailed	
  analysis	
  of	
  gene	
  content	
  and	
  tissue-­‐specific	
  expression	
  in	
  this	
  

electric	
  fish	
  species	
  remained	
  to	
  be	
  described.	
  In	
  this	
  report,	
  we	
  describe	
  the	
  first	
  

comprehensive	
  analysis	
  of	
  genes	
  and	
  multi-­‐organ	
  gene	
  expression	
  of	
  E.	
  electricus.	
  Our	
  gene	
  

set	
  enrichment	
  analysis	
  using	
  Gene	
  Ontology	
  terms	
  found	
  that	
  genes	
  highly	
  expressed	
  in	
  

EOs	
  are	
  enriched	
  in	
  functions	
  pertaining	
  to	
  transmembrane	
  transport,	
  receptor	
  signaling,	
  

and	
  hormone	
  binding.	
  We	
  performed	
  the	
  first	
  analysis	
  of	
  microRNA	
  (miRNA)	
  expression	
  in	
  

an	
  electric	
  fish	
  and	
  show	
  that	
  all	
  three	
  EOs	
  in	
  E.	
  electricus	
  express	
  a	
  unique	
  repertoire	
  of	
  

miRNAs,	
  including	
  a	
  novel	
  miRNA	
  and	
  three	
  conserved	
  miRNAs	
  involved	
  with	
  muscle	
  

development	
  inhibition	
  in	
  mammals.	
  The	
  results	
  build	
  a	
  framework	
  for	
  comprehensively	
  

understanding	
  the	
  molecular	
  nature	
  of	
  an	
  electrocyte	
  and	
  provide	
  a	
  foundation	
  for	
  future	
  

work	
  on	
  electric	
  organs	
  in	
  electric	
  fish.	
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Results	
  

E.	
  electricus	
  genome	
  features	
  

We	
  used	
  next-­‐generation	
  sequencing	
  technologies	
  to	
  sequence	
  and	
  assemble	
  the	
  

genome	
  of	
  E.	
  electricus	
  and	
  the	
  transcriptome	
  of	
  the	
  three	
  EOs	
  and	
  five	
  other	
  tissues:	
  brain,	
  

spinal	
  cord,	
  heart,	
  skeletal	
  muscle,	
  and	
  kidney,	
  as	
  described	
  previously	
  [13]	
  (Table	
  3.S1a).	
  

A	
  set	
  of	
  29,363	
  gene	
  models	
  representing	
  an	
  estimated	
  22,000	
  protein-­‐coding	
  genes	
  was	
  

annotated	
  from	
  the	
  genome	
  and	
  transcriptome.	
  Comparison	
  between	
  the	
  genomes	
  of	
  E.	
  

electricus	
  and	
  Danio	
  rerio,	
  the	
  nearest	
  related	
  sequenced	
  fish	
  genome,	
  showed	
  considerable	
  

local	
  synteny	
  (i.e.,	
  hox	
  genes,	
  see	
  Figure	
  3.S1a).	
  The	
  average	
  intron	
  size	
  in	
  E.	
  electricus	
  was	
  

similar	
  to	
  that	
  of	
  the	
  other	
  sequenced	
  non-­‐pufferfish	
  teleosts	
  and	
  was	
  ca.	
  one-­‐third	
  that	
  of	
  

D.	
  rerio	
  (Table	
  3.S2).	
  

E.	
  electricus	
  transcriptome	
  analysis	
  

Our	
  comparison	
  of	
  genes	
  expressed	
  in	
  eight	
  organs	
  of	
  E.	
  electricus	
  [13]	
  showed	
  that	
  

the	
  mRNA	
  expression	
  profiles	
  of	
  electrocytes	
  found	
  in	
  the	
  three	
  EOs	
  (Hunter’s,	
  Sachs’	
  and	
  

main)	
  were	
  distinct	
  from	
  all	
  other	
  cell	
  types,	
  with	
  a	
  greater	
  similarity	
  in	
  gene	
  expression	
  to	
  

skeletal	
  and	
  heart	
  muscle	
  as	
  compared	
  to	
  kidney,	
  brain	
  or	
  spinal	
  cord	
  (Figure	
  3.2).	
  This	
  

finding	
  was	
  consistent	
  with	
  the	
  known	
  myogenic	
  origin	
  of	
  electrocytes	
  in	
  most	
  species	
  [4].	
  

Variance	
  filtering	
  of	
  the	
  gene	
  models	
  predicted	
  in	
  our	
  first	
  computational	
  annotation	
  

removed	
  ~	
  3/4	
  of	
  the	
  genes	
  with	
  low	
  covariance	
  among	
  tissues.	
  A	
  subsequent	
  k-­‐means	
  

clustering	
  (k	
  =	
  12)	
  revealed	
  sets	
  of	
  tissue-­‐specific	
  co-­‐transcriptionally	
  regulated	
  genes	
  

([13]	
  and	
  Figure	
  3.3).	
  Of	
  particular	
  interest	
  were	
  clusters	
  1,	
  6,	
  7,	
  9,	
  and	
  10,	
  which	
  

represented	
  genes	
  over-­‐expressed	
  only	
  in	
  EOs	
  (cluster	
  9),	
  genes	
  over-­‐expressed	
  in	
  skeletal	
  

and	
  heart	
  muscle	
  (cluster	
  1),	
  genes	
  over-­‐expressed	
  in	
  both	
  skeletal	
  muscle	
  and	
  EO	
  (cluster	
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6),	
  genes	
  over-­‐expressed	
  in	
  skeletal	
  muscle,	
  heart	
  and	
  EO	
  (cluster	
  7),	
  and	
  genes	
  over-­‐

expressed	
  in	
  brain,	
  spinal	
  cord	
  and	
  EO	
  (cluster	
  10)	
  (Figure	
  3.3).	
  Clusters	
  6	
  and	
  7	
  

represented	
  a	
  shared	
  identity	
  between	
  electrocytes	
  and	
  myocytes,	
  while	
  clusters	
  1	
  and	
  9	
  

represented	
  sets	
  of	
  genes	
  that	
  were	
  down-­‐	
  or	
  up-­‐regulated	
  in	
  electrocytes	
  compared	
  to	
  

myocytes	
  and	
  may	
  hold	
  clues	
  to	
  the	
  unique	
  structure	
  and	
  function	
  of	
  the	
  EO.	
  

In	
  order	
  to	
  understand	
  what	
  functions	
  were	
  enriched	
  and	
  best	
  characterized	
  in	
  our	
  

tissue-­‐specific	
  expression	
  clusters,	
  we	
  performed	
  a	
  Gene	
  Ontology	
  (GO)	
  enrichment	
  

analysis	
  on	
  each	
  of	
  the	
  12	
  tissue-­‐specific	
  clusters.	
  This	
  analysis	
  revealed	
  enriched	
  functions	
  

that	
  were	
  consistent	
  with	
  expectations	
  based	
  on	
  the	
  tissues	
  in	
  the	
  tissue-­‐specific	
  clusters	
  

(Additional	
  file	
  2).	
  For	
  example,	
  GABA-­‐A	
  receptor	
  activity,	
  ionotropic	
  glutamate	
  receptor	
  

activity,	
  and	
  extracellular-­‐glutamate-­‐gated	
  ion	
  channel	
  activity	
  appear	
  enriched	
  in	
  clusters	
  

3	
  and	
  4,	
  both	
  of	
  which	
  are	
  gene	
  clusters	
  over-­‐expressed	
  in	
  brain	
  and	
  spinal	
  cord.	
  In	
  cluster	
  

11	
  (kidney),	
  enriched	
  GO	
  terms	
  are	
  consistent	
  with	
  fish	
  kidney	
  (fish	
  kidneys	
  are	
  used	
  not	
  

only	
  for	
  osmoregulation	
  but	
  also	
  for	
  hematopoiesis),	
  including	
  several	
  GO	
  terms	
  involved	
  

with	
  transmembrane	
  transport	
  as	
  well	
  as	
  heme	
  binding.	
  

GO	
  analysis	
  of	
  cluster	
  9	
  (all	
  EOs)	
  showed	
  an	
  enrichment	
  of	
  GO	
  terms	
  involved	
  with	
  

transmembrane	
  transporting	
  (Figure	
  3.4),	
  while	
  enriched	
  GO	
  terms	
  of	
  cluster	
  1	
  (skeletal	
  

muscle	
  and	
  heart)	
  consisted	
  of	
  calcium-­‐transporting	
  ATPase	
  activity,	
  voltage-­‐gated	
  calcium	
  

channel	
  activity,	
  and	
  calcium	
  ion	
  binding,	
  highlighting	
  the	
  well-­‐known	
  role	
  of	
  Ca2+	
  in	
  

muscle	
  contraction.	
  In	
  cluster	
  6	
  (all	
  EOs	
  and	
  skeletal	
  muscle),	
  the	
  most	
  enriched	
  GO	
  terms	
  

involved	
  the	
  general	
  category	
  of	
  transcriptional	
  regulation,	
  including	
  sequence-­‐specific	
  

DNA	
  binding,	
  ligand-­‐activated	
  sequence-­‐specific	
  DNA	
  binding,	
  and	
  sequence-­‐specific	
  DNA	
  

binding	
  transcription	
  factor	
  activity,	
  as	
  well	
  as	
  GO	
  terms	
  involved	
  with	
  acetylcholine	
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receptor	
  activity.	
  In	
  cluster	
  7	
  (all	
  EOs,	
  skeletal	
  muscle,	
  and	
  heart),	
  the	
  enriched	
  GO	
  terms	
  

were	
  involved	
  in	
  metabolism,	
  such	
  as	
  NADP	
  binding,	
  NAD	
  (P)	
  +	
  transhydrogenase	
  activity,	
  

and	
  phosphofructokinase	
  activity,	
  as	
  well	
  as	
  insulin-­‐like	
  growth	
  factor	
  (IGF)	
  I	
  and	
  II	
  

binding.	
  In	
  cluster	
  10	
  (all	
  EOs,	
  brain,	
  and	
  spinal	
  cord),	
  the	
  enriched	
  GO	
  terms	
  interestingly	
  

included	
  voltage-­‐gated	
  Ca2+	
  activity	
  and	
  Ca2+	
  binding.	
  Additionally,	
  cluster	
  10	
  shows	
  

enrichment	
  in	
  receptor	
  binding,	
  receptor	
  activity,	
  and	
  hyaluronic	
  acid	
  binding.	
  

TopGO	
  was	
  further	
  used	
  to	
  generate	
  GO	
  graphs	
  for	
  each	
  of	
  the	
  five	
  primary	
  clusters	
  

of	
  interest	
  (1,	
  6,	
  7,	
  9,	
  &	
  10)	
  using	
  enriched	
  GO	
  terms	
  (p-­‐value	
  <	
  0.05)	
  as	
  input	
  (Figure	
  3.S2).	
  

The	
  findings	
  were	
  consistent	
  with	
  those	
  of	
  Figure	
  3.4,	
  but	
  additionally	
  highlight	
  highly	
  

represented	
  categories	
  unique	
  to	
  each	
  cluster.	
  Especially	
  informative	
  are	
  the	
  GO	
  graphs	
  

generated	
  for	
  clusters	
  6,	
  7,	
  and	
  9.	
  The	
  GO	
  graph	
  generated	
  for	
  the	
  enriched	
  GO	
  terms	
  in	
  

cluster	
  6	
  (skeletal	
  muscle	
  and	
  electrocytes)	
  has	
  a	
  large,	
  highly	
  represented	
  group	
  broadly	
  

characterized	
  as	
  metabolism	
  (7	
  out	
  of	
  19	
  total	
  terms).	
  Additionally,	
  broad	
  categories	
  

including	
  actin/tropomyosin	
  binding	
  are	
  also	
  over-­‐represented	
  in	
  cluster	
  6;	
  this	
  is	
  

intriguing,	
  as	
  the	
  electrocytes	
  have	
  lost	
  their	
  contractile	
  machinery.	
  Also,	
  skeletal	
  muscle	
  

cells	
  and	
  electrocytes	
  are	
  activated	
  by	
  acetylcholine,	
  and	
  this	
  is	
  reflected	
  in	
  the	
  graph,	
  

including	
  the	
  GO	
  terms	
  for	
  acetylcholine-­‐activated	
  cation-­‐selective	
  channel	
  activity	
  and	
  

acetylcholine	
  receptor	
  activity.	
  

Similar	
  to	
  the	
  results	
  from	
  cluster	
  6,	
  the	
  GO	
  graph	
  generated	
  for	
  the	
  enriched	
  terms	
  

in	
  cluster	
  7	
  (skeletal	
  muscle,	
  heart,	
  and	
  all	
  EOs)	
  had	
  a	
  highly	
  represented,	
  broad	
  category	
  of	
  

metabolism	
  (7	
  out	
  of	
  20	
  total	
  terms).	
  Finally,	
  the	
  cluster	
  9	
  (all	
  EOs)	
  GO	
  graph	
  has	
  a	
  highly	
  

represented	
  group	
  characterized	
  as	
  transmembrane	
  transport	
  (7	
  of	
  16	
  total	
  terms).	
  This	
  

group	
  includes	
  GO	
  terms	
  such	
  as	
  voltage-­‐gated	
  sodium	
  channel	
  activity	
  and	
  inward	
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rectifier	
  K+	
  channel	
  activity,	
  which	
  are	
  directly	
  involved	
  in	
  electric	
  organ	
  discharge	
  (EOD).	
  

Cluster	
  9	
  also	
  includes	
  GO	
  terms	
  involved	
  in	
  hormone/androgen	
  binding;	
  this	
  GO	
  term	
  is	
  

physiologically	
  relevant	
  as	
  EOD	
  has	
  been	
  shown	
  to	
  be	
  regulated	
  in	
  part	
  by	
  the	
  presence	
  of	
  

sex	
  hormones	
  [17].	
  

Hoxc	
  cluster	
  expression	
  in	
  EO	
  

One	
  surprise	
  arising	
  from	
  the	
  8-­‐tissue	
  profiling	
  was	
  the	
  elevated	
  expression	
  of	
  

hoxc10a,	
  hoxc11a,	
  hoxc12a	
  and	
  hoxc13a	
  genes	
  in	
  all	
  three	
  electric	
  organs	
  (Figure	
  3.S1b).	
  

Hox	
  family	
  members	
  are	
  well-­‐known	
  components	
  of	
  the	
  regulatory	
  machinery	
  that	
  

specifies	
  the	
  anterior-­‐posterior	
  body	
  axis	
  of	
  animals,	
  and	
  in	
  many	
  cases	
  the	
  spatial	
  

expression	
  patterns	
  of	
  hox	
  genes	
  within	
  tandem	
  modules	
  on	
  the	
  genome	
  have	
  been	
  

observed	
  to	
  correlate	
  with	
  spatial	
  distribution	
  of	
  expression	
  along	
  that	
  axis	
  [18].	
  We	
  

observed	
  the	
  same	
  set	
  of	
  hox	
  genes	
  (hoxc10a,	
  hoxc11a,	
  hoxc12a,	
  hoxc13a)	
  from	
  the	
  hoxca	
  

cluster	
  to	
  be	
  over-­‐expressed	
  in	
  two	
  other	
  Gymnotiformes	
  (Eigenmannia	
  virescens	
  and	
  to	
  a	
  

lesser	
  extent	
  Sternopygus	
  macrurus)	
  and	
  one	
  mormyrid	
  (Brienomyrus	
  brachyistius)	
  as	
  well	
  

(Figure	
  3.S1c	
  and	
  [13]);	
  interestingly,	
  these	
  hoxc	
  genes	
  are	
  not	
  highly	
  expressed	
  in	
  the	
  EO	
  

of	
  the	
  electric	
  catfish	
  Malapterurus	
  electricus	
  (data	
  not	
  shown).	
  Jawed	
  vertebrates	
  have	
  

four	
  paralogous	
  hox	
  cluster	
  genes	
  (hoxa,	
  hoxb,	
  hoxc,	
  hoxd),	
  among	
  which	
  only	
  the	
  hoxc	
  

cluster	
  was	
  shown	
  to	
  be	
  dispensable	
  for	
  body	
  plan	
  development.	
  The	
  entire	
  cluster	
  was	
  

lost	
  in	
  Elasmobranch	
  fishes	
  and	
  its	
  deletion	
  in	
  mice	
  caused	
  only	
  minor	
  transformations	
  of	
  

axial	
  identity	
  [19-­‐22].	
  Whether	
  these	
  are	
  retained	
  in	
  adults	
  to	
  specify	
  the	
  predominant	
  

posterior	
  location	
  of	
  the	
  electrocytes	
  in	
  Gymnotiformes	
  and	
  mormyrids	
  (but	
  not	
  electric	
  

catfish)	
  or	
  have	
  another	
  function	
  is	
  not	
  known.	
  Our	
  observation	
  raises	
  the	
  possibility	
  of	
  

neofunctionalization	
  of	
  posterior	
  hoxca	
  genes	
  in	
  some	
  species	
  of	
  electric	
  fishes.	
  



	
   48	
  

Analysis	
  of	
  binding	
  sites	
  for	
  highly	
  upregulated	
  transcription	
  factors	
  in	
  EO	
  

A	
  significant	
  future	
  goal	
  is	
  to	
  understand	
  the	
  mechanisms	
  underlying	
  EO	
  

development	
  and	
  maintenance.	
  As	
  a	
  step	
  toward	
  that	
  goal,	
  a	
  plausible	
  hypothesis	
  is	
  that	
  

transcription	
  factors	
  highly	
  upregulated	
  in	
  EO	
  regulate	
  distinctive	
  characteristics	
  of	
  EO.	
  

Based	
  on	
  this	
  hypothesis,	
  candidates	
  for	
  this	
  set	
  of	
  important	
  transcription	
  factors	
  were	
  

identified	
  by	
  their	
  high	
  expression	
  ratios	
  (>7-­‐fold)	
  in	
  EO	
  compared	
  to	
  skeletal	
  muscle	
  

(Additional	
  file	
  3,	
  A).	
  Within	
  this	
  set,	
  a	
  subset	
  of	
  transcription	
  factors	
  were	
  particularly	
  

promising	
  candidates	
  because	
  they	
  were	
  also	
  highly	
  expressed	
  in	
  EO	
  compared	
  to	
  all	
  five	
  

non-­‐EO	
  tissues	
  including	
  skeletal	
  muscle:	
  egr3	
  (early	
  growth	
  response	
  3),	
  six2a	
  (sine	
  

oculis-­‐related	
  homeobox	
  2a),	
  hoxc11a	
  (homeo	
  box	
  C11a),	
  foxj3	
  (forkhead	
  box	
  J3),	
  ar	
  

(androgen	
  receptor),	
  pou3f1	
  (POU	
  class	
  3	
  homeobox	
  1),	
  lbx2	
  (ladybird	
  homeobox	
  homolog	
  

2),	
  and	
  hoxc10a	
  (homeo	
  box	
  C10a).	
  

One	
  possible	
  explanation	
  for	
  how	
  cluster	
  9	
  genes	
  become	
  upregulated	
  in	
  EO	
  is	
  

enrichment	
  of	
  binding	
  sites	
  within	
  their	
  promoters	
  for	
  one	
  or	
  more	
  transcription	
  factors	
  

that	
  are	
  themselves	
  highly	
  expressed	
  in	
  EO.	
  To	
  test	
  this	
  hypothesis,	
  we	
  examined	
  putative	
  

promoter	
  regions	
  within	
  cluster	
  9	
  genes	
  for	
  binding	
  sites	
  of	
  21	
  transcription	
  factors	
  highly	
  

expressed	
  in	
  EO	
  relative	
  to	
  skeletal	
  muscle,	
  using	
  2984	
  randomly-­‐sampled	
  genes	
  as	
  a	
  

background	
  control	
  (Additional	
  file	
  3).	
  Their	
  DNA	
  binding	
  sites	
  were	
  frequently	
  found	
  in	
  

putative	
  promoter	
  regions	
  of	
  cluster	
  9	
  genes	
  (see	
  Additional	
  file	
  3,	
  B	
  for	
  examples).	
  From	
  

testing	
  the	
  density	
  of	
  binding	
  sites	
  in	
  promoters	
  of	
  all	
  cluster	
  9	
  genes	
  as	
  a	
  group	
  compared	
  

with	
  background	
  controls,	
  the	
  smallest	
  p-­‐values	
  suggesting	
  binding	
  site	
  enrichment	
  were	
  

found	
  for	
  transcription	
  factors	
  prrx1b	
  (paired	
  related	
  homeobox	
  1b;	
  p	
  =	
  0.006)	
  and	
  lbx2	
  

(ladybird	
  homeobox	
  homolog	
  2;	
  p	
  =	
  0.049)	
  (Additional	
  file	
  3,	
  C).	
  From	
  the	
  subset	
  of	
  51	
  of	
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the	
  cluster	
  9	
  genes	
  most	
  highly	
  expressed	
  in	
  EO	
  relative	
  to	
  skeletal	
  muscle	
  (Additional	
  file	
  

3,	
  D),	
  the	
  smallest	
  p-­‐values	
  suggesting	
  enrichment	
  were	
  found	
  for	
  transcription	
  factors	
  

prrx1b	
  (p	
  =	
  0.02)	
  and	
  emx2	
  (empty	
  spiracles	
  homeobox	
  2;	
  p	
  =	
  0.047).	
  We	
  then	
  compared	
  

the	
  number	
  of	
  occurrences	
  of	
  each	
  transcription	
  factor	
  binding	
  site	
  in	
  the	
  promoters	
  of	
  the	
  

51	
  most	
  highly	
  expressed	
  cluster	
  9	
  genes	
  individually	
  against	
  our	
  background	
  control	
  and	
  

found	
  p-­‐values	
  smaller	
  than	
  0.005	
  for	
  emx2,	
  lbx2,	
  pou3f1	
  (POU	
  class	
  3	
  homeobox	
  1),	
  prrx1b,	
  

and	
  sox12	
  (SRY-­‐box	
  12)	
  (Additional	
  file	
  3,	
  E).	
  These	
  results	
  suggest	
  particular	
  highly	
  

upregulated	
  transcription	
  factors	
  that	
  might	
  contribute	
  to	
  upregulation	
  of	
  cluster	
  9	
  genes	
  

in	
  EO	
  through	
  selective	
  enrichment	
  of	
  their	
  DNA	
  binding	
  sites	
  and	
  are	
  possible	
  targets	
  for	
  

further	
  study.	
  It	
  is	
  important	
  to	
  note,	
  however,	
  that	
  none	
  of	
  these	
  p-­‐values	
  remained	
  

significant	
  at	
  a	
  5%	
  FDR	
  after	
  multiple	
  testing	
  correction,	
  and	
  that	
  the	
  magnitude	
  of	
  change	
  

compared	
  to	
  background	
  for	
  the	
  genes/binding	
  sites	
  discussed	
  was	
  generally	
  relatively	
  

small.	
  

Parallel	
  evolution	
  in	
  the	
  Kir2	
  channel	
  and	
  the	
  Na+/K	
  +	
  −ATPase	
  

It	
  has	
  been	
  reported	
  that	
  some	
  electrocyte-­‐specific	
  ion	
  channels	
  involved	
  in	
  

generating	
  the	
  electric	
  discharge	
  appear	
  to	
  be	
  evolving	
  at	
  a	
  higher	
  than	
  expected	
  rate	
  in	
  

electric	
  fishes	
  (see	
  [23,24]	
  for	
  a	
  discussion	
  of	
  the	
  NaV1.4a	
  sodium	
  channels	
  in	
  electrocytes).	
  

Two	
  teleost-­‐specific	
  members	
  (kcnj2b,	
  kcnj12b)	
  of	
  the	
  inward	
  rectifying	
  K+	
  channel	
  (Kir2)	
  

family	
  are	
  abundant	
  in	
  E.	
  electricus	
  electrocytes.	
  A	
  hallmark	
  of	
  Kir2	
  channels	
  is	
  a	
  highly	
  

conserved	
  aspartate	
  residue	
  at	
  the	
  inner	
  mouth	
  of	
  the	
  channel	
  that	
  binds	
  Mg2+	
  and	
  

polyamines	
  and	
  plugs	
  the	
  channel	
  at	
  depolarizing	
  voltages	
  imparting	
  rectification	
  [25,26].	
  

In	
  the	
  non-­‐rectifying	
  members	
  of	
  the	
  Kir	
  family,	
  there	
  is	
  an	
  asparagine	
  residue	
  instead	
  at	
  

that	
  site.	
  Within	
  the	
  channels	
  encoded	
  by	
  the	
  gymnotiform	
  kcnj2b	
  and	
  kcnj12b,	
  both	
  have	
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an	
  asparagine	
  at	
  the	
  Mg2+	
  binding	
  site,	
  suggesting	
  that	
  the	
  gymnotiform	
  electrocyte	
  has	
  a	
  

unique	
  intracellular	
  environment.	
  In	
  addition,	
  the	
  α2	
  isoform	
  of	
  the	
  sodium	
  pump,	
  which	
  is	
  

highly	
  over-­‐expressed	
  in	
  the	
  electrocyte,	
  shows	
  an	
  amino	
  acid	
  substitution	
  at	
  a	
  conserved	
  

site	
  (Figure	
  3.S3).	
  In	
  an	
  interesting	
  case	
  of	
  parallel	
  evolution,	
  the	
  same	
  substitution	
  occurs	
  

in	
  squid,	
  although	
  there	
  it	
  is	
  due	
  to	
  RNA	
  editing	
  rather	
  than	
  a	
  permanent	
  change	
  in	
  the	
  

codon.	
  This	
  amino	
  acid	
  change	
  is	
  thought	
  to	
  enhance	
  sodium	
  transport	
  [27].	
  

Reduced	
  vision	
  and	
  loss	
  of	
  opsin	
  genes	
  in	
  E.	
  electricus	
  

Diurnally	
  active	
  teleost	
  fishes	
  generally	
  have	
  four	
  physiologically	
  distinct	
  cone	
  types	
  

in	
  their	
  retinae;	
  one	
  with	
  long,	
  one	
  with	
  medium,	
  and	
  two	
  with	
  short	
  wavelength-­‐sensitive	
  

opsins	
  [28].	
  In	
  contrast,	
  E.	
  electricus	
  is	
  nocturnally	
  active	
  and	
  often	
  lives	
  in	
  muddy	
  rivers	
  

and	
  streams	
  where	
  the	
  ambient	
  light	
  is	
  strong	
  in	
  longer	
  wavelengths	
  [29,30].	
  We	
  searched	
  

the	
  E.	
  electricus	
  genome	
  for	
  opsin	
  genes;	
  interestingly,	
  we	
  found	
  only	
  long	
  (red),	
  and	
  

medium	
  (green)	
  but	
  no	
  short-­‐wave	
  sensitive	
  (blue	
  and	
  violet)	
  cone	
  opsin	
  genes	
  (Figure	
  

3.S4).	
  Although	
  possible,	
  it	
  is	
  unlikely	
  that	
  this	
  pattern	
  is	
  due	
  to	
  incomplete	
  sequencing	
  

coverage	
  of	
  the	
  genome	
  as	
  we	
  also	
  recovered	
  a	
  gene	
  for	
  the	
  rod	
  photopigment	
  rhodopsin	
  

and	
  numerous	
  other	
  teleost	
  non-­‐photopigment	
  opsins	
  such	
  as	
  melanopsin.	
  We	
  

hypothesized	
  that	
  the	
  lack	
  of	
  short-­‐wave	
  sensitive	
  cone	
  opsin	
  genes	
  may	
  be	
  shared	
  with	
  

other	
  species	
  that	
  live	
  in	
  similarly	
  muddy	
  and	
  murky	
  conditions.	
  Indeed,	
  when	
  we	
  probed	
  

an	
  EST	
  database	
  of	
  a	
  species	
  in	
  a	
  sister	
  group	
  of	
  Gymnotiformes,	
  a	
  non-­‐electrogenic	
  catfish	
  

[31],	
  we	
  observed	
  the	
  same	
  cone	
  opsin	
  profile	
  as	
  E.	
  electricus.	
  

MiRNA	
  analysis:	
  novel	
  sequences	
  and	
  EO-­‐specific	
  expression	
  

MiRNAs	
  are	
  an	
  evolutionarily	
  ancient	
  class	
  of	
  small	
  non-­‐coding	
  RNAs	
  that	
  regulate	
  

many	
  gene	
  networks	
  during	
  animal	
  development	
  [32].	
  MiRNA	
  composition	
  and	
  expression	
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levels	
  have	
  been	
  used	
  as	
  a	
  molecular	
  taxonomy	
  approach	
  for	
  categorization	
  of	
  tissue	
  types,	
  

description	
  of	
  cellular	
  physiological	
  states	
  and	
  even	
  classification	
  of	
  disease	
  states	
  [33].	
  It	
  

has	
  also	
  been	
  suggested	
  that	
  expansion	
  of	
  miRNA	
  families	
  has	
  played	
  a	
  central	
  role	
  in	
  the	
  

remarkable	
  morphological	
  complexity	
  among	
  vertebrates	
  [34].	
  To	
  investigate	
  the	
  potential	
  

role	
  of	
  miRNAs	
  in	
  electrocyte	
  phenotype	
  and	
  function,	
  we	
  isolated	
  and	
  sequenced	
  small	
  

RNAs	
  from	
  the	
  spinal	
  cord,	
  brain,	
  heart,	
  skeletal	
  muscle,	
  kidney,	
  and	
  all	
  three	
  EOs	
  of	
  E.	
  

electricus.	
  We	
  identified	
  294	
  conserved	
  miRNAs	
  belonging	
  to	
  119	
  miRNA	
  families	
  

expressed	
  in	
  one	
  or	
  more	
  of	
  the	
  eight	
  tissues	
  [35-­‐38].	
  We	
  also	
  identified	
  18	
  novel	
  miRNAs	
  

from	
  the	
  set	
  of	
  unmatched	
  reads	
  with	
  perfect	
  matches	
  to	
  the	
  E.	
  electricus	
  genome	
  (Figure	
  

3.5c).	
  As	
  shown	
  in	
  other	
  organisms,	
  conserved	
  miRNAs	
  tend	
  to	
  be	
  more	
  robustly	
  expressed	
  

than	
  species-­‐specific	
  miRNAs	
  [39-­‐41]	
  (Figure	
  3.5b).	
  However,	
  all	
  novel	
  miRNAs	
  found	
  in	
  E.	
  

electricus	
  showed	
  tissue-­‐specific	
  expression	
  patterns,	
  suggesting	
  that	
  they	
  may	
  serve	
  

specific	
  functions	
  in	
  E.	
  electricus.	
  

	
   To	
  investigate	
  the	
  role	
  of	
  miRNAs	
  in	
  the	
  EO,	
  we	
  performed	
  hierarchical	
  clustering	
  of	
  

miRNA	
  expression	
  across	
  the	
  eight	
  E.	
  electricus	
  tissues.	
  MiRNA	
  expression	
  patterns	
  

clustered	
  nervous	
  tissue	
  from	
  the	
  brain	
  and	
  spinal	
  cord	
  separately	
  from	
  cardiac	
  muscle,	
  

skeletal	
  muscle,	
  and	
  EOs,	
  and	
  clustered	
  EOs	
  more	
  closely	
  with	
  skeletal	
  muscle	
  than	
  cardiac	
  

muscle	
  (Figure	
  3.5a).	
  Indeed,	
  from	
  the	
  313	
  total	
  miRNAs	
  identified	
  (294	
  conserved	
  and	
  18	
  

novel)	
  only	
  18	
  showed	
  high	
  differential	
  expression	
  between	
  skeletal	
  muscle	
  and	
  the	
  three	
  

EOs	
  (Figure	
  3.6a).	
  Conserved	
  miRNAs	
  with	
  lower	
  expression	
  in	
  EO	
  than	
  in	
  muscles	
  have	
  

annotated	
  roles	
  in	
  muscle	
  development	
  and	
  differentiation	
  in	
  other	
  organisms	
  [42-­‐44].	
  

Three	
  of	
  these	
  miRNAs	
  are	
  muscle-­‐specific,	
  also	
  called	
  “myomiRs”	
  (miR-­‐133,	
  miR-­‐206,	
  and	
  

miR-­‐499),	
  because	
  they	
  play	
  critical	
  roles	
  in	
  muscle	
  development	
  and	
  function.	
  In	
  contrast,	
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miRNAs	
  with	
  higher	
  expression	
  in	
  EO	
  than	
  in	
  muscle	
  include	
  multiple	
  miRNAs	
  with	
  roles	
  

including	
  inhibition	
  of	
  muscle	
  differentiation	
  (miR-­‐193,	
  miR-­‐218,	
  and	
  miR-­‐365)	
  [45,46].	
  

	
   The	
  most	
  upregulated	
  miRNA	
  in	
  EO	
  compared	
  to	
  muscle	
  is	
  the	
  novel	
  miRNA	
  mir-­‐

11054	
  (Figure	
  3.6a).	
  This	
  electrocyte	
  specific	
  “electromiR”	
  was	
  30-­‐fold	
  higher	
  in	
  all	
  three	
  

EOs	
  compared	
  to	
  skeletal	
  muscle	
  and	
  was	
  not	
  detected	
  in	
  brain,	
  spinal	
  cord,	
  kidney,	
  or	
  

heart	
  tissues	
  of	
  E.	
  electricus.	
  Notably,	
  mir-­‐11054	
  is	
  expressed	
  from	
  a	
  locus	
  that	
  is	
  important	
  

to	
  electrocyte	
  function,	
  an	
  intron	
  of	
  the	
  inward-­‐rectifier	
  K+	
  channel	
  gene	
  kcnj12b	
  that	
  is	
  

abundant	
  in	
  electrocytes.	
  Though	
  it	
  is	
  expressed	
  from	
  a	
  region	
  overlapping	
  the	
  kcnj12b	
  

gene,	
  mir-­‐11054	
  is	
  expressed	
  in	
  the	
  antisense	
  direction	
  from	
  an	
  intronic	
  sequence	
  that	
  is	
  

unique	
  to	
  E.	
  electricus	
  (Figure	
  3.6b).	
  This	
  “electromiR”	
  mir-­‐11054	
  has	
  no	
  known	
  

homologue	
  in	
  any	
  fish	
  or	
  mammal	
  to	
  date.	
  

To	
  further	
  probe	
  the	
  importance	
  of	
  the	
  differentially	
  expressed	
  miRNAs	
  in	
  EO	
  function,	
  we	
  

sequenced	
  miRNA	
  libraries	
  from	
  the	
  EO	
  and	
  skeletal	
  muscle	
  of	
  a	
  second	
  electric	
  fish,	
  S.	
  

macrurus.	
  This	
  comparison	
  revealed	
  interesting	
  differences	
  and	
  similarities	
  between	
  the	
  

two	
  Gymnotiformes	
  species	
  (Figure	
  3.6a).	
  ElectromiR	
  mir-­‐11054,	
  which	
  is	
  highly	
  

transcribed	
  in	
  E.	
  electricus	
  EO	
  from	
  the	
  K+	
  channel	
  intron,	
  is	
  not	
  detected	
  in	
  S.	
  macrurus,	
  

suggesting	
  that	
  it	
  may	
  be	
  specific	
  to	
  E.	
  electricus.	
  In	
  addition,	
  our	
  results	
  indicate	
  that,	
  in	
  

contrast	
  to	
  the	
  downregulation	
  observed	
  in	
  E.	
  electricus	
  EO,	
  S.	
  macrurus	
  EO	
  expresses	
  most	
  

myo-­‐miRs	
  at	
  levels	
  similar	
  to	
  those	
  found	
  in	
  skeletal	
  muscle.	
  The	
  continued	
  expression	
  of	
  

myomiRs	
  in	
  S.	
  macrurus	
  EO	
  is	
  consistent	
  with	
  a	
  more	
  ‘muscle-­‐like’	
  phenotype	
  in	
  this	
  fish	
  

[47].	
  In	
  contrast	
  to	
  myomiRs,	
  miRNAs	
  with	
  annotated	
  roles	
  in	
  inhibiting	
  muscle	
  

differentiation	
  are	
  commonly	
  upregulated	
  in	
  the	
  EO	
  of	
  E.	
  electricus	
  and	
  S.	
  macrurus.	
  These	
  

miRNAs	
  include	
  miR-­‐218a,	
  which	
  inhibits	
  cardiac	
  muscle	
  development	
  [48],	
  and	
  the	
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bicistronically-­‐encoded	
  miR-­‐365a	
  and	
  miR-­‐193a,	
  which	
  inhibit	
  skeletal	
  muscle	
  

development	
  [49].	
  

	
  

Discussion	
  

The	
  analyses	
  presented	
  here	
  describe	
  molecular	
  comparison	
  of	
  E.	
  electricus	
  electric	
  

organs	
  to	
  muscle	
  and	
  other	
  tissues	
  and	
  build	
  off	
  of	
  this	
  consortium’s	
  previous	
  work	
  

exploring	
  the	
  convergent	
  evolution	
  of	
  electric	
  organs	
  in	
  independent	
  fish	
  lineages	
  [13].	
  

Analyses	
  of	
  the	
  E.	
  electricus	
  genome	
  identified	
  a	
  number	
  of	
  interesting	
  characteristics.	
  The	
  

E.	
  electricus	
  genome	
  is	
  approximately	
  ~700	
  Mb	
  in	
  size,	
  which	
  is	
  roughly	
  half	
  of	
  that	
  of	
  D.	
  

rerio.	
  By	
  comparing	
  gene	
  models	
  across	
  available	
  fish	
  genomes,	
  we	
  found	
  that	
  E.	
  electricus	
  

intron	
  lengths	
  were	
  about	
  one	
  third	
  that	
  of	
  D.	
  rerio	
  (Table	
  3.S2),	
  which	
  likely	
  is	
  a	
  significant	
  

contributing	
  factor	
  to	
  the	
  difference	
  in	
  genome	
  sizes	
  among	
  the	
  sequenced	
  non-­‐pufferfish	
  

teleosts	
  and	
  D.	
  rerio.	
  We	
  also	
  found	
  a	
  number	
  of	
  genomic	
  changes	
  that	
  contribute	
  to	
  the	
  

adaptation	
  of	
  E.	
  electricus	
  environment	
  and	
  physiology.	
  For	
  example,	
  within	
  the	
  α2	
  subunit	
  

of	
  the	
  sodium	
  pump,	
  which	
  is	
  highly	
  abundant	
  in	
  EO,	
  there	
  is	
  an	
  amino	
  acid	
  substitution	
  

that	
  has	
  been	
  demonstrated	
  previously	
  to	
  occur	
  in	
  squid	
  and	
  is	
  thought	
  to	
  enhance	
  sodium	
  

transport	
  [27]	
  (Figure	
  3.S3).	
  Given	
  the	
  important	
  role	
  of	
  sodium	
  transport	
  in	
  EOD,	
  this	
  

substitution	
  may	
  be	
  important	
  for	
  electrocytes	
  to	
  rapidly	
  relieve	
  high	
  internal	
  [Na+]	
  after	
  

depolarization.	
  Of	
  interest,	
  this	
  finding	
  seems	
  to	
  be	
  specific	
  to	
  E.	
  electricus,	
  as	
  E.	
  virescens	
  

and	
  S.	
  macrurus	
  do	
  not	
  share	
  this	
  substitution.	
  As	
  another	
  example,	
  E.	
  electricus	
  lives	
  in	
  

muddy	
  rivers	
  and	
  streams	
  where	
  short	
  wavelength	
  light	
  is	
  more	
  easily	
  filtered	
  out	
  [29,30].	
  

We	
  were	
  unable	
  to	
  identify	
  short-­‐wave	
  light	
  sensitive	
  opsin	
  genes	
  in	
  the	
  E.	
  electricus	
  

genome	
  despite	
  being	
  able	
  to	
  identify	
  long	
  and	
  medium-­‐wave	
  opsin	
  genes.	
  Upon	
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examination	
  of	
  the	
  non-­‐electrogenic	
  catfish	
  that	
  resides	
  in	
  a	
  similar	
  environment	
  [31],	
  we	
  

observed	
  a	
  similar	
  opsin	
  profile.	
  Thus,	
  the	
  loss	
  of	
  short	
  wavelength-­‐sensitive	
  opsins	
  is	
  

likely	
  adaptive	
  as	
  it	
  allows	
  for	
  a	
  greater	
  number	
  of	
  photoreceptors	
  with	
  opsins	
  in	
  the	
  most	
  

useful	
  portions	
  of	
  the	
  visual	
  spectrum.	
  The	
  absence	
  of	
  short	
  wavelength-­‐sensitive	
  opsins	
  

has	
  also	
  been	
  reported	
  in	
  most	
  mammals	
  living	
  under	
  dim	
  light	
  conditions	
  or	
  which,	
  like	
  

bats	
  and	
  cetaceans,	
  utilize	
  other	
  specialized	
  sensory	
  systems	
  (e.g.	
  echolocation)	
  [50,51].	
  It	
  

is	
  interesting	
  to	
  note	
  that	
  catfish	
  took	
  a	
  different	
  path	
  in	
  adapting	
  to	
  nocturnal	
  living	
  by	
  

developing	
  taste	
  buds	
  all	
  over	
  their	
  body	
  to	
  ‘taste’	
  the	
  environment	
  [52],	
  much	
  as	
  electric	
  

fish	
  sense	
  their	
  surroundings	
  using	
  electroreceptors.	
  

One	
  main	
  goal	
  of	
  our	
  research	
  was	
  to	
  characterize	
  the	
  genes	
  expressed	
  in	
  each	
  of	
  

our	
  eight	
  tissues,	
  with	
  particular	
  focus	
  on	
  understanding	
  the	
  unique	
  repertoire	
  of	
  genes	
  

expressed	
  in	
  EO	
  compared	
  to	
  skeletal	
  muscle.	
  To	
  that	
  end,	
  we	
  clustered	
  our	
  genes	
  by	
  

similarity	
  of	
  expression	
  (Figure	
  3.3),	
  and	
  within	
  the	
  resulting	
  clusters	
  employed	
  GO	
  term	
  

enrichment	
  techniques	
  to	
  characterize	
  enriched	
  functions	
  (Figures	
  4	
  and	
  S2).	
  The	
  EO-­‐

specific	
  cluster	
  (cluster	
  9)	
  showed	
  unique	
  aspects	
  of	
  EO	
  that	
  are	
  not	
  shared	
  with	
  muscle	
  

(the	
  tissue	
  type	
  from	
  which	
  it	
  is	
  developmentally	
  derived).	
  Within	
  this	
  cluster,	
  we	
  found	
  an	
  

abundance	
  of	
  genes	
  with	
  “transmembrane	
  transporting”	
  function	
  and	
  a	
  lack	
  of	
  

“cytoskeletal	
  binding”	
  and	
  other	
  contraction-­‐related	
  terms.	
  This	
  result	
  reflected	
  the	
  

tradeoff	
  between	
  contractility-­‐related	
  physiological	
  function	
  and	
  increased	
  electrogenic	
  

output.	
  Conversely,	
  we	
  identified	
  an	
  enrichment	
  of	
  metabolism-­‐related	
  genes	
  within	
  all	
  

myogenic	
  tissues	
  (skeletal	
  muscle,	
  heart,	
  and	
  EO),	
  which	
  suggested	
  that	
  the	
  basic	
  metabolic	
  

processes	
  in	
  muscle	
  are	
  retained	
  in	
  electrocytes	
  from	
  myogenic	
  precursors.	
  Recent	
  efforts	
  

from	
  this	
  consortium	
  have	
  identified	
  IGF	
  signaling	
  as	
  an	
  important	
  element	
  in	
  the	
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independent	
  evolution	
  of	
  electric	
  organs	
  [13].	
  Interestingly,	
  our	
  functional	
  enrichment	
  

analysis	
  revealed	
  enrichment	
  for	
  IGF	
  binding	
  in	
  myogenic	
  tissues	
  (skeletal	
  muscle,	
  heart,	
  

and	
  EO).	
  Looking	
  into	
  this	
  further,	
  although	
  IGF	
  binding	
  was	
  enriched	
  both	
  in	
  muscles	
  and	
  

EO	
  of	
  E.	
  electricus	
  in	
  the	
  analyses	
  presented	
  here,	
  only	
  the	
  regulators	
  of	
  this	
  signaling	
  

pathway	
  were	
  up-­‐regulated	
  in	
  electric	
  organs	
  compared	
  to	
  skeletal	
  muscle	
  in	
  E.	
  electricus,	
  

in	
  other	
  Gymnotiformes,	
  and	
  in	
  two	
  other	
  lineages	
  of	
  fishes	
  with	
  independently	
  evolved	
  

electric	
  organs	
  [13],	
  indicating	
  IGF	
  signaling	
  likely	
  has	
  a	
  specialized	
  role	
  in	
  EO	
  over	
  muscle.	
  

As	
  we	
  previously	
  reported	
  [13],	
  our	
  hypothesis	
  is	
  that	
  IGF	
  signaling	
  contributes	
  to	
  the	
  

increase	
  in	
  cell	
  size	
  of	
  electrocytes	
  over	
  muscle	
  fibers.	
  

Within	
  the	
  cluster	
  of	
  genes	
  co-­‐expressed	
  in	
  EO,	
  brain,	
  and	
  spinal	
  cord	
  (cluster	
  10)	
  

we	
  found	
  enrichment	
  for	
  terms	
  pertaining	
  to	
  Ca2+	
  transport	
  and	
  binding.	
  This	
  may	
  

highlight	
  a	
  gain	
  of	
  an	
  additional	
  Ca2+	
  function	
  in	
  EO	
  that	
  utilizes	
  genes	
  expressed	
  typically	
  

in	
  brain	
  and	
  spinal	
  cord	
  despite	
  no	
  need	
  for	
  Ca2+	
  for	
  contraction	
  (indeed,	
  EO	
  has	
  turned	
  

down	
  expression	
  of	
  genes	
  relating	
  to	
  Ca2+	
  function).	
  However,	
  we	
  cannot	
  rule	
  out	
  the	
  

possibility	
  that	
  nerve	
  contamination	
  in	
  EO	
  tissue	
  (which	
  is	
  highly	
  innervated)	
  contributed	
  

to	
  this	
  result,	
  a	
  possibility	
  that	
  would	
  require	
  additional	
  experimentation	
  to	
  rule	
  out.	
  

A	
  crucial	
  step	
  in	
  our	
  greater	
  quest	
  to	
  elucidate	
  the	
  mechanisms	
  by	
  which	
  electric	
  

organs	
  have	
  evolved	
  is	
  understanding	
  the	
  underlying	
  principles	
  of	
  how	
  genes	
  are	
  regulated	
  

in	
  EO	
  compared	
  to	
  muscle.	
  Given	
  that	
  several	
  transcription	
  factors	
  are	
  highly	
  upregulated	
  

in	
  EO,	
  we	
  hypothesized	
  that	
  there	
  may	
  be	
  enrichment	
  of	
  these	
  transcription	
  factor	
  binding	
  

sites	
  in	
  the	
  promoters	
  of	
  genes	
  that	
  are	
  also	
  highly	
  expressed	
  in	
  EO.	
  However,	
  our	
  attempts	
  

at	
  identifying	
  enriched	
  binding	
  motifs	
  within	
  the	
  promoters	
  of	
  genes	
  highly	
  expressed	
  in	
  

EO	
  (cluster	
  9	
  genes)	
  failed	
  to	
  identify	
  a	
  “smoking	
  gun”;	
  thus,	
  it	
  is	
  reasonable	
  to	
  suspect	
  that	
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other	
  mechanisms	
  beyond	
  enrichment	
  of	
  DNA	
  binding	
  sites	
  for	
  highly	
  expressed	
  

transcription	
  factors	
  in	
  EO	
  might	
  be	
  responsible	
  for	
  regulation	
  of	
  cluster	
  9	
  genes.	
  First,	
  

binding	
  sites	
  for	
  transcription	
  factors	
  that	
  are	
  not	
  upregulated	
  might	
  be	
  enriched	
  in	
  cluster	
  

9	
  genes	
  and	
  lead	
  to	
  transcriptional	
  upregulation	
  in	
  EO.	
  This	
  mechanism,	
  however,	
  does	
  not	
  

explain	
  the	
  restriction	
  of	
  cluster	
  9	
  gene	
  upregulation	
  to	
  only	
  EO.	
  As	
  an	
  additional	
  

mechanism,	
  factors	
  regulating	
  gene	
  transcription,	
  including	
  chromatin	
  state,	
  might	
  

differentially	
  affect	
  availability	
  of	
  these	
  binding	
  sites	
  in	
  cluster	
  9	
  genes	
  compared	
  to	
  

availability	
  in	
  genes	
  of	
  other	
  clusters.	
  The	
  upregulation	
  of	
  seven	
  transcription	
  factor	
  genes	
  

(hoxc10a,	
  hoxc11a,	
  hoxc12a,	
  hoxc13a,	
  six2a,	
  sox11b,	
  and	
  mef2b)	
  in	
  EO	
  from	
  four	
  electric	
  

fishes	
  (E.	
  electricus,	
  S.	
  macrurus,	
  E.	
  virescens,	
  and	
  B.	
  brachyistius)	
  [13]	
  suggests	
  their	
  

particular	
  importance	
  in	
  EO	
  identity.	
  The	
  lack	
  of	
  enrichment	
  of	
  binding	
  sites	
  for	
  these	
  

seven,	
  however,	
  suggests	
  that	
  other	
  mechanisms	
  beyond	
  transcription	
  factor	
  upregulation	
  

are	
  involved	
  in	
  expression	
  of	
  cluster	
  9	
  genes—an	
  exciting	
  area	
  for	
  future	
  research	
  studies.	
  

MiRNAs	
  play	
  important	
  roles	
  in	
  regulating	
  gene	
  networks	
  throughout	
  animal	
  

development	
  [32].	
  We	
  aimed	
  to	
  characterize	
  miRNA	
  expression	
  in	
  our	
  eight	
  tissues	
  of	
  

interest,	
  with	
  particular	
  focus	
  on	
  muscle	
  and	
  EO	
  and	
  with	
  the	
  goal	
  to	
  determine	
  whether	
  

there	
  was	
  a	
  potential	
  role	
  of	
  miRNA	
  in	
  EO	
  development	
  or	
  maintenance.	
  Our	
  analysis	
  

revealed	
  nearly	
  300	
  conserved	
  miRNAs	
  with	
  known	
  functions	
  and	
  18	
  novel	
  miRNAs;	
  these	
  

novel	
  miRNAs	
  showed	
  tissue-­‐specific	
  expression	
  patterns	
  which	
  indicated	
  they	
  may	
  be	
  

serving	
  tissue-­‐specific	
  functions	
  in	
  E.	
  electricus.	
  Of	
  particular	
  interest	
  were	
  the	
  18	
  miRNAs	
  

that	
  showed	
  high	
  differential	
  expression	
  among	
  skeletal	
  muscle	
  and	
  three	
  EOs	
  (Figure	
  

3.6a),	
  and,	
  to	
  gauge	
  whether	
  our	
  findings	
  were	
  E.	
  electricus-­‐specific	
  or	
  shared	
  among	
  

Gymnotiformes,	
  we	
  also	
  performed	
  miRNA	
  sequencing	
  and	
  expression	
  analysis	
  on	
  S.	
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macrurus.	
  Of	
  particular	
  note	
  were	
  three	
  conserved	
  muscle-­‐specific	
  miRNAs	
  that	
  were	
  

highly	
  expressed	
  in	
  EO	
  relative	
  to	
  skeletal	
  muscle	
  (miR-­‐193,	
  miR-­‐218	
  and	
  miR-­‐365)	
  in	
  both	
  

Gymnotiformes	
  tested;	
  these	
  miRNA	
  have	
  known	
  roles	
  in	
  inhibiting	
  muscle	
  differentiation	
  

[45,46].	
  Interestingly,	
  we	
  identified	
  a	
  novel	
  “electromiR”	
  abundantly	
  expressed	
  in	
  E.	
  

electricus	
  EO	
  but	
  not	
  identified	
  in	
  S.	
  macrurus	
  EO,	
  implying	
  that	
  this	
  novel	
  miRNA	
  arose	
  for	
  

E.	
  electricus-­‐specific	
  electrocyte	
  development	
  and	
  function	
  (Figure	
  3.6b).	
  The	
  upregulation	
  

of	
  conserved	
  miRNAs	
  with	
  known	
  roles	
  in	
  blocking	
  muscle	
  development	
  in	
  the	
  EO	
  of	
  both	
  

E.	
  electricus	
  and	
  S.	
  macrurus	
  provides	
  evidence	
  that	
  miRNAs	
  are	
  part	
  of	
  a	
  common	
  toolkit	
  

involved	
  in	
  the	
  development	
  and	
  maintenance	
  of	
  the	
  electrocyte	
  phenotype	
  in	
  

Gymnotiformes.	
  Uncovering	
  the	
  functional	
  role	
  of	
  miRNAs	
  that	
  are	
  uniquely	
  expressed	
  in	
  E.	
  

electrophorus	
  EOs	
  could	
  shed	
  light	
  on	
  the	
  molecular	
  mechanisms	
  involved	
  in	
  the	
  

modification	
  of	
  the	
  muscle	
  program	
  to	
  give	
  rise	
  to	
  such	
  a	
  specialized	
  tissue	
  as	
  the	
  EO.	
  

	
  

Conclusions	
  

We	
  describe	
  here	
  an	
  analysis	
  of	
  the	
  first	
  sequenced	
  genome	
  of	
  an	
  electric	
  fish	
  (E.	
  

electricus)	
  and	
  of	
  mRNA	
  and	
  miRNA	
  libraries	
  from	
  eight	
  organs	
  including	
  the	
  three	
  electric	
  

organs.	
  This	
  study,	
  which	
  builds	
  upon	
  previous	
  work	
  from	
  this	
  group	
  focusing	
  on	
  shared	
  

protein-­‐coding	
  gene	
  expression	
  patterns	
  between	
  EO	
  and	
  skeletal	
  muscle	
  in	
  multiple	
  

independent	
  lineages	
  of	
  electric	
  fish	
  [13],	
  provides	
  a	
  focused	
  and	
  thorough	
  examination	
  of	
  

both	
  novel	
  genomic	
  characteristics	
  as	
  well	
  as	
  protein-­‐	
  and	
  microRNA-­‐encoding	
  gene	
  

expression	
  patterns	
  and	
  gene	
  set	
  enrichment	
  in	
  a	
  panel	
  of	
  diverse	
  organs	
  from	
  the	
  strong	
  

voltage	
  electric	
  eel.	
  Genes	
  expressed	
  in	
  electric	
  organs	
  were	
  enriched	
  for	
  functions	
  

involving	
  transmembrane	
  transport,	
  whereas	
  skeletal	
  muscle	
  showed	
  enrichment	
  for	
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contraction-­‐related	
  functions,	
  reflecting	
  the	
  specialization	
  of	
  electrocytes	
  for	
  electrogenesis	
  

over	
  contraction.	
  Gene	
  expression	
  shared	
  between	
  skeletal	
  muscle	
  and	
  electric	
  organs	
  had	
  

functional	
  enrichment	
  for	
  genes	
  relating	
  to	
  metabolism,	
  suggesting	
  that	
  metabolic	
  

characteristics	
  of	
  each	
  cell	
  type	
  are	
  similar	
  even	
  though	
  the	
  chemical	
  energy	
  is	
  transduced	
  

to	
  a	
  different	
  degree	
  in	
  terms	
  of	
  mechanical	
  versus	
  electrical	
  energy.	
  The	
  first	
  

comprehensive	
  analysis	
  of	
  miRNA	
  expression	
  in	
  electric	
  fish	
  identified	
  three	
  conserved	
  

miRNAs	
  that	
  have	
  known	
  roles	
  in	
  inhibiting	
  muscle	
  development	
  as	
  highly	
  expressed	
  in	
  

electrocytes,	
  suggesting	
  that	
  miRNAs	
  may	
  be	
  playing	
  an	
  important	
  role	
  in	
  electrocyte	
  

development	
  and	
  maintenance.	
  Interestingly,	
  one	
  of	
  the	
  18	
  novel	
  miRNAs	
  identified	
  was	
  

highly	
  specific	
  to	
  EO	
  and	
  was	
  transcribed	
  from	
  the	
  reverse	
  strand	
  of	
  an	
  intron	
  within	
  the	
  

potassium	
  channel	
  that	
  is	
  also	
  highly	
  expressed	
  in	
  EO.	
  Future	
  studies	
  will	
  build	
  from	
  the	
  

work	
  presented	
  here	
  to	
  understand	
  more	
  deeply	
  the	
  function	
  and	
  evolution	
  of	
  genes	
  

expressed	
  in	
  electric	
  organs,	
  including	
  the	
  molecular	
  and	
  evolutionary	
  distinction	
  of	
  the	
  

strong	
  voltage	
  electric	
  organ	
  unique	
  to	
  E.	
  electricus	
  in	
  the	
  Gymnotiformes	
  lineage.	
  

	
  

Methods	
  

Analysis	
  of	
  gene	
  ontology	
  enrichment	
  in	
  clusters	
  with	
  tissue-­‐specific	
  expression	
  

E.	
  electricus	
  gene	
  models	
  that	
  were	
  described	
  previously	
  [13]	
  as	
  being	
  short	
  

fragments	
  of	
  whole	
  genes	
  and	
  labeled	
  “split”	
  or	
  “split_scaff”	
  were	
  filtered	
  out	
  for	
  this	
  

analysis.	
  Gene	
  Ontology	
  (GO)	
  terms	
  assigned	
  to	
  each	
  D.	
  rerio	
  gene	
  were	
  downloaded	
  from	
  

Ensembl	
  (release	
  version	
  71).	
  GO	
  terms	
  were	
  mapped	
  back	
  to	
  all	
  possible	
  E.	
  electricus	
  

genes	
  using	
  their	
  D.	
  rerio	
  assignments.	
  A	
  total	
  of	
  13,647	
  E.	
  electricus	
  genes	
  remained	
  in	
  the	
  

analysis	
  after	
  these	
  steps.	
  In	
  order	
  to	
  prevent	
  the	
  presence	
  of	
  a	
  single	
  GO	
  term	
  in	
  one	
  of	
  our	
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gene	
  clusters	
  from	
  coming	
  up	
  as	
  significant,	
  we	
  filtered	
  out	
  all	
  GO	
  terms	
  from	
  the	
  tissue-­‐

specific	
  clusters	
  that	
  were	
  present	
  less	
  than	
  two	
  times.	
  Enriched	
  GO	
  terms	
  in	
  each	
  of	
  the	
  12	
  

tissue-­‐specific	
  clusters	
  were	
  identified	
  by	
  using	
  the	
  “elim”	
  method	
  of	
  topGO	
  [53],	
  with	
  a	
  

minimum	
  node	
  size	
  of	
  3.	
  The	
  elim	
  method	
  of	
  topGO	
  attempts	
  to	
  eliminate	
  some	
  of	
  the	
  local	
  

dependencies	
  inherent	
  to	
  the	
  GO	
  graph	
  structure	
  by	
  removing	
  genes	
  mapped	
  to	
  higher	
  

level	
  GO	
  terms,	
  as	
  to	
  emphasize	
  lower	
  level	
  (more	
  specific)	
  GO	
  terms.	
  We	
  used	
  the	
  Fisher’s	
  

exact	
  test	
  to	
  identify	
  significantly	
  enriched	
  GO	
  terms	
  with	
  a	
  p-­‐value	
  <	
  0.01.	
  For	
  clusters	
  1,	
  6,	
  

7,	
  9,	
  and	
  10,	
  we	
  used	
  topGO	
  to	
  create	
  the	
  GO	
  graph	
  resulting	
  from	
  these	
  enriched	
  terms.	
  

MiRNA	
  sequencing	
  and	
  analysis	
  

We	
  measured	
  miRNA	
  expression	
  in	
  eight	
  tissues	
  (brain,	
  spinal	
  cord,	
  heart,	
  skeletal	
  

muscle,	
  Sachs’	
  electric	
  organ,	
  main	
  electric	
  organ,	
  Hunter's	
  electric	
  organ,	
  and	
  kidney)	
  of	
  E.	
  

electricus.	
  

Small	
  RNA	
  library	
  preparation	
  and	
  sequencing	
  in	
  E.	
  electricus	
  

One	
  (1)	
  μg	
  total	
  RNA	
  from	
  each	
  tissue	
  (isolated	
  as	
  described	
  above	
  for	
  mRNA	
  

sequencing)	
  was	
  used	
  to	
  prepare	
  small	
  RNA	
  sequencing	
  libraries	
  using	
  an	
  Illumina	
  TruSeq	
  

Small	
  RNA	
  Library	
  Preparation	
  Kit	
  according	
  to	
  the	
  manufacturer's	
  instructions	
  (Illumina,	
  

Inc.,	
  San	
  Diego,	
  CA)	
  with	
  one	
  modification:	
  cDNA	
  was	
  size-­‐selected	
  on	
  an	
  agarose	
  gel	
  in	
  the	
  

140–300	
  bp	
  range.	
  Each	
  of	
  seven	
  tissues	
  (brain,	
  spinal	
  cord,	
  heart,	
  muscle,	
  Sachs’,	
  main,	
  

and	
  Hunter’s	
  EO)	
  was	
  labeled	
  with	
  a	
  unique	
  index	
  using	
  PCR	
  indexing	
  primers.	
  The	
  indexed	
  

small	
  RNA	
  libraries	
  were	
  pooled	
  and	
  sequenced	
  on	
  a	
  single	
  lane	
  of	
  HiSeq	
  (1x100bp)	
  at	
  the	
  

same	
  time	
  as	
  the	
  corresponding	
  mRNA	
  was	
  sequenced	
  in	
  our	
  previous	
  study	
  ([13]).	
  The	
  

kidney	
  small	
  RNA	
  followed	
  an	
  identical	
  protocol,	
  except	
  that	
  it	
  was	
  done	
  at	
  a	
  later	
  date	
  and	
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was	
  not	
  indexed	
  to	
  be	
  pooled	
  with	
  other	
  samples.	
  The	
  linker	
  sequences	
  were	
  removed	
  

from	
  all	
  libraries,	
  and	
  sets	
  of	
  trimmed	
  reads	
  of	
  length	
  20,	
  21,	
  22	
  and	
  23	
  were	
  compiled.	
  

Identification	
  of	
  conserved	
  and	
  novel	
  miRNA	
  genes	
  in	
  E.	
  electricus	
  

Conserved	
  E.	
  electricus	
  miRNA	
  orthologs	
  were	
  identified	
  by	
  BLASTN	
  comparison	
  of	
  

expressed	
  sequences	
  from	
  small	
  RNA	
  libraries	
  to	
  sequences	
  from	
  the	
  Rfam	
  database	
  [54].	
  A	
  

set	
  of	
  potential	
  novel	
  miRNAs	
  were	
  generated	
  by	
  removing	
  matches	
  to	
  conserved	
  miRNAs,	
  

as	
  well	
  as	
  contaminating	
  small	
  RNAs	
  matching	
  to	
  a	
  database	
  of	
  rRNA,	
  snoRNAs,	
  snRNAs,	
  

and	
  mitochondrial	
  rRNA	
  and	
  tRNAs	
  derived	
  from	
  Danio	
  rerio,	
  Tetraodon	
  nigroviridis,	
  and	
  

Takifugu	
  rubripes	
  sequences	
  in	
  the	
  Ensembl	
  database	
  [55].	
  To	
  identify	
  genomic	
  precursors	
  

for	
  conserved	
  and	
  novel	
  miRNAs,	
  sequences	
  were	
  aligned	
  to	
  the	
  E.	
  electricus	
  genome,	
  and	
  

perfect	
  matches	
  together	
  with	
  140	
  bp	
  of	
  flanking	
  sequence	
  were	
  retrieved.	
  Secondary	
  RNA	
  

structure	
  was	
  predicted	
  using	
  RNAFold	
  from	
  the	
  Vienna	
  package	
  [56],	
  and	
  pre-­‐miRNA	
  

hairpin	
  structures	
  were	
  identified	
  by	
  the	
  methods	
  of	
  [35].	
  MiRNAs	
  were	
  named	
  according	
  

to	
  their	
  ortholog,	
  and	
  novel	
  miRNAs	
  were	
  given	
  unique	
  names.	
  

Expression	
  profiling	
  and	
  clustering	
  

For	
  expression	
  analysis,	
  small	
  RNA	
  libraries	
  were	
  matched	
  to	
  conserved	
  and	
  novel	
  

hairpin	
  precursors	
  in	
  E.	
  electricus,	
  using	
  a	
  relaxed	
  standard	
  which	
  allowed	
  up	
  to	
  two	
  base	
  

pair	
  mismatches	
  between	
  sequences	
  to	
  account	
  for	
  known	
  processes	
  which	
  add	
  non-­‐

template	
  nucleotides	
  to	
  the	
  3’	
  end	
  of	
  miRNAs	
  [57],	
  and	
  for	
  sequencing	
  errors.	
  Expression	
  of	
  

3p	
  and	
  5p	
  products	
  was	
  identified	
  and	
  calculated	
  separately.	
  Small	
  RNA	
  reads	
  were	
  

adapter	
  trimmed	
  and	
  filtered	
  to	
  20–23	
  nucleotides	
  in	
  length.	
  From	
  this,	
  93%	
  of	
  small	
  RNA	
  

reads	
  from	
  E.	
  electricus	
  tissue	
  matched	
  conserved	
  miRNA	
  families	
  found	
  in	
  the	
  E.	
  electricus	
  

genome.	
  Small	
  miRNA	
  sequences	
  from	
  S.	
  macrurus	
  were	
  matched	
  to	
  precursors	
  from	
  E.	
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electricus	
  because	
  of	
  the	
  lack	
  of	
  availability	
  of	
  a	
  S.	
  macrurus	
  genome.	
  MiRNA	
  read	
  counts	
  for	
  

each	
  tissue	
  profiled	
  in	
  E.	
  electricus	
  and	
  S.	
  macrurus	
  were	
  first	
  normalized	
  by	
  correction	
  for	
  

the	
  median	
  number	
  of	
  total	
  reads,	
  followed	
  by	
  linear	
  normalization	
  (Additional	
  file	
  4).	
  

MiRNAs	
  which	
  did	
  not	
  have	
  at	
  least	
  16	
  normalized	
  reads	
  in	
  at	
  least	
  one	
  tissue	
  were	
  

discarded	
  from	
  further	
  analysis.	
  Complete	
  linkage	
  clustering	
  of	
  tissue-­‐specific	
  miRNA	
  

expression	
  using	
  the	
  Pearson	
  correlation	
  distance	
  (Figure	
  3.5a)	
  was	
  performed	
  using	
  

Genepattern	
  [58].	
  

Analysis	
  of	
  transcription	
  factor	
  binding	
  sites	
  in	
  cluster	
  9	
  genes	
  

Searching	
  the	
  putative	
  promoter	
  sequences	
  with	
  MatInspector	
  (Genomatix)	
  with	
  

default	
  settings	
  for	
  core	
  and	
  matrix	
  similarity	
  identified	
  potential	
  binding	
  sites	
  for	
  

transcription	
  factors	
  in	
  promoter	
  regions.	
  A	
  promoter	
  was	
  defined	
  as	
  the	
  region	
  2	
  

kilobases	
  upstream	
  from	
  the	
  transcription	
  start	
  site	
  of	
  a	
  gene	
  as	
  determined	
  by	
  AUGUSTUS	
  

gene	
  modeling.	
  For	
  statistical	
  analysis,	
  the	
  number	
  of	
  binding	
  sites	
  for	
  a	
  transcription	
  

factor	
  in	
  putative	
  promoters	
  of	
  cluster	
  9	
  genes	
  as	
  a	
  group	
  or	
  as	
  single	
  genes	
  was	
  compared	
  

to	
  the	
  expected	
  number.	
  The	
  expected	
  number	
  was	
  derived	
  from	
  the	
  binding	
  sites	
  in	
  

putative	
  promoters	
  of	
  a	
  set	
  of	
  2984	
  randomly	
  selected	
  genes	
  from	
  all	
  clusters.	
  The	
  p-­‐value	
  

of	
  a	
  comparison	
  was	
  defined	
  as	
  the	
  cumulative	
  probability	
  from	
  a	
  binomial	
  distribution	
  of	
  

the	
  expected	
  number	
  of	
  binding	
  sites	
  greater	
  than	
  or	
  equal	
  to	
  the	
  number	
  of	
  binding	
  sites	
  

identified	
  with	
  MatInspector	
  in	
  cluster	
  9	
  genes.	
  The	
  p-­‐values	
  reported	
  were	
  not	
  corrected	
  

for	
  the	
  number	
  of	
  comparisons.	
  

The	
  DNA	
  binding	
  properties	
  of	
  21	
  highly	
  upregulated	
  E.	
  electricus	
  transcription	
  

factors	
  selected	
  for	
  analysis	
  with	
  MatInspector	
  were	
  assumed	
  to	
  be	
  identical	
  to	
  the	
  binding	
  

properties	
  of	
  the	
  homologous	
  vertebrate	
  transcription	
  factors	
  as	
  described	
  in	
  MatBase	
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(Genomatix).	
  The	
  relevance	
  of	
  DNA	
  binding	
  properties	
  in	
  MatBase	
  to	
  the	
  properties	
  of	
  

these	
  E.	
  electricus	
  transcription	
  factors	
  has	
  not	
  been	
  experimentally	
  determined.	
  Amino	
  

acid	
  identities	
  greater	
  than	
  88%	
  and	
  averaging	
  96%	
  for	
  the	
  DNA	
  binding	
  domains	
  in	
  these	
  

E.	
  electricus	
  transcription	
  factors	
  compared	
  with	
  mouse	
  homologs	
  supports	
  the	
  use	
  of	
  the	
  

MatInspector	
  database	
  for	
  the	
  analysis.	
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Figure	
  3.1	
  Overview	
  of	
  electric	
  eel	
  anatomy.	
  Longitudinal	
  section	
  of	
  E.	
  electricus	
  

showing	
  location	
  and	
  relative	
  size	
  of	
  the	
  three	
  electric	
  organs	
  along	
  with	
  other	
  anatomical	
  

features.	
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Figure	
  3.2	
  Clustering	
  of	
  eight	
  electric	
  eel	
  tissues	
  by	
  gene	
  expression	
  profile.	
  Gene	
  

expression	
  values	
  for	
  the	
  eight	
  tissues	
  were	
  normalized,	
  variance	
  filtered,	
  log2-­‐transformed	
  

and	
  median-­‐centered	
  as	
  described	
  previously	
  [13].	
  Values	
  shown	
  are	
  Euclidean	
  distances	
  

based	
  on	
  ca.	
  6,000	
  genes	
  passing	
  the	
  covariance	
  filter,	
  also	
  indicated	
  by	
  blue	
  shade	
  (darker	
  

indicates	
  shorter	
  distance).	
  Clustering	
  was	
  performed	
  using	
  complete	
  linkage	
  hierarchical	
  

clustering.	
  Colored	
  bars	
  indicate	
  a	
  general	
  grouping	
  by	
  tissue	
  and	
  cell	
  type	
  that	
  is	
  suggested	
  

by	
  the	
  data,	
  with	
  electric	
  organ	
  tissues	
  (yellow)	
  clustering	
  most	
  closely	
  with	
  skeletal	
  and	
  

heart	
  muscle	
  (red).	
  SPN	
  =	
  spinal	
  cord;	
  BRN	
  =	
  brain;	
  KID	
  =	
  kidney;	
  HRT	
  =	
  heart;	
  SKM	
  =	
  

skeletal	
  muscle;	
  HEO	
  =	
  Hunter's	
  EO;	
  SEO	
  =	
  Sachs’	
  EO;	
  MEO	
  =	
  main	
  EO.	
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Figure	
  3.3	
  Clustering	
  of	
  co-­‐expressed	
  genes	
  in	
  E.	
  electricus.	
  Figure	
  reproduced	
  from	
  

[13].	
  A	
  k-­‐means	
  clustering	
  analysis	
  (k	
  =	
  12)	
  was	
  performed	
  as	
  previously	
  described	
  [13].	
  

Values	
  in	
  lower-­‐left	
  indicate	
  the	
  number	
  of	
  genes	
  in	
  each	
  cluster.	
  White	
  plot	
  lines	
  represent	
  

 
 

 

Fig. S1. 
Clustering of co-expressed genes in E. electricus. A k-means clustering analysis (k=12) 
was performed as described in the Supplementary Text. Values in lower-left indicate the 
number of genes in each cluster. White plot lines represent individual genes and red plot 
lines show median values for the cluster. Background shading indicates general 
categories of tissue/cell type. SPN=spinal cord; BRN=brain; KID=kidney; HRT=heart; 
SKM=skeletal muscle; HEO=Hunter's EO; SEO=Sachs' EO; MEO=main EO. 
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log2-­‐transformed	
  and	
  median-­‐centered	
  expression	
  of	
  individual	
  genes	
  and	
  red	
  plot	
  lines	
  

show	
  median	
  values	
  for	
  the	
  cluster.	
  Background	
  shading	
  indicates	
  general	
  categories	
  of	
  

tissue/cell	
  type.	
  SPN	
  =	
  spinal	
  cord;	
  BRN	
  =	
  brain;	
  KID	
  =	
  kidney;	
  HRT	
  =	
  heart;	
  SKM	
  =	
  skeletal	
  

muscle;	
  HEO	
  =	
  Hunter's	
  EO;	
  SEO	
  =	
  Sachs’	
  EO;	
  MEO	
  =	
  main	
  EO.	
  

	
  

	
  

	
  

Figure	
  3.4	
  Gene	
  Ontology	
  enrichment	
  of	
  genes	
  over-­‐expressed	
  in	
  muscle	
  and	
  electric	
  

organ	
  of	
  E.	
  electricus.	
  Enrichment	
  of	
  GO	
  terms	
  in	
  the	
  “molecular	
  function”	
  ontology.	
  

Shown	
  are	
  enriched	
  GO	
  terms	
  identified	
  using	
  topGO	
  in	
  cluster	
  1	
  (over-­‐expressed	
  in	
  

skeletal	
  and	
  heart	
  muscle),	
  6	
  (over-­‐expressed	
  in	
  skeletal	
  muscle	
  and	
  EO),	
  7	
  (over-­‐

expressed	
  in	
  skeletal	
  muscle,	
  heart	
  and	
  EO),	
  9	
  (over-­‐expressed	
  only	
  in	
  EOs),	
  and	
  10	
  (over-­‐

expressed	
  in	
  brain,	
  spinal	
  cord	
  and	
  EO)	
  (p	
  <	
  0.01).	
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Figure	
  3.5	
  Known	
  and	
  novel	
  miRNA	
  genes.	
  (a)	
  MiRNA	
  expression	
  classifies	
  E.	
  electricus	
  

tissues.	
  Tissue	
  distance	
  matrix	
  based	
  on	
  miRNA	
  expression.	
  MiRNA	
  expression	
  values	
  for	
  8	
  

tissues	
  were	
  filtered,	
  normalized	
  and	
  log2	
  transformed	
  as	
  described	
  in	
  Methods.	
  Values	
  

shown	
  are	
  Euclidean	
  distances.	
  Tree	
  is	
  derived	
  from	
  complete	
  linkage	
  hierarchical	
  

clustering.	
  (b)	
  Normalized	
  sequencing	
  read	
  counts	
  for	
  conserved	
  and	
  novel	
  E.	
  electricus	
  

miRNAs.	
  (c)	
  Heatmap	
  and	
  complete	
  linkage	
  hierarchical	
  clustering	
  of	
  novel	
  miRNA	
  log2-­‐

transformed	
  and	
  median-­‐centered	
  expression	
  values	
  in	
  E.	
  electricus	
  tissues	
  demonstrates	
  

tissue-­‐specific	
  expression	
  patterns.	
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Figure	
  3.6	
  Electrocyte-­‐specific	
  microRNA	
  expression.	
  (a)	
  Heatmap	
  of	
  miRNA	
  

expression	
  in	
  E.	
  electricus	
  and	
  S.	
  macrurus.	
  Values	
  are	
  log2-­‐transformed	
  and	
  median-­‐

centered	
  values	
  of	
  tissue-­‐specific	
  expression	
  for	
  each	
  miRNA,	
  such	
  that	
  blue	
  indicates	
  

under-­‐expression	
  and	
  red	
  indicates	
  over-­‐expression	
  relative	
  to	
  the	
  median.	
  The	
  miRNAs	
  

shown	
  are	
  limited	
  to	
  those	
  with	
  >4-­‐fold	
  increased	
  or	
  decreased	
  expression	
  in	
  E.	
  electricus	
  

electric	
  organs	
  compared	
  to	
  skeletal	
  muscle.	
  Log2	
  values	
  are	
  clamped	
  between	
  −3	
  and	
  +3.	
  

Asterisks	
  indicate	
  novel	
  E.	
  electricus	
  miRNAs.	
  (b)	
  Schematic	
  diagram	
  of	
  the	
  kcnj12b	
  gene	
  

locus	
  and	
  novel	
  electro-­‐miR	
  mir-­‐11054	
  on	
  scaffold5041	
  of	
  the	
  E.	
  electricus	
  genome.	
  Thin	
  

boxes	
  are	
  UTRs,	
  the	
  thick	
  box	
  with	
  white	
  directional	
  arrows	
  is	
  the	
  coding	
  sequence,	
  and	
  the	
  

thin	
  line	
  is	
  an	
  intron.	
  The	
  red	
  arrow	
  on	
  the	
  antisense	
  strand	
  indicates	
  the	
  location	
  of	
  the	
  

novel	
  mir-­‐11054	
  microRNA.	
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Figure	
  3.S1	
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Figure	
  3.S1:	
  Hox	
  clusters	
  and	
  their	
  expression	
  patterns.	
  (a)	
  The	
  arrangement	
  of	
  hox	
  

genes	
  in	
  E.	
  electricus	
  scaffolds	
  relative	
  to	
  the	
  Danio	
  genome	
  demonstrates	
  both	
  the	
  

completeness	
  of	
  the	
  E.	
  electricus	
  genome	
  sequence	
  as	
  well	
  as	
  the	
  synteny	
  between	
  E.	
  

electricus	
  and	
  D.	
  rerio.	
  Gene	
  pairs	
  were	
  identified	
  based	
  on	
  two-­‐way	
  BLAST.	
  Black	
  arrows	
  

show	
  the	
  hox	
  genes.	
  Hollow	
  white	
  arrows	
  show	
  intervening	
  gene	
  models	
  in	
  E.	
  electricus	
  

suggesting	
  possible	
  artifacts	
  of	
  the	
  automated	
  annotation	
  pipeline.	
  Hollow	
  white	
  boxes	
  

indicate	
  lack	
  of	
  a	
  predicted	
  gene	
  model	
  but	
  homology	
  to	
  the	
  genome	
  sequence	
  at	
  that	
  

location.	
  Red	
  box	
  indicates	
  a	
  gene	
  model	
  which	
  is	
  present	
  but	
  which	
  required	
  manual	
  

adjustment	
  of	
  the	
  gene	
  model.	
  Gray	
  boxes	
  indicate	
  D.	
  rerio	
  chromosome	
  and	
  E.	
  electricus	
  

scaffold	
  on	
  which	
  the	
  genes	
  are	
  located.	
  (b)	
  Expression	
  of	
  hoxc-­‐a	
  cluster	
  in	
  eight	
  tissues	
  of	
  

E.	
  electricus.	
  Normalized	
  read	
  counts	
  were	
  log2-­‐transformed	
  and	
  plotted	
  against	
  gene	
  

location	
  on	
  the	
  chromosome.	
  (c)	
  Subset	
  of	
  hoxc-­‐a	
  cluster	
  genes	
  overexpressed	
  in	
  electric	
  

organs	
  of	
  three	
  Gymnotiformes	
  and	
  a	
  mormyroid	
  electric	
  fish.	
  Colors	
  indicate	
  log2	
  fold	
  

change	
  between	
  electric	
  organ	
  (as	
  indicated)	
  and	
  skeletal	
  muscle.	
  Values	
  were	
  clamped	
  at	
  

−4	
  and	
  +4.	
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Figure	
  3.S2a	
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Figure	
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Figure	
  3.S2:	
  Gene	
  ontology	
  enrichment	
  in	
  co-­‐expressed	
  genes	
  of	
  clusters	
  1,	
  6,	
  7,	
  9,	
  

and	
  10.	
  Enriched	
  GO	
  terms	
  identified	
  using	
  “elim”	
  method	
  of	
  topGO,	
  and	
  a	
  minimum	
  node-­‐

size	
  of	
  3.	
  All	
  GO	
  terms	
  present	
  only	
  once	
  were	
  removed	
  prior	
  to	
  analysis.	
  GO	
  graphs	
  

generated	
  from	
  all	
  enriched	
  terms	
  (p-­‐value	
  <	
  0.05	
  by	
  Fisher’s	
  exact	
  test,	
  represented	
  as	
  

rectangular	
  nodes	
  in	
  graph)	
  identified	
  in	
  each	
  of	
  the	
  four	
  EO/muscle-­‐containing	
  clusters.	
  

The	
  coloration	
  of	
  the	
  enriched	
  nodes	
  indicates	
  p-­‐value	
  size,	
  such	
  that	
  the	
  smallest	
  p-­‐values	
  

appear	
  dark	
  red,	
  and	
  the	
  largest	
  p-­‐values	
  appear	
  pale	
  yellow	
  (those	
  closest	
  to	
  the	
  p-­‐value	
  

cutoff	
  of	
  0.05).	
  (A)	
  Graph	
  of	
  GO	
  term	
  topology	
  generated	
  from	
  the	
  14	
  enriched	
  GO	
  terms	
  in	
  

cluster	
  1.	
  (B)	
  Graph	
  of	
  GO	
  term	
  topology	
  generated	
  from	
  the	
  19	
  enriched	
  GO	
  terms	
  in	
  

cluster	
  6.	
  (C)	
  Graph	
  of	
  GO	
  term	
  topology	
  generated	
  from	
  the	
  20	
  enriched	
  GO	
  terms	
  in	
  

cluster	
  7.	
  (D)	
  Graph	
  of	
  GO	
  term	
  topology	
  generated	
  from	
  the	
  16	
  enriched	
  GO	
  terms	
  in	
  

cluster	
  9.	
  (E)	
  Graph	
  of	
  GO	
  term	
  topology	
  generated	
  from	
  the	
  18	
  enriched	
  GO	
  terms	
  in	
  

cluster	
  10.	
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Figure	
  3.S3:	
  Shared	
  amino	
  acid	
  substitution	
  in	
  an	
  abundant	
  sodium	
  pump	
  of	
  

gymnotiform	
  electrocytes.	
  The	
  α2	
  isoform	
  of	
  the	
  sodium	
  pump,	
  which	
  is	
  highly	
  over-­‐

expressed	
  in	
  the	
  electrocyte,	
  shows	
  an	
  amino	
  acid	
  substitution	
  at	
  a	
  conserved	
  site.	
  (a)	
  This	
  

substitution	
  (red	
  V)	
  is	
  present	
  in	
  E.	
  electricus,	
  E.	
  virescens	
  and	
  S.	
  macrurus,	
  suggesting	
  that	
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it	
  may	
  have	
  occurred	
  at	
  the	
  origin	
  of	
  Gymnotiformes.	
  It	
  does	
  not	
  occur	
  in	
  the	
  mormyrid	
  

species	
  we	
  have	
  studied.	
  In	
  an	
  interesting	
  case	
  of	
  parallel	
  evolution,	
  the	
  same	
  substitution	
  

occurs	
  in	
  squid.	
  (b)	
  Illustration	
  indicating	
  approximate	
  site	
  of	
  amino	
  acid	
  substitution	
  

(yellow	
  asterisk)	
  within	
  the	
  protein	
  topology.	
  (c)	
  In	
  squid	
  the	
  changed	
  amino	
  acid	
  is	
  due	
  to	
  

RNA	
  editing	
  rather	
  than	
  a	
  permanent	
  change	
  in	
  the	
  codon.	
  This	
  amino	
  acid	
  change	
  is	
  

thought	
  to	
  cause	
  enhanced	
  sodium	
  transport	
  [27].	
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Figure	
  3.S4:	
  Phylogeny	
  of	
  opsin	
  genes.	
  Phylogenetic	
  comparisons	
  were	
  made	
  between	
  

multiple	
  related	
  fishes	
  for	
  long	
  wavelength,	
  medium	
  wavelength,	
  and	
  short	
  wavelength	
  

opsin	
  genes	
  and	
  rhodopsin	
  gene.	
  Both	
  short	
  wavelength	
  opsins	
  were	
  missing	
  from	
  the	
  E.	
  

electricus	
  genome.	
  

	
  

	
   	
  

Figure'S4'
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Table	
  3.S1:	
  Summary	
  of	
  sequencing	
  library	
  depths.	
  Read	
  counts	
  for	
  (a)	
  E.	
  electricus	
  

mRNA	
  sequencing	
  reads	
  used	
  in	
  this	
  study	
  and	
  in	
  the	
  previous	
  study	
  by	
  this	
  consortium	
  

[13]	
  (b)	
  E.	
  electricus	
  miRNA	
  sequencing	
  reads	
  used	
  in	
  this	
  study,	
  and	
  (c)	
  S.	
  macrurus	
  

miRNA	
  sequencing	
  reads	
  used	
  in	
  this	
  study.	
  

	
  

	
   	
  

Tissue Read)count
Brain 108433089
Spinal 114932446
Heart 116081594
Skeletal6muscle 113766333
Main6EO 118795559
Sachs'6EO 116426272
Hunter's6EO 110142469
Kidney6(paired6reads) 154133686

Tissue Read)Count
Brain 13473215
Spinal 19761253
Heart 13332197
Skeletal6muscle 15603748
Main6EO 14274910
Sachs'6EO 17304883
Hunter's6EO 11974351
Kidney6(paired6reads) 101853001

Tissue Read)Count
EO 64713588
Skeletal6muscle 73223556

S.#macrurus)miRNA2Seq,)Illumina)HiSeq)2000

E.#electricus)miRNA2Seq,)Illumina)HiSeq)2000

E.#electricus)mRNA2Seq,)Illumina)HiSeq)2000a.##

b.##

c.##

Table'S1'
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Table	
  3.S2:	
  Comparison	
  of	
  gene	
  number	
  and	
  structure	
  across	
  species.	
  All	
  E.	
  electricus	
  

protein-­‐coding	
  genes	
  were	
  used	
  in	
  exon	
  and	
  intron	
  length	
  calculations	
  (23,736	
  genes).	
  

Fragmented	
  E.	
  electricus	
  gene	
  models	
  were	
  removed	
  prior	
  to	
  calculating	
  coding	
  sequence	
  

(CDS)	
  length,	
  transcript	
  length,	
  and	
  untranslated	
  region	
  (UTR)	
  lengths	
  (19,039	
  genes	
  

analyzed).	
  Gene	
  statistics	
  for	
  other	
  species	
  were	
  generated	
  for	
  protein-­‐coding	
  genes	
  from	
  

whole-­‐genome	
  .gtf	
  files	
  downloaded	
  from	
  Ensembl	
  (release	
  version	
  70).	
  

	
  

	
   	
  

Extended Data Table S3

Electrophorus
electricus

Danio
rerio

Medaka
(Oryzias
latipes)

Platyfish
(Xiphophorus
maculatus)

Stickleback
(Gasterosteus
aculeatus)

Fugu
(Takifugu
rubries)

Green Spotted
Pufferfish

(Tetraodon
nigroviridis)

Tilapia
(Oreochromis
niloticus)

Homo
sapiens

Mouse
(Mus

musculus)

mean exon
length 283 244 155 236 163 152 149 229 318 320

mean intron
length 1099 2962 1233 1304 781 645 506 1410 7170 5493

mean CDS
length 1664 1505 1454 1640 1477 1898 1638 1783 1243 1419

mean
transcript

length
2992 2072 1551 2583 1655 1917 1702 2534 2106 2424

mean length
5' UTR 274 170 117 302 148 111 110 363 236 205

mean length
3' UTR 1058 616 86 989 185 16 83 818 821 936

number of
genes

analyzed
23736/19039 26145 19686 20366 20774 18510 19589 21437 22682 22695

Table'S2'
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Abstract	
  

Little	
  is	
  known	
  about	
  the	
  genetic	
  basis	
  of	
  convergent	
  traits	
  that	
  originate	
  repeatedly	
  

over	
  broad	
  taxonomic	
  scales.	
  The	
  myogenic	
  electric	
  organ	
  has	
  evolved	
  six	
  times	
  in	
  fishes	
  to	
  

produce	
  electric	
  fields	
  used	
  in	
  communication,	
  navigation,	
  predation,	
  or	
  defense.	
  We	
  have	
  

examined	
  the	
  genomic	
  basis	
  of	
  the	
  convergent	
  anatomical	
  and	
  physiological	
  origins	
  of	
  

these	
  organs	
  by	
  assembling	
  the	
  genome	
  of	
  the	
  electric	
  eel	
  (Electrophorus	
  electricus)	
  and	
  

sequencing	
  electric	
  organ	
  and	
  skeletal	
  muscle	
  transcriptomes	
  from	
  three	
  lineages	
  that	
  have	
  

independently	
  evolved	
  electric	
  organs.	
  Our	
  results	
  indicate	
  that,	
  despite	
  millions	
  of	
  years	
  of	
  

evolution	
  and	
  large	
  differences	
  in	
  the	
  morphology	
  of	
  electric	
  organ	
  cells,	
  independent	
  

lineages	
  have	
  leveraged	
  similar	
  transcription	
  factors	
  and	
  developmental	
  and	
  cellular	
  

pathways	
  in	
  the	
  evolution	
  of	
  electric	
  organs.	
  

Background	
  

Electric	
  fishes	
  use	
  electric	
  organs	
  (EOs)	
  to	
  produce	
  electricity	
  for	
  the	
  purposes	
  of	
  

communication;	
  navigation;	
  and,	
  in	
  extreme	
  cases,	
  predation	
  and	
  defense	
  (1).	
  EOs	
  are	
  a	
  

distinct	
  vertebrate	
  trait	
  that	
  has	
  evolved	
  at	
  least	
  six	
  times	
  independently	
  (Fig.	
  1A).	
  The	
  

taxonomic	
  diversity	
  of	
  fishes	
  that	
  generate	
  electricity	
  is	
  so	
  profound	
  that	
  Darwin	
  

specifically	
  cited	
  them	
  as	
  an	
  important	
  example	
  of	
  convergent	
  evolution	
  (2).	
  EOs	
  benefit	
  as	
  

a	
  model	
  for	
  understanding	
  general	
  principles	
  of	
  the	
  evolution	
  of	
  complex	
  traits,	
  as	
  fish	
  have	
  

evolved	
  other	
  specialized	
  noncontractile	
  muscle-­‐derived	
  organs	
  (3).	
  Furthermore,	
  EOs	
  

provide	
  a	
  basis	
  to	
  assess	
  whether	
  similar	
  mechanisms	
  underlie	
  the	
  evolution	
  of	
  other	
  

specialized	
  noncontractile	
  muscle	
  derivatives,	
  such	
  as	
  the	
  cardiac	
  conduction	
  system	
  (4).	
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   Electric	
  organs	
  are	
  composed	
  of	
  cells	
  called	
  electrocytes	
  (Fig.	
  1B).	
  All	
  electrocytes	
  

have	
  an	
  innervated	
  surface	
  enriched	
  in	
  cation-­‐specific	
  ion	
  channels	
  and,	
  on	
  the	
  opposite	
  

surface,	
  an	
  invaginated	
  plasma	
  membrane	
  enriched	
  in	
  sodium	
  pumps,	
  and,	
  in	
  some	
  species,	
  

ion	
  channels	
  as	
  well.	
  The	
  functional	
  asymmetry	
  of	
  these	
  cells,	
  and	
  their	
  “in-­‐series”	
  

arrangement	
  within	
  each	
  organ,	
  allows	
  for	
  the	
  summation	
  of	
  voltages,	
  much	
  like	
  batteries	
  

stacked	
  in	
  series	
  in	
  a	
  flashlight.	
  Although	
  EOs	
  originate	
  developmentally	
  from	
  myogenic	
  

precursors,	
  they	
  are	
  notably	
  larger	
  than	
  muscle	
  fibers	
  (5).	
  Further,	
  they	
  either	
  lack	
  the	
  

contractile	
  machinery	
  clearly	
  evident	
  in	
  electron	
  micrographs	
  of	
  muscle	
  cells	
  (Fig.	
  1B)	
  or,	
  if	
  

sarcomeres	
  are	
  present,	
  as	
  in	
  mormyroid	
  fish,	
  they	
  are	
  disarrayed	
  and	
  noncontractile	
  (Fig.	
  

1B).	
  Finally,	
  electrocyte	
  morphology	
  varies	
  widely:	
  they	
  can	
  be	
  long	
  and	
  slender,	
  box-­‐like,	
  

or	
  flattened	
  and	
  pancake-­‐like	
  (Fig.	
  1B).	
  Despite	
  these	
  differences	
  in	
  morphology,	
  the	
  three	
  

lineages	
  of	
  electric	
  fish	
  studied	
  here	
  share	
  patterns	
  of	
  gene	
  expression	
  in	
  transcription	
  

factors	
  and	
  pathways	
  contributing	
  to	
  increased	
  cell	
  size,	
  increased	
  excitability,	
  and	
  

decreased	
  contractility.	
  

Results	
  and	
  Discussion	
  

We	
  used	
  next-­‐generation	
  sequencing	
  technologies	
  to	
  construct	
  a	
  draft	
  assembly	
  of	
  

the	
  Electrophorus	
  electricus	
  genome.	
  Like	
  all	
  Gymnotiformes,	
  E.	
  electricus	
  has	
  a	
  weak	
  EO	
  

but	
  is	
  most	
  famous	
  for	
  its	
  distinct	
  strong	
  voltage	
  EO.	
  To	
  inform	
  gene	
  predictions	
  in	
  the	
  

genome	
  assembly,	
  we	
  generated	
  short-­‐read	
  mRNA	
  sequences	
  from	
  the	
  main,	
  Sachs’,	
  and	
  

Hunter’s	
  EOs,	
  as	
  well	
  as	
  the	
  kidney,	
  brain,	
  spinal	
  cord,	
  skeletal	
  muscle,	
  and	
  heart	
  (6).	
  This	
  

resulted	
  in	
  29,363	
  gene	
  models	
  representing	
  an	
  estimated	
  22,000	
  protein-­‐coding	
  genes	
  

(table	
  S1).	
  Variance	
  filtering	
  of	
  the	
  gene	
  models	
  removed	
  genes	
  with	
  low	
  covariance	
  among	
  

tissues,	
  and	
  subsequent	
  k-­‐means	
  clustering	
  (k	
  =	
  12)	
  revealed	
  sets	
  of	
  tissue-­‐specific	
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cotranscriptionally	
  regulated	
  genes	
  (6)	
  (fig.	
  S1).	
  We	
  focused	
  primarily	
  on	
  a	
  reduced	
  set	
  of	
  

genes	
  that	
  were	
  highly	
  up-­‐regulated	
  only	
  in	
  EOs	
  (cluster	
  9,	
  211	
  genes)	
  or	
  down-­‐regulated	
  

in	
  EOs	
  compared	
  with	
  skeletal	
  and	
  heart	
  muscle	
  (cluster	
  1,	
  186	
  genes).	
  

	
   Next,	
  we	
  sequenced	
  and	
  performed	
  de	
  novo	
  assembly	
  of	
  the	
  transcriptomes	
  from	
  

EOs	
  and	
  skeletal	
  muscles	
  in	
  two	
  other	
  Gymnotiformes	
  from	
  South	
  America	
  (Sternopygus	
  

macrurus	
  and	
  Eigenmannia	
  virescens),	
  as	
  well	
  as	
  in	
  two	
  other	
  species	
  with	
  independently	
  

evolved	
  EOs,	
  a	
  mormyroid	
  from	
  Africa	
  (Brienomyrus	
  brachyistius)	
  and	
  the	
  electric	
  catfish	
  

from	
  Africa	
  (Malapterurus	
  electricus).	
  For	
  each	
  species,	
  we	
  assigned	
  orthology	
  between	
  

transcripts	
  by	
  reciprocal	
  BLAST	
  searching	
  of	
  the	
  set	
  of	
  E.	
  electricus	
  genes	
  followed	
  by	
  

manual	
  confirmation	
  of	
  the	
  matches	
  (6).	
  We	
  focused	
  on	
  convergent	
  properties	
  of	
  EOs	
  

versus	
  skeletal	
  muscle	
  among	
  lineages,	
  and	
  we	
  then	
  examined	
  patterns	
  of	
  gene	
  expression	
  

in	
  transcription	
  factors	
  and	
  developmental	
  pathways	
  to	
  determine	
  candidate	
  mechanisms	
  

underlying	
  these	
  similarities	
  (Fig.	
  2).	
  We	
  highlighted	
  genes	
  likely	
  to	
  be	
  involved	
  in	
  

phenotypic	
  characteristics	
  of	
  electrocytes	
  relative	
  to	
  muscle,	
  including	
  (i)	
  down-­‐regulation	
  

of	
  myogenic	
  transcriptional	
  “profile,”	
  (ii)	
  increased	
  excitability,	
  (iii)	
  enhanced	
  insulation,	
  

(iv)	
  elimination	
  of	
  excitation-­‐contraction	
  coupling,	
  and	
  (v)	
  large	
  size.	
  

	
   We	
  found	
  elevated	
  expression	
  of	
  several	
  transcription	
  factors	
  (Fig.	
  2	
  and	
  fig.	
  S2)	
  

expressed	
  early	
  in	
  muscle	
  differentiation	
  (7)	
  that	
  are	
  typically	
  down-­‐regulated	
  in	
  skeletal	
  

muscle	
  after	
  differentiation.	
  Six2a	
  is	
  of	
  particular	
  interest,	
  given	
  that	
  it	
  is	
  known	
  to	
  target	
  

ARE	
  promoter	
  elements	
  in	
  Na+/K+	
  adenosine	
  triphosphatases	
  (8,	
  9).	
  Concordant	
  with	
  the	
  

expression	
  of	
  early	
  muscle	
  transcription	
  factors	
  is	
  the	
  down-­‐regulation	
  of	
  some	
  

transcription	
  factors	
  involved	
  in	
  muscle	
  differentiation	
  (e.g.,	
  myogenin	
  and	
  six4b)	
  in	
  E.	
  

electricus,	
  B.	
  brachyistius,	
  and	
  M.	
  electricus,	
  although	
  not	
  in	
  the	
  gymnotiform	
  S.	
  macrurus.	
  



	
   94	
  

Interestingly,	
  hey1,	
  which	
  is	
  one	
  of	
  the	
  most	
  consistent	
  highly	
  up-­‐regulated	
  genes	
  in	
  the	
  

EOs	
  across	
  all	
  groups	
  of	
  electric	
  fishes,	
  is	
  abundant	
  in	
  zebrafish	
  somites	
  and	
  down-­‐

regulated	
  in	
  mature	
  muscle,	
  and	
  its	
  overexpression	
  in	
  mammalian	
  muscle	
  precursor	
  cells	
  

prevents	
  their	
  differentiation	
  into	
  muscle	
  (10).	
  Furthermore,	
  hey1	
  is	
  transiently	
  expressed	
  

in	
  the	
  developing	
  cardiac	
  conduction	
  pathway,	
  and	
  its	
  overexpression	
  in	
  the	
  heart	
  prevents	
  

assembly	
  of	
  the	
  sarcomeres	
  (4).	
  

A	
  key	
  feature	
  of	
  EOs	
  is	
  that	
  current	
  dissipation	
  must	
  be	
  minimized	
  and	
  conducted	
  

unidirectionally	
  from	
  the	
  EOs	
  through	
  the	
  body	
  of	
  the	
  fish	
  and	
  into	
  the	
  water.	
  We	
  noted	
  

two	
  collagen	
  genes,	
  col6a6	
  and	
  col141a1,	
  that	
  are	
  up-­‐regulated	
  in	
  EOs.	
  The	
  first	
  is	
  

associated	
  with	
  muscle	
  fibers,	
  and	
  the	
  second	
  is	
  more	
  generally	
  expressed	
  and	
  ties	
  the	
  

collagen	
  fibers	
  together.	
  Collagen	
  is	
  deposited	
  in	
  the	
  extracellular	
  domain	
  of	
  basal	
  lamina	
  

and	
  is	
  maintained	
  by	
  a	
  cluster	
  of	
  molecules	
  that	
  span	
  the	
  membrane	
  and	
  attach	
  to	
  the	
  

cytoskeleton.	
  Two	
  of	
  these	
  membrane-­‐spanning	
  proteins,	
  including	
  a	
  glycosyltransferase	
  

(gyltl1b)	
  and	
  dystrophin	
  (mutations	
  of	
  which	
  cause	
  muscular	
  dystrophy)	
  (11),	
  are	
  also	
  up-­‐

regulated	
  in	
  EOs	
  and	
  are	
  probably	
  involved	
  in	
  assembling	
  the	
  components	
  that	
  direct	
  the	
  

flow	
  of	
  current.	
  

Also,	
  as	
  expected,	
  several	
  transporters	
  (atp1a2a	
  or	
  atp1a3a)	
  and	
  voltage-­‐dependent	
  

ion	
  channels	
  (scn4aa)	
  were	
  highly	
  expressed	
  in	
  all	
  EOs,	
  along	
  with	
  molecules	
  that	
  regulate	
  

them	
  (znrf2a	
  and	
  fgf13a,	
  respectively).	
  Interestingly,	
  the	
  highly	
  expressed	
  gene	
  encoding	
  

the	
  α	
  subunit	
  of	
  the	
  sodium	
  pump	
  (atp1a2a)	
  most	
  closely	
  resembles	
  the	
  isoform	
  also	
  

expressed	
  in	
  transverse	
  tubules	
  (T-­‐tubules)	
  of	
  muscle	
  (12)	
  and	
  is	
  abundant	
  in	
  the	
  villi	
  

located	
  within	
  the	
  invaginated	
  side	
  of	
  the	
  E.	
  electricus	
  electrocyte	
  (13),	
  suggesting	
  that	
  the	
  

uninnervated	
  face	
  of	
  the	
  electrocyte	
  is	
  derived	
  from	
  the	
  T-­‐tubule	
  membrane.	
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A	
  key	
  step	
  in	
  the	
  evolution	
  of	
  electrocytes	
  requires	
  disabling	
  the	
  excitation-­‐

contraction	
  pathway.	
  We	
  noted	
  variation	
  in	
  the	
  extent	
  to	
  which	
  genes	
  for	
  sarcomeric	
  and	
  

sarcoplasmic	
  reticulum–associated	
  proteins	
  are	
  down-­‐regulated	
  in	
  different	
  species	
  (Fig.	
  2,	
  

fig.	
  S3,	
  and	
  table	
  S2).	
  Furthermore,	
  mormyroid	
  electrocytes	
  still	
  have	
  sarcomere-­‐like	
  

structures,	
  although	
  they	
  appear	
  disrupted	
  (Fig.	
  1B).	
  Despite	
  these	
  differences,	
  the	
  gene	
  

encoding	
  the	
  L-­‐type	
  calcium	
  channel,	
  or	
  dihydropyridine	
  receptor	
  (cacna1s),	
  which	
  is	
  

localized	
  in	
  T-­‐tubules	
  and	
  associated	
  with	
  excitation-­‐contraction	
  coupling	
  in	
  muscle,	
  is	
  

down-­‐regulated	
  in	
  all	
  lineages.	
  The	
  smyds	
  and	
  hspb11	
  genes	
  are	
  also	
  down-­‐regulated	
  in	
  all	
  

lineages.	
  These	
  proteins	
  associate	
  with	
  the	
  sarcomeres,	
  and	
  zebrafish	
  and	
  mice	
  with	
  

reduced	
  expression	
  or	
  mutant	
  gene	
  copies	
  have	
  disrupted	
  sarcomeres	
  (14).	
  The	
  observed	
  

low	
  levels	
  of	
  these	
  genes	
  in	
  EOs	
  suggest	
  that	
  they	
  may	
  promote	
  disassembly	
  of	
  the	
  

sarcomeres,	
  and	
  we	
  hypothesize	
  that	
  the	
  early	
  evolution	
  of	
  the	
  EO	
  included	
  the	
  down-­‐

regulation	
  of	
  this	
  suite	
  of	
  genes,	
  disabling	
  contraction.	
  

As	
  electrocytes	
  are	
  much	
  larger	
  than	
  muscle	
  fibers,	
  we	
  hypothesized	
  that	
  this	
  might	
  

be	
  due	
  to	
  changes	
  in	
  insulin-­‐like	
  growth	
  factor	
  (IGF)	
  signaling	
  pathway	
  genes	
  (Fig.	
  2	
  and	
  

fig.	
  S4).	
  IGF	
  signaling	
  enhances	
  body	
  size	
  and	
  developmental	
  rate	
  in	
  an	
  organism-­‐wide	
  and	
  

tissue-­‐specific	
  fashion	
  (15–18).	
  IGF	
  ligands	
  are	
  produced	
  and	
  released	
  by	
  muscle	
  in	
  an	
  

autocrine	
  fashion	
  (19),	
  and	
  differences	
  in	
  IGF	
  signaling	
  may	
  result	
  in	
  differential	
  growth	
  of	
  

muscles.	
  IGF	
  signaling	
  activates	
  the	
  insulin	
  receptor	
  substrate	
  1	
  protein	
  (IRS1),	
  which	
  then	
  

binds	
  to	
  the	
  regulatory	
  subunit	
  of	
  phosphoinositide	
  3	
  kinase	
  (PIK3)	
  (20).	
  PIK3	
  acts	
  through	
  

distinct	
  signaling	
  targets	
  to	
  regulate	
  cell	
  size,	
  cell	
  proliferation,	
  and	
  protein	
  synthesis	
  and	
  

degradation	
  (21).	
  The	
  IGF	
  pathway	
  is	
  also	
  autoregulated	
  by	
  a	
  muscle-­‐specific	
  protein,	
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Fbxo40,	
  which	
  brings	
  IRS1	
  to	
  an	
  E3	
  ligase	
  complex.	
  Thus,	
  up-­‐regulation	
  of	
  IRS1	
  is	
  likely	
  a	
  

key	
  step	
  in	
  increasing	
  IGF	
  signaling	
  activity	
  in	
  electrocytes.	
  

Finally,	
  the	
  nuclear-­‐envelope–related	
  protein	
  (Net37),	
  abundant	
  in	
  cardiac	
  and	
  

skeletal	
  muscle	
  tissues	
  (22),	
  regulates	
  autocrine	
  and/or	
  paracrine	
  release	
  of	
  IGF	
  signaling	
  

and	
  is	
  required	
  for	
  myogenic	
  differentiation	
  of	
  mouse	
  myoblast	
  cells	
  (23).	
  We	
  detected	
  

electrocyte-­‐specific	
  up-­‐regulation	
  of	
  igfII,	
  a	
  gene	
  for	
  PI3K	
  (pik3r3b)	
  and	
  a	
  net37-­‐like	
  gene	
  

in	
  all	
  lineages,	
  as	
  well	
  as	
  down-­‐regulation	
  of	
  the	
  negative	
  inhibitor	
  fbxo40.	
  The	
  net37-­‐like	
  

protein	
  was	
  also	
  recently	
  reported	
  to	
  be	
  highly	
  expressed	
  in	
  the	
  EO	
  of	
  another	
  electric	
  fish,	
  

the	
  Torpedo	
  ray	
  (24).	
  Together,	
  the	
  observed	
  changes	
  in	
  expression	
  in	
  these	
  key	
  IGF	
  

signaling	
  pathway	
  genes	
  suggest	
  a	
  conserved	
  pathway	
  among	
  electrocytes	
  that	
  contributes	
  

to	
  their	
  increased	
  size.	
  The	
  independent	
  changes	
  and	
  the	
  resulting	
  enhancement	
  in	
  cell	
  size	
  

highlight	
  these	
  genes	
  as	
  possible	
  intracellular	
  effectors	
  in	
  other	
  insulin-­‐	
  or	
  IGF-­‐sensitive	
  

systems,	
  as	
  observed	
  in	
  male	
  horned	
  beetles	
  (18).	
  

Our	
  analysis	
  suggests	
  that	
  a	
  common	
  regulatory	
  network	
  of	
  transcription	
  factors	
  

and	
  developmental	
  pathways	
  may	
  have	
  been	
  repeatedly	
  targeted	
  by	
  selection	
  in	
  the	
  

evolution	
  of	
  EOs,	
  despite	
  their	
  very	
  different	
  morphologies.	
  Moreover,	
  our	
  work	
  

illuminates	
  convergent	
  evolution	
  of	
  EOs	
  and	
  emphasizes	
  key	
  signaling	
  steps	
  that	
  may	
  be	
  

foci	
  for	
  the	
  evolution	
  of	
  tissues	
  and	
  organs	
  in	
  other	
  organisms.	
  

	
  

Supplemental	
  Online	
  Materials	
  

1.	
  Animal	
  Sources	
  	
  

Electrophorus	
  electricus	
  (26)	
  -­‐	
  In	
  all,	
  three	
  fish	
  were	
  used	
  in	
  this	
  study,	
  and	
  purchased	
  from	
  

a	
  tropical	
  fish	
  dealer,	
  Tri-­‐County	
  Tropicals	
  (Richmond	
  Hill,	
  NY).	
  Fish	
  approximately	
  70	
  cm	
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in	
  length	
  were	
  housed	
  either	
  individually,	
  or	
  with	
  one	
  other	
  electric	
  eel	
  in	
  aerated	
  aquaria	
  

maintained	
  at	
  26-­‐28°C.	
  From	
  the	
  first	
  animal,	
  the	
  main	
  EO	
  was	
  used	
  for	
  gDNA	
  sequencing.	
  

From	
  the	
  second	
  animal,	
  whole	
  brain,	
  spinal	
  cord,	
  whole	
  heart,	
  skeletal	
  muscle,	
  Sachs'	
  EO,	
  

main	
  EO,	
  and	
  Hunter’s	
  EO	
  were	
  isolated	
  and	
  used	
  for	
  RNA	
  sequencing.	
  From	
  the	
  third	
  

animal,	
  whole	
  kidney	
  was	
  isolated	
  and	
  used	
  for	
  RNA	
  sequencing.	
  	
  

	
  

Eigenmannia	
  virescens	
  (27,	
  28)	
  -­‐	
  One	
  Eigenmannia	
  was	
  purchased	
  from	
  a	
  tropical	
  fish	
  

dealer	
  (Segrest	
  Aquarium)	
  and	
  was	
  used	
  for	
  this	
  study.	
  	
  

Sternopygus	
  macrurus	
  (29)	
  -­‐	
  A	
  fresh-­‐water	
  species	
  of	
  knifefish	
  native	
  to	
  South	
  America	
  was	
  

obtained	
  commercially	
  from	
  Ornamental	
  Fish	
  (Miami,	
  FL).	
  Adult	
  fish	
  30-­‐50	
  cm	
  in	
  length	
  

were	
  housed	
  individually	
  in	
  15-­‐	
  to	
  20-­‐gallon	
  aerated	
  aquaria	
  maintained	
  at	
  25–28°C	
  and	
  

fed	
  three	
  times	
  weekly.	
  One	
  fish	
  of	
  undetermined	
  sex	
  was	
  used	
  in	
  this	
  study.	
  	
  

	
  

Malapterurus	
  electricus	
  (30)	
  -­‐	
  A	
  freshwater	
  species	
  of	
  catfish,	
  native	
  to	
  Africa,	
  was	
  

commercially	
  obtained	
  from	
  the	
  Route	
  4	
  Aquarium	
  in	
  Elmwood	
  Park	
  (Elmwood	
  Park,	
  NJ).	
  

Adult	
  fish	
  were	
  housed	
  in	
  groups	
  in	
  aerated	
  aquaria	
  maintained	
  at	
  25-­‐28˚C	
  and	
  fed	
  daily.	
  

We	
  dissected	
  electric	
  organ	
  and	
  muscle	
  from	
  two	
  specimens.	
  	
  

Brienomyrus	
  brachyistius	
  (31,	
  32)	
  –	
  A	
  freshwater	
  mormyrid	
  species	
  native	
  to	
  central	
  Africa	
  

and	
  bred	
  in	
  the	
  laboratory	
  by	
  JRG	
  from	
  two	
  parents	
  obtained	
  commercially	
  from	
  Baileys	
  

Wholesale	
  Tropical	
  Fish	
  (San	
  Diego	
  CA)	
  was	
  used	
  for	
  this	
  study.	
  Adult	
  fish	
  were	
  housed	
  in	
  

groups	
  in	
  aerated	
  aquaria	
  maintained	
  at	
  25-­‐28˚C	
  and	
  fed	
  three	
  times	
  weekly.	
  We	
  

performed	
  RNA	
  sequencing	
  (one	
  for	
  SM	
  and	
  one	
  for	
  EO)	
  on	
  specimens	
  of	
  undetermined	
  

sex.	
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All	
  procedures	
  used	
  followed	
  the	
  American	
  Physiological	
  Society	
  Animal	
  Care	
  

Guidelines,	
  and	
  were	
  approved	
  by	
  the	
  Institutional	
  Animal	
  Care	
  and	
  Use	
  Committee	
  at	
  

Cornell	
  University,	
  New	
  Mexico	
  State	
  University,	
  University	
  of	
  Texas	
  at	
  Austin,	
  Michigan	
  

State	
  University	
  and	
  the	
  University	
  of	
  Wisconsin-­‐Madison.	
  

	
  

2.	
  Genome	
  Sequencing	
  of	
  Electrophorus	
  electricus	
  

Genomic	
  DNA	
  Isolation	
  

Genomic	
  DNA	
  was	
  isolated	
  from	
  the	
  main	
  EO	
  using	
  phenol-­‐chloroform	
  extraction	
  

(33)	
  with	
  several	
  modifications.	
  Tissue	
  from	
  the	
  main	
  electric	
  organ	
  was	
  pulverized	
  in	
  

liquid	
  nitrogen	
  using	
  a	
  mortar	
  and	
  pestle,	
  and	
  1	
  ml	
  solution	
  D	
  was	
  added	
  per	
  100	
  mg	
  tissue.	
  

500	
  ul	
  aliquots	
  of	
  sample	
  were	
  loaded	
  into	
  1.5	
  ml	
  microcentrifuge	
  tubes.	
  To	
  each	
  of	
  these	
  

tubes,	
  500	
  ul	
  Tris-­‐saturated	
  phenol	
  (pH	
  7.8),	
  500	
  ul	
  chloroform-­‐IAA,	
  and	
  100-­‐200	
  ul	
  

nuclease-­‐free	
  water	
  were	
  added.	
  Tubes	
  were	
  mixed	
  by	
  inversion	
  and	
  spun	
  in	
  a	
  

microcentrifuge	
  at	
  14,000	
  rpm	
  for	
  5	
  minutes.	
  The	
  aqueous	
  phase	
  was	
  transferred	
  to	
  a	
  new	
  

tube	
  and	
  DNA	
  was	
  precipitated	
  by	
  addition	
  of	
  1ml	
  100%	
  ethanol	
  and	
  100	
  ul	
  3M	
  sodium	
  

acetate	
  and	
  incubation	
  at	
  -­‐20°C	
  for	
  approximately	
  1	
  hour.	
  DNA	
  was	
  pelleted	
  using	
  a	
  

microcentrifuge	
  at	
  14,000	
  rpm	
  for	
  10	
  minutes	
  and	
  the	
  supernatant	
  was	
  discarded.	
  DNA	
  

was	
  resuspended	
  in	
  DEPC-­‐treated	
  water	
  and	
  put	
  into	
  a	
  42°C	
  water	
  bath	
  for	
  approx.	
  10	
  

minutes	
  until	
  dissolved.	
  0.5	
  ul	
  RNaseA	
  (1	
  mg/ml)	
  was	
  added,	
  and	
  samples	
  were	
  incubated	
  

at	
  room	
  temperature	
  for	
  20	
  minutes.	
  Samples	
  were	
  subjected	
  to	
  a	
  second	
  round	
  of	
  phenol-­‐

chloroform	
  extraction	
  as	
  described	
  above.	
  DNA	
  was	
  precipitated	
  from	
  the	
  aqueous	
  phase	
  

with	
  EtOH/	
  NaAC	
  and	
  pelleted	
  as	
  described	
  above,	
  and	
  pellets	
  were	
  dried	
  slightly	
  (2-­‐4	
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minutes)	
  in	
  a	
  sterile	
  hood.	
  DNA	
  was	
  resuspended	
  in	
  50-­‐100	
  ul	
  DEPC-­‐treated	
  water,	
  and	
  

tubes	
  were	
  combined.	
  Sample	
  concentration	
  was	
  measured	
  on	
  a	
  Nanodrop	
  

spectrophotometer	
  (Thermo	
  Scientific)	
  and	
  the	
  integrity	
  of	
  the	
  DNA	
  and	
  absence	
  of	
  RNA	
  

were	
  evaluated	
  by	
  running	
  samples	
  on	
  a	
  1%	
  agarose	
  gel	
  prior	
  to	
  submission	
  to	
  the	
  

University	
  of	
  Wisconsin-­‐Madison	
  Next	
  Generation	
  Sequencing	
  Facility.	
  

Library	
  Preparation	
  and	
  DNA	
  Sequencing	
  

Genomic	
  DNA	
  libraries	
  were	
  sequenced	
  on	
  various	
  platforms	
  as	
  summarized	
  in	
  Table	
  S5.	
  

Illumina	
  GAIIx	
  –	
  Paired-­‐end	
  gDNA	
  libraries	
  were	
  prepared	
  using	
  the	
  Illumina	
  Paired	
  End	
  

Sample	
  Preparation	
  Kit	
  following	
  manufacturer’s	
  guidelines,	
  with	
  one	
  modification:	
  gDNA	
  

was	
  size-­‐selected	
  on	
  an	
  Invitrogen	
  E-­‐gel	
  instead	
  of	
  a	
  standard	
  agarose	
  gel.	
  

Illumina	
  HiSeq	
  2000	
  –	
  Paired-­‐end	
  (PE)	
  DNA	
  libraries	
  were	
  prepared	
  using	
  the	
  Illumina	
  

TruSeq	
  DNA	
  Sample	
  Preparation	
  Kit	
  following	
  manufacturer’s	
  guidelines,	
  with	
  one	
  

modification:	
  gDNA	
  was	
  size-­‐selected	
  on	
  an	
  Invitrogen	
  E-­‐gel	
  rather	
  than	
  a	
  standard	
  

agarose	
  gel.	
  

Illumina	
  HiSeq	
  2000	
  –	
  2-­‐5kb	
  mate-­‐pair	
  libraries	
  were	
  prepared	
  using	
  the	
  Illumina	
  Mate	
  

Pair	
  Library	
  Preparation	
  Kit	
  v2	
  following	
  manufacturer’s	
  guidelines.	
  

	
  

3.	
  RNA	
  Extraction	
  and	
  Library	
  Preparation	
  for	
  RNA-­‐Seq	
  in	
  Electrophorus	
  electricus,	
  

Sternopygus	
  macrurus,	
  Eigenmannia	
  virescens,	
  Malapterurus	
  electricus	
  and	
  

Brienomyrus	
  brachyistius	
  

Various	
  mRNA	
  libraries	
  were	
  sequenced	
  on	
  various	
  platforms	
  as	
  summarized	
  in	
  Table	
  S6.	
  

E.	
  electricus	
  -­‐	
  Total	
  RNA	
  extraction	
  was	
  performed	
  for	
  each	
  of	
  the	
  eight	
  tissues	
  following	
  

the	
  phenol/chloroform	
  extraction	
  method	
  outlined	
  in	
  Chomczynski	
  and	
  Sacchi	
  2006	
  (33),	
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with	
  the	
  following	
  modifications.	
  Tissue	
  samples	
  were	
  ground	
  in	
  liquid	
  nitrogen	
  using	
  a	
  

ceramic	
  mortar	
  and	
  pestle.	
  Following	
  grinding,	
  1	
  ml	
  per	
  100	
  mg	
  tissue	
  of	
  solution	
  D	
  (4	
  M	
  

guanidinium	
  thiocyanate,	
  25	
  mM	
  sodium	
  citrate,	
  pH	
  7.0;	
  0.5%(wt/vol)	
  N-­‐lauroylsarcosine;	
  

0.1	
  M	
  2-­‐mercaptoethanol)	
  was	
  added,	
  mixed,	
  and	
  transferred	
  to	
  2	
  ml	
  microcentrifuge	
  tubes	
  

containing	
  a	
  single	
  50	
  mm	
  steel	
  bead.	
  Tissue	
  was	
  homogenized	
  on	
  a	
  bead	
  mill	
  for	
  2	
  minutes	
  

at	
  20	
  Hz	
  at	
  4°C,	
  tubes	
  were	
  rotated,	
  and	
  homogenized	
  again	
  for	
  2	
  minutes	
  at	
  2	
  Hz.	
  Tubes	
  

were	
  centrifuged	
  at	
  14,000	
  RPM	
  for	
  10	
  minutes	
  at	
  4°C,	
  and	
  supernatant	
  transferred	
  to	
  

fresh	
  nuclease-­‐free	
  microcentrifuge	
  tubes,	
  500	
  ul/tube,	
  for	
  phenol/chloroform	
  extraction.	
  

Following	
  the	
  first	
  extraction	
  and	
  precipitation,	
  RNA	
  pellets	
  were	
  resuspended	
  in	
  DEPC-­‐

treated	
  water	
  and	
  DNase	
  treated	
  following	
  Qiagen	
  MinElute	
  protocol	
  in	
  appendix	
  C,	
  with	
  

DNaseI.	
  A	
  second	
  phenol/chloroform	
  extraction	
  was	
  performed,	
  followed	
  by	
  a	
  second	
  

ethanol	
  precipitation,	
  and	
  RNA	
  wash	
  step	
  as	
  described	
  in	
  Chomczynski	
  and	
  Sacchi	
  (33).	
  

cDNA	
  libraries	
  were	
  constructed	
  from	
  purified	
  RNA	
  using	
  the	
  Illumina	
  TruSeq	
  RNA	
  Sample	
  

Preparation	
  (v.2)	
  kit	
  (San	
  Diego,	
  CA).	
  Libraries	
  were	
  sequenced	
  on	
  an	
  Illumina	
  HiSeq	
  2000	
  

using	
  100bp	
  single-­‐end	
  reads	
  (1x100bp).	
  

S.	
  macrurus	
  -­‐	
  Fish	
  were	
  anesthetized	
  with	
  2-­‐phenoxyethanol	
  (1.0	
  mL/L)	
  to	
  excise	
  ventral	
  

skeletal	
  muscle	
  and	
  caudal	
  EO	
  under	
  a	
  dissecting	
  microscope.	
  Tissues	
  were	
  blotted	
  dry,	
  

weighed,	
  and	
  immediately	
  flash	
  frozen	
  in	
  liquid	
  nitrogen.	
  Total	
  cellular	
  RNA	
  was	
  isolated	
  

from	
  both	
  tissues	
  by	
  chopping	
  the	
  frozen	
  tissues	
  into	
  smaller	
  pieces	
  and	
  subsequently	
  

pulverizing	
  the	
  tissues	
  in	
  liquid	
  nitrogen	
  using	
  a	
  mortar	
  and	
  pestle.	
  Pulverized	
  tissues	
  were	
  

re-­‐suspended	
  in	
  TRIzol	
  reagent	
  (Invitrogen,	
  Carlsbad,	
  CA)	
  and	
  total	
  RNA	
  extracted	
  

following	
  manufacturer’s	
  instructions.	
  To	
  remove	
  residual	
  DNA,	
  total	
  RNA	
  was	
  treated	
  with	
  

DNase	
  I,	
  Amplification	
  Grade	
  (Invitrogen)	
  according	
  to	
  manufacturer’s	
  instructions.	
  Total	
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RNA	
  was	
  then	
  purified	
  using	
  phenol:chloroform:isoamyl	
  alcohol	
  extraction	
  followed	
  by	
  

isopropanol	
  precipitation.	
  cDNA	
  libraries	
  were	
  constructed	
  from	
  purified	
  RNA	
  using	
  the	
  

Illumina	
  TruSeq	
  RNA	
  Sample	
  Preparation	
  (v.2)	
  kit	
  (San	
  Diego,	
  CA).	
  Libraries	
  were	
  

sequenced	
  on	
  an	
  Illumina	
  HiSeq	
  2000	
  using	
  100bp	
  paired-­‐end	
  reads	
  (2x100bp).	
  

E.	
  virescens	
  –	
  EOs	
  were	
  dissected	
  by	
  cutting	
  the	
  tail	
  and	
  removal	
  of	
  the	
  skin.	
  A	
  piece	
  of	
  

muscle	
  was	
  dissected	
  from	
  the	
  back	
  of	
  the	
  fish.	
  From	
  each	
  sample,	
  total	
  RNA	
  was	
  extracted	
  

with	
  RNA	
  STAT-­‐60	
  and	
  then	
  was	
  treated	
  with	
  a	
  procedure	
  to	
  remove	
  ribosomal	
  RNA.	
  

Libraries	
  were	
  sequenced	
  on	
  an	
  Illumina	
  HiSeq	
  2000	
  using	
  99bp	
  paired-­‐end	
  reads	
  

(2x99bp).	
  

M.	
  electricus	
  -­‐Fish	
  were	
  euthanized	
  by	
  overdose	
  of	
  MS-­‐222.	
  EOs	
  were	
  dissected	
  by	
  removal	
  

of	
  the	
  skin	
  and	
  electric	
  organ	
  which	
  are	
  closely	
  attached	
  over	
  the	
  majority	
  of	
  the	
  body	
  

surface.	
  Skin	
  and	
  electric	
  organ	
  were	
  separated	
  using	
  fine	
  forceps.	
  Trunk	
  skeletal	
  muscle	
  

was	
  then	
  dissected	
  from	
  directly	
  below	
  the	
  sites	
  where	
  electric	
  organ	
  were	
  dissected.	
  This	
  

region	
  was	
  approximately	
  ∼2×1×0.5	
  cm,	
  caudal	
  to	
  operculum,	
  dorsal	
  to	
  lateral	
  line.	
  Tissue	
  

was	
  stored	
  in	
  RNAlater,	
  and	
  total	
  RNA	
  was	
  extracted	
  using	
  an	
  RNeasy	
  fibrous	
  tissue	
  

extraction	
  kit	
  (Qiagen,	
  Inc.).	
  Samples	
  were	
  submitted	
  to	
  the	
  Michigan	
  State	
  University	
  RTSF	
  

for	
  RNA	
  sequencing	
  using	
  the	
  TrueSeq	
  mRNA	
  sample	
  preparation	
  kit	
  (Illumina,	
  Inc.)	
  

Resulting	
  libraries	
  were	
  sequenced	
  on	
  an	
  Illumina	
  HiSeq	
  2500	
  using	
  150	
  bp	
  paired-­‐end	
  

reads	
  (2x100bp).	
  

B.	
  brachyistius	
  -­‐	
  Fish	
  were	
  euthanized	
  by	
  overdose	
  of	
  MS-­‐222.	
  EOs	
  were	
  dissected	
  by	
  

removal	
  of	
  the	
  skin	
  and	
  muscle	
  from	
  the	
  caudal	
  peduncle,	
  excision	
  of	
  the	
  EO	
  and	
  spinal	
  

column,	
  and	
  finally	
  removal	
  of	
  the	
  spinal	
  cord	
  by	
  inserting	
  a	
  fine	
  pin	
  into	
  the	
  vertebral	
  

column.	
  Trunk	
  skeletal	
  muscle	
  was	
  dissected	
  from	
  ~2×1×0.5	
  cm,	
  caudal	
  to	
  operculum,	
  



	
   102	
  

dorsal	
  to	
  lateral	
  line;	
  skin	
  removed.	
  Tissue	
  was	
  immediately	
  frozen	
  in	
  liquid	
  nitrogen,	
  then	
  

pulverized	
  using	
  pestle	
  and	
  mortar,	
  and	
  total	
  RNA	
  was	
  extracted	
  using	
  TRIzol	
  solution	
  

(Invitrogen,	
  Carlsbad,	
  CA,	
  USA)	
  according	
  to	
  the	
  manufacturer's	
  instructions.	
  Total	
  RNA	
  

was	
  PolyA+	
  purified	
  using	
  a	
  FastTrack	
  MAG	
  mRNA	
  isolation	
  kit	
  (Invitrogen).	
  cDNA	
  libraries	
  

were	
  constructed	
  from	
  purified	
  mRNA	
  using	
  the	
  NEBnext	
  Sample	
  Kit	
  for	
  Illumina	
  

Sequencing	
  (New	
  England	
  Biolabs).	
  Libraries	
  were	
  sequenced	
  on	
  an	
  Illumina	
  HiSeq	
  2000	
  

using	
  100	
  bp	
  paired-­‐end	
  reads	
  (2x100bp).	
  

	
  

4.	
  Draft	
  Genome	
  Assembly	
  of	
  Electrophorus	
  electricus	
  

Estimation	
  of	
  Genome	
  Size	
  

The	
  haploid	
  genome	
  size	
  of	
  E.	
  electricus	
  has	
  not	
  been	
  measured	
  empirically,	
  but	
  the	
  

sizes	
  for	
  other	
  species	
  in	
  the	
  class	
  Gymnotiformes	
  are	
  available	
  (31,	
  32,	
  34-­‐36).	
  In	
  order	
  to	
  

obtain	
  an	
  empirical	
  value	
  of	
  genome	
  size	
  based	
  on	
  sequence	
  data,	
  we	
  ran	
  the	
  'preqc'	
  

module	
  (-­‐preqc)	
  of	
  SGA	
  assembler	
  on	
  error-­‐corrected	
  PE	
  reads	
  (37).	
  The	
  module	
  gave	
  an	
  

estimate	
  of	
  ~720	
  Mb	
  by	
  splitting	
  the	
  PE	
  reads	
  into	
  31-­‐mers	
  and	
  analyzing	
  their	
  

distribution.	
  The	
  completion	
  of	
  the	
  SGA	
  assembly	
  (specifying	
  the	
  parameter	
  OD=75,	
  in	
  

addition	
  to	
  default	
  parameters)	
  using	
  PE	
  reads	
  produced	
  a	
  genome	
  of	
  size	
  533	
  Mb	
  after	
  

exclusion	
  of	
  small	
  contigs	
  (<2x	
  read	
  length).	
  The	
  differences	
  in	
  genome	
  size	
  estimation	
  

highlights	
  the	
  uncertainty	
  of	
  genome	
  size	
  predictions	
  and	
  methods.	
  However,	
  these	
  

estimated	
  sizes	
  for	
  E.	
  electricus	
  genome	
  agree	
  well	
  with	
  the	
  relationship	
  between	
  genome	
  

size	
  and	
  GC	
  content	
  previously	
  determined	
  in	
  teleost	
  fishes	
  (38).	
  

We	
  also	
  split	
  the	
  PE	
  libraries	
  from	
  both	
  strands	
  into	
  all	
  possible	
  21-­‐mers	
  and	
  

evaluated	
  their	
  distribution.	
  Distribution	
  of	
  21-­‐mers	
  showed	
  a	
  single	
  peak	
  at	
  frequency=55	
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(ignoring	
  the	
  error	
  peak	
  at	
  frequency=1).	
  This	
  suggests	
  that	
  the	
  PE	
  reads	
  sampled	
  the	
  

genome	
  at	
  55x	
  k-­‐mer	
  coverage.	
  

	
  

Assembly	
  of	
  Genomic	
  DNA	
  

A	
  draft	
  genome	
  assembly	
  was	
  built	
  from	
  the	
  Illumina	
  paired	
  end	
  and	
  mate	
  pair	
  

reads	
  using	
  SOAPdenovo2,	
  a	
  de	
  Bruijn	
  graph-­‐based	
  genome	
  assembler	
  (39).	
  Reads	
  were	
  

assembled	
  with	
  de	
  Bruijn	
  graph	
  parameter	
  k=47,	
  a	
  value	
  that	
  produced	
  the	
  best	
  N50	
  

scaffold	
  size.	
  All	
  analyses	
  in	
  the	
  paper	
  were	
  performed	
  using	
  this	
  version	
  of	
  the	
  assembly.	
  

The	
  assembled	
  genome	
  build	
  is	
  summarized	
  in	
  Table	
  S7.	
  

	
  

Transcriptome	
  mapping-­‐based	
  evaluation	
  

Because	
  our	
  genomic	
  DNA	
  was	
  isolated	
  from	
  adult,	
  differentiated	
  tissue	
  (main	
  EO),	
  

we	
  wanted	
  to	
  confirm	
  the	
  suitability	
  of	
  our	
  SOAPdenovo2	
  genome	
  build	
  as	
  a	
  reference	
  for	
  

E.	
  electricus	
  as	
  a	
  whole.	
  To	
  do	
  this,	
  we	
  mapped	
  the	
  independent	
  transcriptome	
  assembly	
  

generated	
  from	
  RNA	
  sequencing	
  reads	
  from	
  eight	
  E.	
  electricus	
  tissues	
  (see	
  Supplementary	
  

Materials,	
  section	
  6)	
  to	
  the	
  SOAPdenovo2	
  build	
  using	
  GMAP	
  (40)	
  We	
  found	
  that	
  out	
  of	
  the	
  

365,443	
  transcripts	
  in	
  our	
  eight-­‐tissue	
  Trinity	
  assembly,	
  357,859	
  (97.92%)	
  transcripts	
  

aligned	
  to	
  the	
  SOAPdenovo2	
  build.	
  This	
  high	
  degree	
  of	
  overlap	
  between	
  the	
  two	
  

independent	
  assemblies	
  is	
  evidence	
  that	
  our	
  SOAPdenovo2	
  genome	
  build	
  is	
  suitable	
  for	
  

subsequent	
  genome	
  and	
  gene	
  analyses.	
  

	
  

Analysis	
  of	
  Assembly	
  Quality	
  of	
  the	
  SOAPdenovo2	
  Build	
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CEGMA-­‐based	
  evaluation:	
  The	
  SOAPdenovo2	
  genome	
  build	
  was	
  analyzed	
  using	
  

CEGMA	
  v2.4	
  (41)	
  with	
  default	
  parameters	
  in	
  order	
  to	
  evaluate	
  completeness	
  of	
  coding	
  

regions.	
  CEGMA	
  located	
  446	
  (97%)	
  of	
  the	
  458	
  genes	
  included	
  in	
  its	
  core	
  set.	
  Of	
  the	
  subset	
  

of	
  248	
  most-­‐conserved	
  genes	
  defined	
  by	
  CEGMA,	
  217	
  (88%)	
  were	
  identified	
  as	
  full-­‐length	
  

and	
  245	
  (99%)	
  were	
  identified	
  as	
  either	
  full	
  or	
  partial.	
  

K-­‐mer	
  based	
  evaluation:	
  We	
  also	
  evaluated	
  the	
  SOAPdenovo2	
  assembly	
  for	
  

completeness	
  by	
  checking	
  what	
  fraction	
  of	
  21-­‐mers	
  within	
  the	
  PE	
  reads	
  were	
  incorporated	
  

into	
  the	
  assembled	
  genome,	
  and	
  the	
  number	
  of	
  times	
  those	
  21-­‐mers	
  were	
  present	
  in	
  the	
  

assembly.	
  Earlier	
  we	
  described	
  the	
  21-­‐mer	
  distribution	
  with	
  a	
  peak	
  at	
  frequency=55	
  

representing	
  the	
  k-­‐mer	
  coverage	
  of	
  the	
  PE	
  reads.	
  Therefore,	
  it	
  is	
  expected	
  that	
  the	
  21-­‐mers	
  

present	
  with	
  frequency	
  ~110	
  in	
  PE	
  library	
  are,	
  on	
  average,	
  present	
  twice	
  in	
  the	
  actual	
  

genome,	
  frequency	
  ~165	
  are,	
  on	
  average,	
  present	
  thrice	
  and	
  so	
  on.	
  Hence,	
  a	
  comparison	
  

between	
  21-­‐mer	
  distribution	
  of	
  the	
  PE	
  reads	
  and	
  21-­‐mer	
  distribution	
  of	
  assembled	
  genome	
  

should	
  illustrate	
  the	
  level	
  of	
  completeness	
  of	
  the	
  assembled	
  genome.	
  Moreover,	
  it	
  

highlights	
  whether	
  the	
  missing	
  regions	
  are	
  from	
  the	
  non-­‐repetitive	
  or	
  repetitive	
  parts	
  of	
  

the	
  actual	
  genome.	
  

The	
  comparison	
  between	
  21-­‐mers	
  from	
  SOAPdenovo2	
  assembly	
  and	
  the	
  PE	
  reads	
  

suggests	
  that	
  the	
  assembly	
  is	
  over	
  98%	
  complete	
  in	
  the	
  non-­‐repetitive	
  regions	
  represented	
  

by	
  21-­‐mer	
  frequency	
  between	
  40	
  and	
  80	
  in	
  PE	
  reads.	
  The	
  distribution	
  tapered	
  off	
  below	
  

frequency	
  of	
  40.	
  The	
  multiplicity	
  of	
  21-­‐mers	
  in	
  the	
  genome	
  increased	
  for	
  those	
  with	
  PE	
  

frequency>	
  100,	
  but	
  the	
  rate	
  of	
  increase	
  was	
  lower	
  than	
  expected.	
  This	
  suggests	
  that	
  the	
  

SOAPdenovo2	
  assembly	
  provides	
  sub-­‐optimal	
  assembly	
  of	
  the	
  repetitive	
  and	
  low-­‐coverage	
  

regions.	
  



	
   105	
  

	
  

5.	
  Gene	
  Annotation	
  in	
  Electrophorus	
  electricus	
  

Genome	
  structural	
  annotation	
  

RNA-­‐Seq	
  reads	
  from	
  eight	
  E.	
  electricus	
  mRNA	
  tissue	
  libraries	
  were	
  mapped	
  to	
  the	
  

genome	
  using	
  TopHat	
  v2.0.4	
  (42)	
  and	
  specifying	
  “-­‐-­‐microexon-­‐search	
  -­‐i	
  20	
  -­‐I	
  50000”	
  in	
  

addition	
  to	
  the	
  default	
  parameters.	
  For	
  the	
  purpose	
  of	
  gene	
  prediction,	
  alignments	
  from	
  all	
  

eight	
  tissues	
  were	
  merged	
  and	
  extrinsic	
  hints	
  files	
  for	
  “intron”	
  and	
  “exonpart”	
  features	
  

were	
  generated	
  for	
  input	
  into	
  AUGUSTUS	
  v2.6	
  (43).	
  Protein-­‐coding	
  gene	
  models	
  were	
  

predicted	
  in	
  all	
  genome	
  scaffolds	
  at	
  least	
  500	
  bp	
  in	
  length	
  with	
  AUGUSTUS,	
  using	
  human-­‐

specific	
  parameters	
  (“-­‐-­‐species=human”)	
  and	
  E.	
  electricus	
  extrinsic	
  transcriptional	
  

evidence,	
  with	
  the	
  following	
  altered	
  parameters	
  in	
  the	
  otherwise	
  default	
  

extrinsic.M.RM.E.W.cfg	
  file:	
  

Exonpart 1  .997 M 1 1e+100 RM 1 1 E 1 1e2 W 1 1.007  
Exon  1 1 M 1 1e+100 RM 1 1 E 1 1e4 W 1 1  
Intron 1    .3 M 1 1e+100 RM 1 1 E 1 1e6 W 1 1  
UTRpart 1 1 .96 M 1 1e+100 RM 1 1 E 1 1  W 1 1 

Additionally,	
  “-­‐-­‐alternatives-­‐from-­‐evidence=true	
  -­‐-­‐allow_hinted_splicesites=atac	
  -­‐-­‐UTR=on”	
  

was	
  specified.	
  Based	
  on	
  an	
  initial	
  manual	
  inspection,	
  CDS	
  features	
  predicted	
  from	
  

AUGUSTUS	
  were	
  refined	
  to	
  use	
  the	
  first	
  in-­‐frame	
  start	
  codon	
  and	
  to	
  choose	
  the	
  longest	
  ORF	
  

except	
  when	
  homology	
  to	
  D.	
  rerio	
  (blastp	
  (44)	
  against	
  Ensembl	
  Zv9	
  build	
  69	
  (45)	
  e-­‐value	
  

<=	
  1E-­‐20)	
  suggested	
  otherwise.	
  

	
  

Functional	
  annotation	
  of	
  predicted	
  gene	
  models	
  

Gene	
  symbols	
  and	
  functional	
  annotations	
  were	
  assigned	
  to	
  AUGUSTUS	
  gene	
  models	
  

by	
  comparison	
  to	
  D.	
  rerio	
  Zv9	
  build	
  70	
  protein	
  sequences.	
  D.	
  rerio	
  protein	
  sequences	
  were	
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used	
  to	
  search	
  the	
  E.	
  electricus	
  AUGUSTUS	
  predicted	
  protein	
  sequences	
  at	
  an	
  e-­‐value	
  cutoff	
  

of	
  1E-­‐10.	
  Results	
  were	
  compiled	
  based	
  on	
  D.	
  rerio	
  gene	
  ID	
  and	
  E.	
  electricus	
  hits	
  were	
  

ordered	
  based	
  on	
  alignment	
  bit	
  score.	
  In	
  addition,	
  the	
  top-­‐scoring	
  D.	
  rerio	
  genes	
  for	
  each	
  E.	
  

electricus	
  database	
  entry	
  were	
  tracked	
  and	
  ranked.	
  Thus,	
  each	
  D.	
  rerio	
  query	
  was	
  

associated	
  with	
  an	
  ordered	
  ranking	
  of	
  E.	
  electricus	
  hits	
  and	
  each	
  E.	
  electricus	
  database	
  

entry	
  was	
  associated	
  with	
  an	
  ordered	
  ranking	
  of	
  D.	
  rerio	
  queries.	
  In	
  the	
  initial	
  round	
  of	
  

assignments,	
  reciprocal	
  best-­‐hit	
  pairs	
  were	
  identified	
  and	
  recorded	
  and	
  the	
  E.	
  electricus	
  

gene	
  was	
  assigned	
  an	
  annotation	
  class	
  of	
  'reciprocal'.	
  In	
  addition,	
  for	
  each	
  D.	
  rerio	
  query,	
  

lower-­‐scoring	
  E.	
  electricus	
  hits	
  for	
  which	
  the	
  D.	
  rerio	
  gene	
  was	
  the	
  top	
  query	
  match	
  were	
  

checked	
  in	
  an	
  iterative	
  fashion	
  for	
  both	
  adjacency	
  to	
  the	
  top-­‐scoring	
  E.	
  electricus	
  gene	
  and	
  

alignments	
  to	
  the	
  D.	
  rerio	
  gene	
  that	
  overlapped	
  by	
  <20%.	
  If	
  identified,	
  these	
  E.	
  electricus	
  

gene	
  models	
  were	
  assigned	
  to	
  the	
  same	
  D.	
  rerio	
  gene	
  and	
  given	
  an	
  annotation	
  class	
  of	
  'split'	
  

indicating	
  that	
  they	
  are	
  likely	
  to	
  be	
  incorrectly	
  split	
  from	
  the	
  primary	
  gene	
  model.	
  This	
  

process	
  was	
  repeated	
  for	
  each	
  locus	
  until	
  no	
  additional	
  assignments	
  were	
  made.	
  

In	
  a	
  second	
  round	
  of	
  annotation,	
  all	
  unannotated	
  E.	
  electricus	
  genes	
  that	
  were	
  

positioned	
  within	
  5000bp	
  of	
  the	
  end	
  of	
  a	
  scaffold	
  were	
  checked	
  against	
  the	
  currently	
  

assigned	
  genes	
  sharing	
  the	
  top	
  D.	
  rerio	
  query.	
  If	
  both	
  fell	
  at	
  the	
  end	
  of	
  a	
  scaffold	
  and	
  D.	
  

rerio	
  alignments	
  overlapped	
  by	
  <20%	
  they	
  were	
  assigned	
  to	
  the	
  same	
  D.	
  rerio	
  gene	
  and	
  

give	
  an	
  annotation	
  class	
  of	
  'split_scaff',	
  indicating	
  that	
  they	
  likely	
  belong	
  to	
  the	
  primary	
  

gene	
  model	
  but	
  are	
  split	
  across	
  scaffolds.	
  In	
  the	
  third	
  round	
  of	
  annotation,	
  D.	
  rerio	
  genes	
  

without	
  assigned	
  E.	
  electricus	
  genes	
  were	
  checked	
  and	
  if	
  remaining	
  unassigned	
  matches	
  

were	
  found	
  that	
  agreed	
  by	
  synteny	
  with	
  assigned	
  E.	
  electricus	
  genes	
  for	
  immediately	
  

adjacent	
  D.	
  rerio	
  genes,	
  they	
  were	
  assigned	
  to	
  that	
  D.	
  rerio	
  gene	
  and	
  given	
  an	
  annotation	
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class	
  of	
  'synteny'.	
  All	
  remaining	
  unassigned	
  E.	
  electricus	
  genes	
  which	
  had	
  any	
  matches	
  to	
  D.	
  

rerio	
  queries	
  were	
  assigned	
  to	
  the	
  top	
  D.	
  rerio	
  query	
  and	
  given	
  an	
  annotation	
  class	
  of	
  

'secondary'	
  to	
  indicate	
  the	
  increased	
  uncertainty	
  in	
  the	
  assignment.	
  After	
  automated	
  

annotation,	
  genes	
  which	
  were	
  examined	
  by	
  hand	
  in	
  the	
  course	
  of	
  work	
  and	
  had	
  their	
  

annotations	
  adjusted	
  were	
  assigned	
  an	
  annotation	
  class	
  of	
  'manual'.	
  

All	
  AUGUSTUS	
  genes	
  without	
  high-­‐scoring	
  D.	
  rerio	
  matches	
  were	
  subsequently	
  

searched	
  against	
  the	
  GenBank	
  non-­‐redundant	
  protein	
  database	
  using	
  blastp	
  (44)	
  with	
  an	
  e-­‐

value	
  cutoff	
  of	
  1E-­‐10.	
  Genes	
  with	
  GenBank	
  hits	
  were	
  assigned	
  to	
  the	
  top	
  hit	
  with	
  a	
  match	
  

class	
  of	
  'nr'.	
  Taking	
  all	
  together,	
  the	
  coding	
  content	
  of	
  the	
  genome	
  was	
  calculated	
  as	
  22,228,	
  

or	
  approximately	
  22,000,	
  protein-­‐coding	
  genes	
  with	
  homology	
  to	
  published	
  sequences	
  

(Table	
  S1).	
  

	
  

6.	
  Transcriptome	
  Assembly	
  	
  

For	
  each	
  fish,	
  short	
  read	
  libraries	
  from	
  different	
  tissues	
  were	
  combined	
  and	
  quality	
  

control	
  and	
  filtering	
  was	
  performed	
  using	
  the	
  fastx	
  toolkit	
  (CSHL)	
  as	
  well	
  as	
  scythe	
  and	
  

sickle	
  (UC-­‐Davis).	
  The	
  transcriptome	
  assembly	
  pipeline	
  Trinity	
  (46)	
  (r2012-­‐06-­‐08)	
  was	
  

utilized	
  to	
  perform	
  de-­‐novo	
  transcript	
  assembly	
  of	
  short	
  reads	
  for	
  each	
  fish	
  using	
  default	
  

parameters.	
  	
  

E.	
  electricus	
  RNA-­‐Seq	
  libraries	
  were	
  assembled	
  in	
  three	
  phases	
  with	
  accumulation	
  of	
  

additional	
  experimental	
  data.	
  	
  

i)	
  All	
  reads	
  from	
  three	
  initial	
  GA2	
  RNA-­‐Seq	
  libraries	
  (muscle,	
  main	
  EO,	
  Sachs'	
  EO)	
  were	
  

combined	
  together	
  and	
  assembled	
  using	
  Trinity	
  (default	
  parameters).	
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ii)	
  Reads	
  from	
  seven	
  HiSeq	
  tissues	
  (brain,	
  spinal	
  cord,	
  heart,	
  muscle	
  and	
  three	
  different	
  

EOs)	
  were	
  combined	
  together	
  and	
  assembled	
  using	
  Trinity	
  (default	
  parameters).	
  The	
  

assembly	
  steps	
  (i)	
  and	
  (ii)	
  resulted	
  in	
  ~449,000	
  assembled	
  transcripts.	
  	
  

iii)	
  After	
  completion	
  of	
  RNA-­‐Seq	
  experiment	
  on	
  kidney	
  (conducted	
  separately),	
  reads	
  

from	
  all	
  eight	
  E.	
  electricus	
  tissues	
  were	
  combined	
  and	
  assembled	
  using	
  Trinity,	
  

specifying	
  -­‐-­‐kmer_method	
  meryl.	
  This	
  resulted	
  in	
  ~365,000	
  assembled	
  transcripts.	
  	
  

E.	
  virescens	
  The	
  reads	
  from	
  the	
  E.	
  virescens	
  RNA-­‐Seq	
  experiment	
  on	
  EO	
  and	
  skeletal	
  muscle	
  

were	
  combined	
  together.	
  Execution	
  of	
  Trinity	
  on	
  the	
  combined	
  library	
  was	
  slow	
  due	
  to	
  the	
  

size	
  of	
  the	
  library.	
  Therefore,	
  we	
  used	
  two	
  strategies	
  -­‐	
  (i)	
  subset	
  of	
  reads	
  picked	
  randomly	
  

from	
  the	
  library,	
  (ii)	
  digital	
  normalization	
  (http://ged.msu.edu/angus/diginorm-­‐

2012/tutorial.html)	
  -­‐	
  to	
  reduce	
  the	
  number	
  of	
  reads,	
  and	
  then	
  performed	
  Trinity	
  assembly	
  

of	
  the	
  reduced	
  library	
  using	
  default	
  parameters.	
  All	
  downstream	
  evaluations	
  were	
  

performed	
  based	
  on	
  the	
  combined	
  set	
  of	
  contigs	
  generated	
  from	
  these	
  assemblies.	
  

S.	
  macrurus	
  -­‐	
  The	
  S.	
  macrurus	
  transcriptome	
  assembly	
  contained	
  326,623	
  sequence	
  contigs	
  

representing	
  221,914	
  subcomponents.	
  Of	
  these	
  sequences,	
  163,477	
  were	
  at	
  least	
  500	
  bp	
  in	
  

length	
  and	
  63,408	
  were	
  at	
  least	
  2,000	
  bp	
  in	
  length.	
  The	
  average	
  sequence	
  length	
  was	
  1287	
  

bp.	
  

M.	
  electricus	
  -­‐	
  Trinity	
  assemblies	
  were	
  generated	
  from	
  SM/EO	
  paired	
  end	
  reads	
  using	
  

default	
  parameters	
  with	
  the	
  Trinity	
  2013	
  Nov	
  10th	
  release.	
  The	
  assembly	
  contained	
  

181,633	
  transcript	
  contigs.	
  	
  

B.	
  brachyistius	
  -­‐	
  Trinity	
  assemblies	
  were	
  generated	
  from	
  SM/EO	
  paired	
  end	
  reads	
  using	
  

default	
  parameters	
  with	
  the	
  Trinity	
  2012	
  October	
  5th	
  release.	
  The	
  assembly	
  contained	
  

147,923	
  transcript	
  contigs.	
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7.	
  Calculation	
  of	
  Expression	
  Levels	
  	
  

E.	
  electricus	
  -­‐	
  Tissue-­‐specific	
  read	
  counts	
  were	
  generated	
  for	
  each	
  AUGUSTUS	
  gene	
  model	
  

using	
  the	
  previously	
  described	
  TopHat	
  alignments	
  and	
  the	
  htseq-­‐count	
  command	
  from	
  

HTSeq	
  (“-­‐m	
  intersection-­‐strict	
  -­‐a	
  3	
  -­‐t	
  exon	
  -­‐s	
  no	
  -­‐i	
  gene_id”)	
  (47).	
  Reads	
  were	
  normalized	
  

for	
  library	
  size	
  using	
  DESeq	
  v1.10.1	
  with	
  default	
  options	
  (48).	
  To	
  facilitate	
  examination	
  of	
  

individual	
  gene	
  expression,	
  library-­‐normalized	
  read	
  counts	
  from	
  above	
  were	
  additionally	
  

normalized	
  by	
  transcript	
  size	
  to	
  give	
  “reads	
  per	
  kb	
  transcript”	
  (Table	
  S1).	
  	
  

S.	
  macrurus	
  –	
  Short	
  reads	
  from	
  individual	
  skeletal	
  muscle	
  and	
  EO	
  libraries	
  were	
  

individually	
  mapped	
  to	
  the	
  Trinity	
  transcriptome	
  assembly	
  using	
  Bowtie	
  (49)	
  (v.0.12.8)	
  

with	
  default	
  parameters	
  and	
  read	
  counting	
  and	
  ambiguity	
  resolution	
  were	
  performed	
  using	
  

RSEM	
  (50)	
  (v.1.2.3).	
  Read	
  counts	
  were	
  subsequently	
  normalized	
  for	
  library	
  size	
  using	
  the	
  

geometric	
  mean	
  method	
  from	
  DESeq	
  (Table	
  S1).	
  	
  

E.	
  virescens,	
  B.	
  brachyistius	
  –	
  Expression	
  data	
  was	
  calculated	
  as	
  for	
  S.	
  macrurus	
  above	
  

(Table	
  S1).	
  	
  

M.	
  electricus	
  –	
  Short	
  reads	
  from	
  skeletal	
  muscle	
  and	
  EO	
  libraries	
  were	
  independently	
  

mapped	
  to	
  the	
  Trinity	
  transcriptome	
  assembly	
  with	
  RSEM	
  (50),	
  using	
  the	
  rsem-­‐calculate-­‐

expression	
  command,	
  specifying	
  paired-­‐end	
  data	
  in	
  addition	
  to	
  default	
  parameters.	
  All	
  

transcripts	
  with	
  mean	
  read	
  counts	
  of	
  <	
  10	
  across	
  both	
  EO	
  and	
  muscle	
  were	
  removed	
  from	
  

analysis.	
  Subsequently,	
  read	
  counts	
  were	
  normalized	
  for	
  library	
  size	
  using	
  the	
  geometric	
  

mean	
  method	
  from	
  DEseq	
  (Table	
  S1)	
  (48).	
  	
  

Sensitivity	
  of	
  E.	
  electricus	
  expression	
  values	
  	
  

Rarefaction	
  analysis:	
  We	
  performed	
  a	
  rarefaction	
  analysis	
  to	
  evaluate	
  the	
  rate	
  at	
  which	
  

we	
  could	
  expect	
  additional	
  sequencing	
  to	
  result	
  in	
  detection	
  of	
  additional	
  transcripts.	
  To	
  do	
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this,	
  we	
  mapped	
  all	
  RNA-­‐Seq	
  reads	
  from	
  main	
  EO	
  in	
  E.	
  electricus	
  to	
  the	
  SOAPdenovo2	
  

genome	
  assembly	
  using	
  TopHat	
  (42)	
  as	
  previously	
  described,	
  and	
  from	
  here,	
  sampled	
  

mapped	
  reads	
  representing	
  2%,	
  4%,	
  6%,	
  8%,	
  10%,	
  20%,	
  30%,	
  40%,	
  50%,	
  60%,	
  70%,	
  80%,	
  

90%,	
  and	
  100%	
  of	
  the	
  total	
  number	
  of	
  mapped	
  reads	
  in	
  main	
  EO,	
  and	
  generated	
  read	
  

counts	
  for	
  all	
  AUGUSTUS	
  gene	
  models	
  using	
  the	
  htseq-­‐count	
  command	
  from	
  HTseq	
  (47)	
  as	
  

previously	
  described.	
  We	
  looked	
  at	
  what	
  number	
  of	
  genes	
  met	
  an arbitrary	
  threshold	
  of	
  50	
  

reads,	
  100	
  reads,	
  and	
  1000	
  reads	
  mapped	
  to	
  them	
  in	
  each	
  of	
  our	
  14	
  bins,	
  and	
  graphed	
  our	
  

results	
  (Figure	
  S5).	
  Our	
  results	
  indicated	
  that	
  the	
  rate	
  of	
  new	
  genes	
  detected	
  slows	
  as	
  a	
  

function	
  of	
  number	
  of	
  reads	
  used,	
  and	
  our	
  graph	
  indicates	
  that	
  few	
  new	
  genes	
  are	
  detected	
  

with	
  each	
  incremental	
  increase	
  in	
  read	
  numbers	
  as	
  we	
  approach	
  100%	
  of	
  reads	
  used.	
  

Based	
  on	
  this,	
  we	
  feel	
  confident	
  that	
  we	
  have	
  achieved	
  sufficient	
  sensitivity	
  given	
  available	
  

resources.	
  	
  

Incremental	
  changes	
  to	
  read	
  counts:	
  In	
  order	
  to	
  determine	
  the	
  effect	
  of	
  incremental	
  

changes	
  in	
  numbers	
  of	
  reads	
  used	
  on	
  the	
  stability	
  of	
  our	
  gene	
  expression	
  values,	
  we	
  

mapped	
  all	
  RNA-­‐Seq	
  reads	
  from	
  each	
  of	
  the	
  E.	
  electricus	
  tissues	
  independently	
  to	
  the	
  

SOAPdenovo2	
  genome	
  assembly	
  using	
  TopHat	
  (42)	
  as	
  previously	
  described.	
  Bins	
  

containing	
  mapped	
  reads	
  were	
  created	
  by	
  randomly	
  sampling	
  mapped	
  read	
  equally	
  from	
  

each	
  of	
  the	
  eight	
  tissues,	
  to	
  reach	
  final	
  read	
  counts	
  of	
  2,	
  4,	
  6,	
  8,	
  10,	
  20,	
  30,	
  40,	
  60,	
  70,	
  80,	
  90,	
  

and	
  100	
  million	
  reads.	
  Read	
  counts	
  for	
  each	
  of	
  our	
  AUGUSTUS	
  gene	
  models	
  were	
  generated	
  

using	
  the	
  htseq-­‐count	
  command	
  from	
  HTseq	
  as	
  previously	
  described,	
  and	
  we	
  generated	
  

expression	
  values	
  in	
  FPKM	
  for	
  each	
  of	
  our	
  bins.	
  We	
  looked	
  at	
  what	
  percentage	
  of	
  genes	
  fell	
  

within	
  5%,	
  10%,	
  15%,	
  20%,	
  40%,	
  60%,	
  and	
  80%	
  of	
  the	
  expression	
  values	
  for	
  the	
  next	
  

highest	
  bin	
  (for	
  example,	
  expression	
  values	
  at	
  40	
  million	
  reads	
  were	
  compared	
  to	
  that	
  of	
  50	
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million;	
  the	
  100	
  million	
  read	
  bin	
  was	
  compared	
  to	
  a	
  second	
  independently-­‐sampled	
  100	
  

million	
  read	
  bin).	
  In	
  order	
  to	
  reduce	
  some	
  of	
  the	
  noise	
  from	
  genes	
  that	
  were	
  either	
  not	
  

expressed,	
  or	
  very	
  lowly	
  expressed	
  in	
  our	
  analysis,	
  we	
  removed	
  first	
  genes	
  that	
  had	
  FPKM	
  

expression	
  values	
  <	
  0.05	
  in	
  the	
  two	
  100	
  million	
  read	
  bins	
  (26,227	
  genes	
  considered),	
  and	
  

second,	
  genes	
  that	
  had	
  FPKM	
  expression	
  values	
  of	
  <	
  0.05	
  in	
  any	
  of	
  the	
  read	
  bins	
  (22,276	
  

genes	
  considered)	
  (Figure	
  S6).	
  Our	
  resulting	
  graphs	
  indicate	
  that	
  incremental	
  changes	
  in	
  

read	
  depth	
  have	
  decreasing	
  effects	
  on	
  the	
  stability	
  of	
  expression	
  values	
  as	
  you	
  approach	
  

100	
  million	
  reads.	
  In	
  other	
  words,	
  incremental	
  changes	
  do	
  not	
  have	
  a	
  large	
  effect	
  on	
  our	
  

gene	
  expression	
  values,	
  indicating	
  that	
  our	
  expression	
  values	
  are	
  relatively	
  stable.	
  	
  

8.	
  K-­‐mean	
  Clustering	
  of	
  E.	
  electricus	
  Gene	
  Expression	
  	
  

Genes	
  with	
  an	
  average	
  normalized	
  read	
  count	
  across	
  tissues	
  of	
  less	
  than	
  10	
  were	
  removed	
  

from	
  further	
  consideration.	
  A	
  variance	
  stabilizing	
  transformation	
  was	
  applied	
  to	
  the	
  

remaining	
  genes	
  using	
  DESeq,	
  followed	
  by	
  median	
  centering.	
  Low-­‐information	
  genes	
  were	
  

removed	
  using	
  a	
  local	
  R	
  implementation	
  of	
  the	
  SUMCOV	
  variance	
  filter	
  as	
  described	
  

previously	
  (51).	
  The	
  remaining	
  approximately	
  6,000	
  genes	
  were	
  subjected	
  to	
  k-­‐means	
  

clustering	
  in	
  R	
  (52)	
  using	
  the	
  stats	
  package	
  to	
  discover	
  tissue-­‐specific	
  expression	
  

signatures	
  (Fig.	
  S1).	
  The	
  value	
  of	
  k=12	
  was	
  chosen	
  after	
  testing	
  clustergrams,	
  as	
  well	
  as	
  

iterative	
  k-­‐means	
  clustering	
  with	
  a	
  range	
  of	
  k	
  values,	
  to	
  find	
  a	
  parameter	
  which	
  produced	
  

informative	
  and	
  stable	
  clusters.	
  	
  

9.	
  Assignment	
  of	
  Orthologs	
  Between	
  Electric	
  Fish	
  

S.	
  macrurus	
  -­‐	
  The	
  one-­‐to-­‐one	
  gene	
  assignment	
  table	
  between	
  E.	
  electricus	
  and	
  D.	
  rerio	
  was	
  

used	
  to	
  identify	
  orthologous	
  genes	
  from	
  S.	
  macrurus.	
  S.	
  macrurus	
  transcripts	
  assembled	
  

from	
  Trinity	
  were	
  compared	
  separately	
  against	
  all	
  genes	
  from	
  E.	
  electricus	
  and	
  D.	
  rerio	
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using	
  BLAST	
  (44)	
  (blastn,	
  e-­‐value:	
  1E-­‐5).	
  Subsequently,	
  all	
  S.	
  macrurus	
  matches	
  with	
  each	
  

E.	
  electricus	
  gene	
  were	
  ranked	
  from	
  highest	
  to	
  lowest	
  BLAST	
  score.	
  Another	
  similar	
  table	
  

was	
  created	
  for	
  each	
  D.	
  rerio	
  gene.	
  If	
  the	
  same	
  S.	
  macrurus	
  transcript	
  matched	
  a	
  pair	
  of	
  

genes	
  from	
  the	
  E.	
  electricus	
  and	
  D.	
  rerio	
  one-­‐to-­‐one	
  assignment	
  table,	
  it	
  was	
  selected	
  as	
  the	
  

S.	
  macrurus	
  ortholog	
  for	
  the	
  pair.	
  If	
  different	
  transcripts	
  matched	
  a	
  pair,	
  they	
  were	
  both	
  

aligned	
  with	
  both	
  E.	
  electricus	
  and	
  D.	
  rerio	
  genes	
  using	
  CLUSTAL	
  and	
  the	
  one	
  with	
  highest	
  

percentage	
  match	
  among	
  four	
  alignments	
  was	
  selected	
  as	
  the	
  S.	
  macrurus	
  ortholog.	
  Further	
  

manual	
  confirmation	
  of	
  the	
  matches	
  was	
  performed	
  for	
  the	
  set	
  of	
  genes	
  discussed	
  in	
  the	
  

manuscript	
  by	
  aligning	
  translated	
  amino	
  acid	
  or	
  nucleotide	
  sequences	
  from	
  the	
  electric	
  

fishes	
  and	
  various	
  other	
  species	
  (primarily	
  zebrafish:	
  D.	
  rerio;	
  channel	
  catfish:	
  Ictalurus	
  

punctatus;	
  tilapia:	
  Oreochromis	
  niloticus;	
  stickleback:	
  Gasterosteus	
  aculeatus;	
  western	
  

clawed	
  frog:	
  Xenopus	
  tropicalis;	
  human:	
  Homo	
  sapiens),	
  and	
  generated	
  gene	
  trees	
  using	
  a	
  

maximum	
  likelihood	
  criterion	
  using	
  SeaView	
  (53).	
  	
  

E.	
  virescens	
  -­‐	
  An	
  identical	
  procedure	
  as	
  S.	
  macrurus	
  was	
  used	
  to	
  assign	
  orthologous	
  genes	
  in	
  

E.	
  virescens.	
  	
  

M.	
  electricus-­‐	
  An	
  identical	
  procedure	
  as	
  S.	
  macrurus	
  was	
  used	
  to	
  assign	
  orthologous	
  genes	
  

in	
  M.	
  electricus.	
  	
  

B.	
  brachyistius	
  -­‐	
  The	
  B.	
  brachyistius	
  SM/EO	
  paired-­‐end	
  assembly	
  contained	
  147,923	
  

assembled	
  transcript	
  contigs.	
  Of	
  these,	
  62,417	
  had	
  homologues	
  in	
  the	
  NCBI	
  nr	
  database	
  

using	
  blastx	
  and	
  a	
  cutoff	
  of	
  1E-­‐10.	
  Of	
  the	
  147,923	
  sequences	
  for	
  B.	
  brachyistius,	
  49,902	
  had	
  

a	
  homologous	
  sequence	
  in	
  E.	
  electricus	
  (using	
  tblastx,	
  cutoff	
  1E-­‐10).	
  About	
  69%	
  of	
  the	
  

reduced	
  set	
  of	
  E.	
  electricus	
  transcripts	
  had	
  a	
  match	
  in	
  B.	
  brachyistius	
  sequences.	
  Reciprocal	
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blast	
  between	
  the	
  reduced	
  E.	
  electricus	
  transcriptome	
  and	
  the	
  B.	
  brachyistius	
  transcriptome	
  

yields	
  7,960	
  matches	
  between	
  the	
  two.	
  	
  

10.	
  Analysis	
  of	
  Muscle	
  Protein	
  Regulation	
  in	
  Electric	
  Organs	
  	
  

Data	
  analysis	
  approach	
  	
  

The	
  transcripts	
  of	
  more	
  than	
  30	
  muscle	
  genes	
  that	
  are	
  directly	
  involved	
  in	
  muscle	
  

contraction,	
  i.e.,	
  sarcomere,	
  T-­‐tubule,	
  and	
  sarcoplasmic	
  reticulum	
  (SR)	
  (54-­‐56),	
  were	
  

identified	
  in	
  the	
  transcriptomes	
  of	
  E.	
  electricus,	
  S.	
  macrurus,	
  E.	
  virescens,	
  B.	
  brachyistius,	
  and	
  

M.	
  electricus.	
  Gene	
  identities	
  for	
  each	
  transcript	
  were	
  derived	
  using	
  SeaView	
  (53)	
  (v.4.4.0)	
  

with	
  ClustalW	
  (57)	
  alignments	
  of	
  the	
  protein-­‐coding	
  regions	
  of	
  the	
  electric	
  fish	
  transcripts	
  

and	
  teleost	
  orthologs	
  retrieved	
  from	
  the	
  Ensembl	
  database (44).	
  The	
  expression	
  level	
  for	
  

each	
  gene	
  was	
  analyzed,	
  and	
  the	
  abundance	
  of	
  each	
  transcript	
  in	
  EO	
  relative	
  to	
  that	
  in	
  

skeletal	
  muscle	
  (SM)	
  was	
  computed	
  for	
  each	
  species.	
  	
  

Results	
  	
  

Expression	
  of	
  most	
  contraction-­‐related	
  genes	
  was	
  detected	
  in	
  all	
  five	
  species	
  of	
  electric	
  fish	
  

and	
  is	
  shown	
  in	
  Table	
  S2	
  and	
  Figure	
  S3.	
  Transcripts	
  with	
  very	
  low	
  expression	
  after	
  

normalization	
  or	
  those	
  not	
  detected	
  included	
  nebulette,	
  JSRP1	
  (junctional	
  sarcoplasmic	
  

reticulum	
  protein	
  1),	
  and	
  HRC	
  (histidine	
  rich	
  calcium	
  binding	
  protein),	
  and	
  are	
  not	
  shown.	
  

The	
  relative	
  transcript	
  profiles	
  of	
  contraction-­‐related	
  genes	
  were	
  similar	
  in	
  all	
  three	
  EOs	
  of	
  

E.	
  electricus,	
  i.e.,	
  main,	
  Hunter’s	
  and	
  Sachs’	
  and	
  showed	
  that	
  >65%	
  of	
  these	
  genes	
  were	
  

down-­‐regulated	
  at	
  least	
  4-­‐fold	
  in	
  the	
  EOs	
  compared	
  to	
  skeletal	
  muscle.	
  The	
  transcript	
  

profiles	
  found	
  in	
  B.	
  brachyistius	
  and	
  M.	
  electricus	
  were	
  similar	
  to	
  that	
  of	
  E.	
  electricus	
  in	
  that	
  

most	
  (~66%	
  for	
  both	
  species	
  )	
  contraction-­‐related	
  genes	
  were	
  down-­‐regulated	
  in	
  the	
  EO	
  

by	
  at	
  least	
  4-­‐fold.	
  In	
  contrast	
  to	
  both	
  E.	
  electricus,	
  B.	
  brachyistius,	
  and	
  M.	
  electricus,	
  the	
  EO	
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and	
  skeletal	
  muscle	
  of	
  S.	
  macrurus	
  showed	
  similar	
  expression	
  levels	
  in	
  ~90%	
  of	
  

contraction-­‐related	
  genes	
  analyzed,	
  whereas	
  only	
  one	
  gene	
  (troponin-­‐C1)	
  was	
  found	
  to	
  be	
  

down-­‐regulated	
  by	
  at	
  least	
  4-­‐fold	
  in	
  EO.	
  The	
  EO	
  of	
  E.	
  virescens	
  showed	
  downregulation	
  of	
  

contraction-­‐related	
  genes	
  to	
  a	
  lesser	
  extent	
  than	
  that	
  found	
  in	
  E.	
  electricus,	
  B.	
  brachyistius,	
  

and	
  M.	
  electricus	
  but	
  greater	
  than	
  in	
  S.	
  macrurus.	
  Specifically,	
  ~56%	
  of	
  these	
  were	
  down-­‐

regulated	
  by	
  at	
  least	
  4-­‐fold	
  compared	
  to	
  skeletal	
  muscle	
  whereas	
  ~42%	
  showed	
  similar	
  

expression.	
  In	
  the	
  EOs	
  of	
  all	
  five	
  species	
  less	
  than	
  5%	
  of	
  contraction-­‐related	
  genes	
  were	
  

found	
  to	
  be	
  up-­‐regulated	
  by	
  4-­‐fold	
  or	
  more	
  compared	
  to	
  skeletal	
  muscle.	
  The	
  transcript	
  

profiles	
  of	
  contraction-­‐related	
  genes	
  found	
  in	
  the	
  EOs	
  of	
  these	
  five	
  species	
  are	
  consistent	
  

with	
  the	
  expression	
  profiles	
  of	
  the	
  myogenic	
  regulatory	
  factor	
  (MRF)	
  genes	
  of	
  the	
  MyoD	
  

family	
  (Fig.	
  S2),	
  which	
  regulate	
  the	
  transcription	
  of	
  many	
  of	
  these	
  contraction-­‐related	
  

genes	
  in	
  mammalian	
  skeletal	
  muscle	
  since	
  MRFs	
  are	
  strongly	
  down-­‐regulated	
  in	
  EOs	
  of	
  E.	
  

electricus,	
  B.	
  brachyistius,	
  and	
  M.	
  electricus	
  less	
  so	
  in	
  the	
  EO	
  of	
  E.	
  virescens,	
  and	
  not	
  down-­‐

regulated	
  in	
  the	
  EO	
  of	
  S.	
  macrurus	
  (Fig.	
  S2).	
  These	
  data	
  indicate	
  a	
  transcriptional	
  program	
  

that	
  is	
  more	
  similar	
  between	
  the	
  EO	
  and	
  skeletal	
  muscle	
  of	
  S.	
  macrurus	
  than	
  that	
  observed	
  

in	
  E.	
  electricus,	
  B.	
  brachyistius,	
  or	
  M.	
  electricus.	
  These	
  observations	
  are	
  intriguing	
  in	
  view	
  of	
  

the	
  evolutionary	
  relationships	
  between	
  these	
  electric	
  fish	
  species.	
  Despite	
  sharing	
  a	
  

common	
  gymnotiform	
  ancestry,	
  the	
  contractile	
  muscle	
  gene	
  expression	
  profiles	
  in	
  EOs	
  of	
  E.	
  

electricus	
  and	
  S.	
  macrurus	
  differ	
  considerably,	
  whereas	
  the	
  EO	
  of	
  the	
  distantly	
  related	
  B.	
  

brachyistius	
  and	
  M.	
  electricus	
  exhibits	
  both	
  contraction-­‐related	
  and	
  MRF	
  gene	
  expression	
  

patterns	
  that	
  are	
  similar	
  to	
  those	
  in	
  E.	
  electricus	
  but	
  not	
  those	
  in	
  S.	
  macrurus.	
  Further,	
  these	
  

contraction-­‐related	
  gene	
  expression	
  patterns	
  cannot	
  be	
  used	
  to	
  predict	
  the	
  cellular	
  

ultrastructure	
  of	
  electrocytes	
  in	
  these	
  electric	
  fish	
  species.	
  Previous	
  studies	
  have	
  shown	
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that	
  fully	
  differentiated	
  electrocytes	
  of	
  B.	
  brachyistius	
  contain	
  myofilamentous	
  structures	
  

(58,	
  59)	
  whereas	
  mature	
  electrocytes	
  of	
  S.	
  macrurus	
  do	
  not	
  (5,	
  60,	
  61).	
  Myofilamentous	
  

structures	
  are	
  observed	
  in	
  electrocytes	
  of	
  young	
  but	
  not	
  adult	
  E.	
  electricus	
  (62,	
  63).	
  In	
  sum,	
  

these	
  data	
  indicate	
  that	
  transcriptional	
  repression	
  of	
  the	
  myogenic	
  program	
  is	
  not	
  a	
  

requisite	
  for	
  the	
  emergence	
  and	
  maintenance	
  of	
  the	
  EO	
  phenotype.	
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Fig.	
  4.1.	
  	
  Origins	
  and	
  diversity	
  of	
  EOs	
  in	
  vertebrates.	
  

(A)	
  Phylogenetic	
  tree	
  of	
  vertebrate	
  orders	
  and	
  major	
  groups	
  of	
  electric	
  fishes,	
  after	
  (25).	
  

Geological	
  periods	
  and	
  ages	
  [in	
  million	
  years	
  ago	
  (MYA)]	
  are	
  shown	
  at	
  bottom.	
  The	
  origins	
  

of	
  electrogenesis	
  are	
  indicated	
  with	
  bars	
  (see	
  legend)	
  at	
  internal	
  branches.	
  Black	
  

silhouettes	
  denote	
  lineages	
  surveyed	
  in	
  the	
  present	
  study;	
  gray	
  silhouettes	
  represent	
  

electrogenic	
  lineages	
  that	
  were	
  not	
  surveyed.	
  (B)	
  (Top	
  left)	
  Sagittal	
  sections	
  through	
  the	
  E.	
  

electricus	
  EO	
  for	
  the	
  innervated,	
  invaginated	
  face	
  and	
  uninnervated	
  smooth	
  faces	
  of	
  the	
  

electrocyte	
  and	
  their	
  in-­‐series	
  arrangement.	
  (Top	
  right)	
  Sagittal	
  section	
  through	
  the	
  EO	
  of	
  

the	
  mormyroid	
  Paramormyrops	
  kingsleyae.	
  Anterior	
  is	
  left;	
  posterior	
  is	
  right.	
  In	
  

mormyroids,	
  innervation	
  is	
  restricted	
  to	
  a	
  narrow	
  region	
  of	
  the	
  stalk	
  system	
  (S)	
  protruding	
  

from	
  the	
  innervated,	
  anterior	
  face	
  of	
  the	
  electrocyte.	
  Also	
  note	
  the	
  central	
  filament	
  of	
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sarcomeric	
  proteins	
  (SP)	
  between	
  the	
  multinucleated	
  electrocyte	
  faces.	
  (Middle	
  left)	
  An	
  

electron	
  micrograph	
  of	
  both	
  skeletal	
  muscle	
  (SM)	
  and	
  electrocytes	
  (EC)	
  from	
  the	
  

gymnotiform	
  S.	
  macrurus,	
  which	
  contain	
  an	
  amorphous	
  cytoplasm	
  devoid	
  of	
  sarcomeres:	
  

the	
  striated,	
  contractile	
  structures	
  that	
  fill	
  the	
  cytosol	
  of	
  muscle	
  cells.	
  Peripheral	
  nuclei	
  (n)	
  

are	
  marked	
  in	
  both	
  electrocyte	
  and	
  muscle	
  cells.	
  In	
  electrocytes,	
  thick	
  arrows	
  point	
  to	
  

mitochondria,	
  thin	
  arrows	
  point	
  to	
  satellite	
  cells,	
  and	
  arrowheads	
  mark	
  membrane-­‐bound	
  

vesicular	
  structures.	
  Scale	
  bar,	
  2	
  μm.	
  (Middle	
  right)	
  An	
  electron	
  micrograph	
  of	
  an	
  

electrocyte	
  of	
  the	
  mormyroid	
  P.	
  kingsleyae,	
  illustrating	
  the	
  disorganized	
  sarcomeric	
  

proteins	
  in	
  the	
  center	
  of	
  the	
  electrocyte.	
  The	
  outer	
  edge	
  of	
  an	
  electrocyte	
  forms	
  a	
  

“footplate”	
  that	
  apposes	
  the	
  connective	
  tissue	
  sheath	
  (ct)	
  surrounding	
  the	
  EO.	
  The	
  anterior	
  

face	
  (a)	
  of	
  the	
  electrocyte	
  forms	
  the	
  major	
  surface	
  of	
  the	
  plate	
  lying	
  against	
  the	
  connective	
  

tissue	
  surface.	
  Fibroblast	
  nuclei	
  (fn),	
  papillae	
  (p),	
  and	
  stalk	
  (st)	
  are	
  also	
  indicated.	
  Double	
  

arrows	
  correspond	
  to	
  invaginations	
  of	
  the	
  posterior	
  face.	
  Scale	
  bar,	
  4	
  μm.	
  [Image	
  provided	
  

by	
  Andrew	
  Bass	
  (Cornell	
  University)]	
  (Bottom	
  left)	
  A	
  confocal	
  reconstruction	
  of	
  an	
  E.	
  

electricus	
  electrocyte	
  from	
  anterior	
  and	
  posterior	
  views.	
  The	
  nerve	
  (N)	
  innervating	
  the	
  

innervated	
  (Inv.)	
  face	
  is	
  clearly	
  visible,	
  along	
  with	
  the	
  many	
  cholinergic	
  nerve	
  terminals	
  

(NT).	
  The	
  numerous	
  invaginations	
  (I)	
  of	
  the	
  noninnervated	
  (Non-­‐Inv.)	
  face	
  are	
  visible.	
  

(Bottom	
  right)	
  A	
  confocal	
  reconstruction	
  of	
  a	
  P.	
  kingsleyae	
  electrocyte,	
  clearly	
  showing	
  the	
  

protruding	
  stalk	
  system	
  (S)	
  from	
  the	
  anterior	
  face.	
  The	
  stalk	
  junction	
  is	
  innervated	
  by	
  

motoneurons	
  (N)	
  in	
  a	
  highly	
  localized	
  fashion	
  to	
  contrast	
  with	
  E.	
  electricus.	
  Penetrations	
  

(P)	
  are	
  also	
  visible	
  in	
  the	
  electrocyte	
  face.	
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Fig.	
  4.2.	
  	
  Common	
  toolkit	
  for	
  convergent	
  evolution	
  of	
  EOs.	
  (A)	
  RNA-­‐Seq	
  was	
  performed	
  

on	
  five	
  species,	
  representing	
  three	
  independent	
  origins	
  of	
  electrogenesis	
  (cladogram,	
  red	
  

lines).	
  Also	
  shown	
  are	
  plots	
  of	
  the	
  log-­‐transformed	
  ratio	
  of	
  EO	
  to	
  skeletal	
  muscle	
  

expression	
  genes	
  (red,	
  up-­‐regulated	
  in	
  EO;	
  blue,	
  down-­‐regulated	
  in	
  EO)	
  in	
  several	
  

categories	
  of	
  function,	
  including	
  (i)	
  nuclear	
  transcription	
  factors,	
  (ii)	
  genes	
  that	
  regulate	
  

cell	
  excitation,	
  (iii)	
  genes	
  that	
  regulate	
  cell	
  size,	
  (iv)	
  genes	
  involved	
  in	
  contraction	
  and	
  

excitation	
  contraction	
  coupling,	
  and	
  (v)	
  genes	
  encoding	
  proteins	
  that	
  surround	
  individual	
  

electrocytes	
  to	
  provide	
  the	
  scaffold	
  for	
  insulation.	
  hey1b	
  data	
  for	
  E.	
  electricus	
  was	
  derived	
  

from	
  the	
  Trinity	
  transcriptome	
  assembly	
  (6).	
  (B)	
  Interaction	
  of	
  identified	
  IGF	
  signaling	
  and	
  

transcription	
  factors	
  (TFs).	
  IGF	
  signaling	
  pathway	
  genes	
  and	
  early	
  TFs	
  influence	
  the	
  

expression	
  of	
  muscle	
  regulatory	
  factors	
  (MRFs),	
  which	
  ultimately	
  lead	
  to	
  the	
  expression	
  of	
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muscle-­‐specific	
  effector	
  genes	
  (table	
  S3).	
  (C)	
  Interactions	
  of	
  genes	
  identified	
  in	
  (A)	
  are	
  

shown,	
  grouped	
  by	
  function.	
  For	
  each,	
  we	
  list	
  known	
  patterns	
  of	
  expression	
  in	
  electric	
  fish	
  

or	
  the	
  result	
  of	
  knockout	
  studies	
  in	
  other	
  vertebrates	
  (table	
  S4).	
  IGFR,	
  IGF	
  receptor;	
  MAPK,	
  

mitogen-­‐activated	
  protein	
  kinase.	
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Fig.	
  4.S1.	
  Clustering	
  of	
  co-­‐expressed	
  genes	
  in	
  E.	
  electricus.	
  A	
  k-­‐means	
  clustering	
  

analysis	
  (k=12)	
  was	
  performed	
  as	
  described	
  in	
  the	
  Supplementary	
  Text.	
  Values	
  in	
  lower-­‐

 
 

 

Fig. S1. 
Clustering of co-expressed genes in E. electricus. A k-means clustering analysis (k=12) 
was performed as described in the Supplementary Text. Values in lower-left indicate the 
number of genes in each cluster. White plot lines represent individual genes and red plot 
lines show median values for the cluster. Background shading indicates general 
categories of tissue/cell type. SPN=spinal cord; BRN=brain; KID=kidney; HRT=heart; 
SKM=skeletal muscle; HEO=Hunter's EO; SEO=Sachs' EO; MEO=main EO. 
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left	
  indicate	
  the	
  number	
  of	
  genes	
  in	
  each	
  cluster.	
  White	
  plot	
  lines	
  represent	
  individual	
  

genes	
  and	
  red	
  plot	
  lines	
  show	
  median	
  values	
  for	
  the	
  cluster.	
  Background	
  shading	
  indicates	
  

general	
  categories	
  of	
  tissue/cell	
  type.	
  SPN=spinal	
  cord;	
  BRN=brain;	
  KID=kidney;	
  

HRT=heart;	
  SKM=skeletal	
  muscle;	
  HEO=Hunter's	
  EO;	
  SEO=Sachs'	
  EO;	
  MEO=main	
  EO.	
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Figure.	
  4.S2	
  Heatmap	
  of	
  myogenic	
  transcription	
  factor	
  and	
  related	
  muscle	
  

development	
  gene	
  expression.	
  Log2	
  transformed	
  ratios	
  of	
  electric	
  organ	
  to	
  skeletal	
  

muscle	
  expression	
  are	
  displayed.	
  Red	
  colors	
  indicate	
  genes	
  highly	
  upregulated	
  in	
  electric	
  

organ,	
  blue	
  colors	
  indicate	
  genes	
  highly	
  downregulated	
  in	
  electric	
  organ	
  for	
  each	
  species.	
  

Yellow	
  colors	
  indicate	
  the	
  transcript	
  was	
  not	
  detected.	
  Note	
  that	
  myogenin	
  is	
  the	
  sole	
  

“classical”	
  transcription	
  factor	
  that	
  is	
  consistently	
  down-­‐regulated	
  in	
  all	
  species.	
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Fig.	
  4.S3	
  Heatmap	
  of	
  sarcomeric	
  gene	
  expression.	
  Log2	
  transformed	
  ratios	
  of	
  electric	
  

organ	
  to	
  skeletal	
  muscle	
  expression	
  are	
  displayed.	
  Red	
  colors	
  indicate	
  genes	
  highly	
  

upregulated	
  in	
  electric	
  organ,	
  blue	
  colors	
  indicate	
  genes	
  highly	
  downregulated	
  in	
  electric	
  

organ	
  for	
  each	
  species.	
  Yellow	
  indicates	
  the	
  transcript	
  was	
  not	
  detected.	
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Fig.	
  4.S4	
  	
  Heatmap	
  of	
  IGF	
  signaling	
  gene	
  expression.	
  Log2	
  transformed	
  ratios	
  of	
  electric	
  

organ	
  to	
  skeletal	
  muscle	
  expression	
  are	
  displayed.	
  Red	
  colors	
  indicate	
  genes	
  highly	
  

upregulated	
  in	
  electric	
  organ,	
  blue	
  colors	
  indicate	
  genes	
  highly	
  downregulated	
  in	
  electric	
  

organ	
  for	
  each	
  species,	
  yellow	
  indicates	
  the	
  transcript	
  was	
  not	
  detected.	
  The	
  set	
  of	
  genes	
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that	
  are	
  similarly	
  regulated	
  in	
  all	
  species	
  and	
  that	
  are	
  illustrated	
  in	
  Fig.	
  2	
  are	
  igf2b,	
  

arhgef21a,	
  pik3r3b,	
  NET37-­‐like,	
  and	
  fbxo40.	
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Fig.	
  4.S5.	
  	
  Rarefaction	
  analysis	
  of	
  additional	
  sequencing	
  depth	
  on	
  transcript	
  content.	
  

We	
  mapped	
  all	
  RNA-­‐Seq	
  reads	
  from	
  main	
  EO	
  in	
  eel	
  to	
  the	
  SOAPdenovo2	
  genome	
  assembly	
  

using	
  TopHat	
  (42)	
  as	
  previously	
  described,	
  and	
  from	
  here,	
  sampled	
  mapped	
  reads	
  

representing	
  2%,	
  4%,	
  6%,	
  8%,	
  10%,	
  20%,	
  30%,	
  40%,	
  50%,	
  60%,	
  70%,	
  80%,	
  90%,	
  and	
  

100%	
  of	
  the	
  total	
  number	
  of	
  mapped	
  reads	
  in	
  main	
  EO,	
  and	
  generated	
  read	
  counts	
  for	
  all	
  

AUGUSTUS	
  gene	
  models	
  using	
  the	
  htseq-­‐count	
  command	
  from	
  HTseq	
  (43)	
  as	
  previously	
  

described.	
  We	
  looked	
  at	
  what	
  number	
  of	
  genes	
  met	
  an	
  arbitrary	
  threshold	
  of	
  50	
  reads,	
  100	
  

reads,	
  and	
  1000	
  reads	
  mapped	
  to	
  them	
  in	
  each	
  of	
  our	
  14	
  bins.	
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4.S6a	
  

	
  

4.S6b	
  

	
  

Fig.	
  4.S6.	
  	
  Effect	
  of	
  sequencing	
  depth	
  on	
  expression	
  values	
  Bins	
  containing	
  mapped	
  

reads	
  were	
  created	
  by	
  randomly	
  sampling	
  mapped	
  reads	
  equally	
  from	
  each	
  of	
  the	
  eight	
  

tissues,	
  to	
  reach	
  final	
  read	
  counts	
  of	
  2,	
  4,	
  6,	
  8,	
  10,	
  20,	
  30,	
  40,	
  60,	
  70,	
  80,	
  90,	
  and	
  100	
  million	
  

reads.	
  Read	
  counts	
  for	
  each	
  of	
  our	
  AUGUSTUS	
  gene	
  models	
  were	
  generated	
  using	
  the	
  htseq-­‐
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count	
  command	
  from	
  HTseq	
  as	
  previously	
  described,	
  and	
  we	
  generated	
  expression	
  values	
  

in	
  FPKM	
  for	
  each	
  of	
  our	
  bins.	
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Table	
  4.S1	
  (online	
  version	
  of	
  article)	
  	
  

Gene	
  expression	
  in	
  electric	
  fishes.	
  Combined	
  table	
  of	
  gene	
  expression	
  the	
  eight	
  tissues	
  

(brain,	
  spinal	
  cord,	
  heart,	
  skeletal	
  muscle,	
  kidney,	
  main	
  EO,	
  Sachs'	
  EO,	
  Hunter's	
  EO)	
  of	
  E.	
  

electricus,	
  (b)	
  Gene	
  expression	
  in	
  skeletal	
  muscle	
  and	
  EO	
  of	
  S.	
  macrurus,	
  (c)	
  Gene	
  

expression	
  in	
  skeletal	
  muscle	
  and	
  EO	
  of	
  E.	
  virescens,	
  (d)	
  Gene	
  expression	
  in	
  skeletal	
  muscle	
  

and	
  EO	
  samples	
  of	
  B.	
  brachyistius.	
  	
  

	
  

Table	
  4.S2	
  (online	
  version	
  of	
  article)	
  	
  

Relative	
  expression	
  abundance	
  of	
  muscle	
  genes	
  in	
  electric	
  organ	
  relative	
  to	
  skeletal	
  

muscle	
  in	
  four	
  species	
  of	
  electric	
  fish.	
  Colors	
  indicate	
  overexpression	
  (red)	
  and	
  

underexpression	
  (green)	
  in	
  electric	
  organ	
  relative	
  to	
  skeletal	
  muscle.	
  n-­‐d	
  indicates	
  

transcripts	
  not	
  found	
  or	
  ratios	
  not	
  determined	
  because	
  abundance	
  was	
  too	
  low	
  for	
  accurate	
  

quantitation.	
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Table	
  4.S3.	
  Summary	
  of	
  literature	
  regarding	
  transcription	
  factor	
  interactions	
  in	
  

figure	
  4.2b.	
  For	
  each	
  gene,	
  gene	
  name,	
  whether	
  it	
  is	
  expressed	
  in	
  presomatic	
  

mesoderm/somites	
  is	
  listed,	
  along	
  with	
  citation,	
  whether	
  it	
  is	
  expressed	
  in	
  mature	
  muscle	
  

along	
  with	
  citation,	
  whether	
  expression	
  is	
  known	
  to	
  inhibit	
  muscle	
  development	
  along	
  with	
  

citation,	
  and	
  various	
  notes	
  about	
  expression	
  patterns	
  and	
  interactions	
  are	
  listed.	
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Table	
  4.S4.	
  Summary	
  of	
  literature	
  regarding	
  protein	
  interactions	
  and	
  locations	
  in	
  

figure	
  4.2c.	
  For	
  each	
  protein	
  (where	
  known),	
  its	
  location	
  in	
  skeletal	
  muscle,	
  known	
  

binding	
  partners,	
  results	
  of	
  knockout	
  experiments	
  in	
  other	
  vertebrates,	
  and	
  roles	
  in	
  

myopathy	
  are	
  listed.	
  Notes	
  summarize	
  other	
  potentially	
  relevant	
  features	
  of	
  these	
  proteins.	
  

	
  

	
  

(4.S4	
  continued)	
  

	
  

	
   	
  

 
 

Table S4. 
Summary of literature regarding protein interactions and locations in figure 2c.  For each protein (where known), its location in 
skeletal muscle, known binding partners, results of knockout experiments in other vertebrates, and roles in myopathy are listed. Notes 
summarize other potentially relevant features of these proteins. 
 

Gene Name Location Binding Partner Phenotype of 
KO/Mutation Myopathy Notes 

smyd1 M line (14, 76) myosin (14, 76) disrupts sarcomere 
(14, 76, 77)  Smyd proteins stabilize sarcomeric proteins (76-79). Smyd1 

is activated by myogenin (79, 80) 

smyd2b I band (78, 79) titin (78) disrupts sarcomere 
(78)  Smyd proteins stabilize sarcomeric proteins (76-79) 

hspb11   disrupts Sarcomere 
(14)   

fbxo40  IRSI (81) enlarged myofibers  
(81)  

Fbxo40 complex limits IGF1 signaling by inducing IRIS1 
ubiquination (81).  

The activated IRIS1/IGFR complex inhibits protein 
degradation by inhibiting Foxo (21) 

IGF2b 
secreted by cell in 
autocrine fashion 

(19, 80) 
IGF1 receptor (80) 

muscle atrophy (80) 
severe hypoplasia 

(82) 

Attenuated IGF 
signaling 

associated with 
cardiac myopathy 

(83). 

Enhances body size and developmental rate in zebrafish 
(84).  Overexpression prevents muscle atrophy in mice (85).  

IGF activates IRIS1, IRIS1/IGFR complex binds to PIK3 
(20). This activated complex can influence cell proliferation 

and increase protein synthesis by inhibiting Foxo (21) 

 
 
 
 

 
 

Table S4 (continued) 

ARHGEF12 cytoplasm  (86) IGF1 receptor (86)       
pik3r3b cytoplasm (87) IRS1 (87)       

NET37-like nuclear envelope (23) IGF2 (23) 

prevents muscle 
differentiation, 
decreases myogenin 
(23) 

  

Increases autocrine release of IGFII (23) 

col6a6 
connective tissue, 
basal lamina (88) 
 

col6a3 (88)   Muscular 
Dystrophy (88)   

col14a1 connective tissue, 
basal lamina (89) type I collagen (89) 

prevents 
glycosylation of 
dystroglycan (89) 

  
  

dmd plasma membrane 
(90) dystroglycan (90)   muscular 

dystrophy (90)   

glytl1b Golgi apparatus (91) alpha dystroglycan 
(91)   muscular 

dystrophy (91)   
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Table	
  4.S5.	
  Summary	
  of	
  genomic	
  sequencing	
  experiments.	
  Genomic	
  DNA	
  from	
  E.	
  

electricus	
  was	
  sequenced	
  using	
  Illumina	
  technologies.	
  

	
  

	
  
Table	
  4.S6.	
  Summary	
  of	
  transcriptomic	
  sequencing	
  experiments.	
  RNA-­‐Seq	
  

experiments	
  were	
  performed	
  in	
  E.	
  electricus,	
  S.	
  macrurus,	
  E.	
  virescens,	
  M.	
  electricus	
  and	
  B.	
  

brachyistius.	
  

	
  

	
   	
  

 
 

 

Table S5. 
Summary of genomic sequencing experiments. Genomic DNA from E. electricus was sequenced using Illumina technologies. 
 

Platform library type median read length (nt) number of reads (millions) 
Illumina GAIIx paired-end 73 37 

Illumina HiSeq 2000 paired-end 99 600 
Illumina HiSeq 2000 2k mate-pair 51 830 

 
 
 
  

 

Table S6. 
Summary of transcriptomic sequencing experiments. RNA-Seq experiments were performed in E. electricus, S. macrurus, E. 
virescens, M. electricus and B. brachyistius. 
 

Species samples sequencing technology run type 
E. electricus 3 tissues - main EO, Sachs' EO, skeletal muscle Illumina GAIIx paired end 

E. electricus 7 tissue - brain, spinal cord, main EO, Sachs' EO, Hunter's EO, 
skeletal muscle, heart Illumina HiSeq 2000 single end 

E. electricus 1 tissue - kidney Illumina HiSeq 2000 paired end 
S. macrurus 2 tissues - EO and skeletal muscle Illumina HiSeq 2000 paired end 
E. virescens 2 tissues - EO and skeletal muscle Illumina HiSeq 2000 paired end 
E. virescens 2 tissues - EO and skeletal muscle Illumina HiSeq 2000 paired end 

B. brachyistius 2 tissues - EO and skeletal muscle Illumina HiSeq 2000 paired end 
M. electricus 2 tissues - EO and skeletal muscle Illumina HiSeq 2000 paired end 
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Table	
  4.S7.	
  Summary	
  of	
  E.	
  electricus	
  genome	
  assembly.	
  Summary	
  statistics	
  were	
  

calculated	
  for	
  (a)	
  both	
  gapped	
  (containing	
  Ns)	
  and	
  ungapped	
  (Ns	
  stripped)	
  builds	
  of	
  

SOAPdenovo2	
  assembly.	
  

	
  

	
  

	
   	
  

 
 

Table S7. 
Summary of E. electricus genome assembly. Summary statistics were calculated for (a) both gapped (containing Ns) and ungapped 
(Ns stripped) builds of SOAPdenovo2 assembly. 
 
 Gapped Ungapped 
Number of 
Contigs 121323 121323 
Total Length 560202223 523576209 
Average length 4617.4 4315.6 
Longest Contig 996512 972603 
Shortest Contig 100 100 
Contig N50 104253 103026 
Contig N90 12699 15371 
G/C Content 42.50% 42.50% 
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Abstract	
  

Ion	
  channels	
  and	
  pumps	
  are	
  essential	
  for	
  the	
  function	
  of	
  all	
  nerve	
  and	
  muscle	
  cells,	
  

but	
  in	
  addition,	
  play	
  a	
  unique	
  role	
  during	
  the	
  electrogenesis	
  observed	
  exclusively	
  in	
  electric	
  

fish.	
  The	
  strong	
  voltage	
  electric	
  eel	
  is	
  unique	
  amongst	
  electric	
  fishes	
  because	
  it	
  has	
  three	
  

distinct	
  electric	
  organs	
  that	
  simultaneously	
  allow	
  it	
  to	
  emit	
  continuous	
  pulses	
  of	
  electric	
  

discharge	
  for	
  communication	
  and	
  navigation	
  as	
  well	
  as	
  the	
  very	
  strong	
  intermittent	
  

discharge	
  used	
  for	
  defense	
  and	
  predation.	
  Recent	
  genome	
  sequencing	
  efforts	
  with	
  the	
  

strong-­‐voltage	
  electric	
  eel	
  have	
  now	
  provided	
  the	
  opportunity	
  to	
  perform	
  mass	
  

spectrometric-­‐based	
  quantitative	
  proteomic	
  studies,	
  and	
  I	
  describe	
  here	
  the	
  use	
  of	
  isotope-­‐

assisted	
  multiplexed	
  technology	
  to	
  compare	
  the	
  proteome	
  and	
  phosphoproteome	
  of	
  the	
  

three	
  electric	
  organs.	
  These	
  experiments	
  provide	
  a	
  means	
  to	
  test	
  the	
  hypothesis	
  that	
  

differences	
  in	
  the	
  proteome	
  and	
  phosphoproteome	
  of	
  these	
  three	
  organs	
  underlie	
  their	
  

distinct	
  energetic	
  needs.	
  I	
  have	
  discovered	
  novel	
  phosphorylation	
  sites	
  in	
  the	
  sodium	
  pump	
  

and	
  sodium	
  channels	
  and	
  identified	
  a	
  potassium	
  channel	
  that	
  shows	
  a	
  particularly	
  unique	
  

difference	
  in	
  protein	
  concentration	
  among	
  the	
  three	
  organs.	
  Additionally,	
  I	
  find	
  a	
  number	
  

of	
  transcription	
  factors	
  and	
  protein	
  kinases	
  that	
  are	
  differentially	
  abundant	
  in	
  main	
  and	
  

Sachs’	
  EO.	
  Together,	
  these	
  findings	
  are	
  consistent	
  with	
  the	
  hypothesis	
  that	
  the	
  differences	
  

in	
  proteomes	
  of	
  these	
  three	
  organs	
  underlie	
  unique	
  differences	
  in	
  the	
  energetic	
  needs	
  of	
  

each	
  cell	
  type,	
  reflecting	
  the	
  trade	
  off	
  between	
  generating	
  weak	
  voltages	
  continuously	
  and	
  

strong	
  voltages	
  intermittently.	
  

	
  

Introduction.	
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The	
  electric	
  eel	
  (Electrophorus	
  electricus)	
  is	
  a	
  fresh	
  water	
  electric	
  fish	
  native	
  to	
  

South	
  America,	
  most	
  famous	
  for	
  its	
  remarkable	
  ability	
  to	
  produce	
  high-­‐voltage	
  electric	
  

discharges	
  for	
  predation	
  and	
  defense.	
  The	
  evolutionary	
  history	
  of	
  electrogenic	
  organs	
  in	
  

fishes	
  is	
  particularly	
  interesting,	
  as	
  not	
  only	
  have	
  electric	
  organs	
  (EOs)	
  evolved	
  in	
  multiple	
  

independent	
  fish	
  lineages	
  from	
  myogenic	
  precursors	
  [1,	
  2],	
  but	
  within	
  each	
  lineage,	
  there	
  is	
  

a	
  tremendous	
  amount	
  of	
  variation.	
  This	
  is	
  particularly	
  true	
  in	
  Gymnotiformes	
  where,	
  for	
  

example,	
  E.	
  electricus	
  is	
  the	
  only	
  species	
  in	
  Gymnotiformes	
  identified	
  to	
  date	
  that	
  has	
  three	
  

distinct	
  EOs	
  and	
  is	
  also	
  capable	
  of	
  generating	
  strong-­‐voltage	
  discharges	
  [3].	
  Like	
  all	
  other	
  

Gymnotiformes,	
  E.	
  electricus	
  is	
  able	
  to	
  generate	
  weak	
  electric	
  organ	
  discharges	
  (EODs)	
  

(Sachs’	
  EO,	
  and	
  the	
  anterior	
  portion	
  of	
  the	
  Hunter’s	
  EO)	
  for	
  the	
  purposes	
  of	
  navigation	
  and	
  

communication	
  in	
  the	
  murky	
  South	
  American	
  fresh	
  waters	
  in	
  which	
  they	
  live.	
  However,	
  in	
  

addition	
  to	
  this	
  electro	
  navigation	
  and	
  electro	
  communicative	
  function,	
  E.	
  electricus	
  can	
  

produce	
  enormous	
  EODs	
  in	
  excess	
  of	
  600	
  volts	
  and	
  one	
  ampere	
  of	
  current	
  [4](main	
  EO	
  and	
  

posterior	
  portion	
  of	
  Hunter’s	
  EO)	
  for	
  the	
  purposes	
  of	
  predation,	
  defense,	
  and	
  “remote	
  

controlling”	
  prey—forcing	
  hiding	
  prey	
  to	
  reveal	
  their	
  location	
  by	
  using	
  high-­‐voltage	
  

discharges	
  to	
  induce	
  muscle	
  contractions	
  [5].	
  Because	
  of	
  this	
  remarkable	
  ability	
  to	
  produce	
  

discharges	
  with	
  very	
  high	
  electric	
  energy,	
  E.	
  electricus	
  and	
  other	
  strong-­‐voltage	
  species	
  

such	
  as	
  Torpedo	
  californica	
  are	
  incredibly	
  rich	
  sources	
  for	
  proteins	
  involved	
  in	
  EOD,	
  and	
  as	
  

such,	
  were	
  an	
  important	
  source	
  of	
  these	
  proteins	
  in	
  early	
  biochemical	
  investigations	
  on	
  the	
  

structure	
  and	
  function	
  of	
  ion	
  channels	
  and	
  ion	
  pumps	
  [6].	
  

Differences	
  in	
  tissue	
  physiology	
  in	
  organisms	
  arise	
  from	
  differences	
  in	
  both	
  protein	
  

abundance,	
  and	
  differences	
  in	
  protein	
  regulation,	
  such	
  as	
  by	
  posttranslational	
  

modifications,	
  including	
  the	
  phosphorylation	
  of	
  serine,	
  tyrosine	
  and	
  threonine	
  residues	
  in	
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proteins.	
  Mass	
  spectrometry	
  approaches	
  can	
  quantitatively	
  measure	
  both	
  of	
  these	
  aspects.	
  

Further,	
  post	
  protein	
  extraction	
  and	
  digestion,	
  peptides	
  from	
  different	
  samples	
  can	
  be	
  

given	
  a	
  unique	
  isotope-­‐assisted	
  isobaric	
  tag	
  (e.g.,	
  ten-­‐plex	
  with	
  Tandem	
  Mass	
  Tag,	
  or	
  TMT)	
  

covalently	
  attached	
  to	
  peptides	
  in	
  different	
  independent	
  samples,	
  allowing	
  users	
  to	
  

combine	
  samples	
  post-­‐labeling	
  in	
  equal	
  ratios,	
  perform	
  further	
  processing	
  on	
  all	
  biological	
  

samples	
  together,	
  and	
  analyze	
  simultaneously	
  in	
  the	
  mass	
  spectrometer	
  [7].	
  	
  

	
   Recently,	
  we	
  used	
  a	
  comparative	
  genomic	
  and	
  transcriptomic	
  approach	
  to	
  

understand	
  the	
  evolution	
  of	
  EOs	
  across	
  lineages	
  of	
  fishes	
  that	
  have	
  independently	
  evolved	
  

EOs,	
  and	
  showed	
  that	
  several	
  transcription	
  factors	
  and	
  signaling	
  pathways	
  showed	
  similar	
  

expression	
  patterns	
  in	
  EOs	
  despite	
  independent	
  evolutionary	
  origins	
  [8].	
  The	
  strong	
  

voltage	
  electric	
  eel	
  (E.	
  electricus)	
  is	
  unique	
  since	
  it	
  has	
  three	
  distinct	
  EOs,	
  and	
  little	
  or	
  

nothing	
  is	
  known	
  about	
  their	
  comparative	
  structure	
  at	
  the	
  molecular	
  level.	
  Here,	
  I	
  present	
  

the	
  first	
  quantitative	
  proteomic	
  and	
  phosphoproteomic	
  comparison	
  of	
  the	
  three	
  E.	
  

electricus	
  EOs	
  and	
  skeletal	
  muscle.	
  I	
  reveal	
  differences	
  in	
  protein	
  abundance	
  and	
  

phosphorylation	
  that	
  I	
  hypothesize	
  may	
  underlie	
  the	
  functional	
  differences	
  of	
  individual	
  

organs,	
  e.g.	
  in	
  their	
  production	
  of	
  weak	
  voltage	
  continuously	
  for	
  navigation	
  and	
  

communication	
  or	
  strong	
  voltages	
  intermittently	
  for	
  predation	
  or	
  defense.	
  Second,	
  I	
  

observed	
  differences	
  in	
  the	
  three	
  EOs,	
  in	
  protein	
  abundance	
  and	
  phosphorylation	
  for	
  

proteins	
  of	
  unknown	
  function	
  in	
  EOs.	
  Together,	
  in	
  contrast	
  to	
  earlier	
  proteomics	
  studies	
  in	
  

Torpedo	
  examining	
  a	
  few	
  hundred	
  EO	
  proteins	
  without	
  a	
  reference	
  genome	
  of	
  the	
  same	
  

species	
  [9,	
  10],	
  this	
  untargeted,	
  isotope-­‐assisted	
  quantification	
  of	
  proteins	
  and	
  

phosphoproteins	
  in	
  the	
  electric	
  organs	
  represent	
  the	
  first	
  bona	
  fide,	
  large-­‐scale	
  proteomic	
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comparison	
  of	
  the	
  EOs	
  and	
  muscle	
  in	
  any	
  electric	
  fish,	
  and	
  provide	
  the	
  baseline	
  

infrastructure	
  for	
  all	
  future	
  genomic	
  efforts	
  on	
  understanding	
  electrocyte	
  biology.	
  

	
  

Results/Discussion	
  

The	
  essential	
  sodium	
  transport	
  proteins	
  involved	
  in	
  electrogenesis	
  have	
  novel	
  

phosphorylation	
  sites.	
  

Being	
  organs	
  uniquely	
  dedicated	
  to	
  generating	
  exogenous	
  voltages,	
  it	
  is	
  not	
  

surprising	
  to	
  observe	
  that	
  the	
  most	
  abundant	
  proteins	
  in	
  these	
  organs	
  are	
  those	
  vital	
  to	
  

initiating	
  EOD	
  (acetylcholine	
  receptors,	
  a	
  Na+	
  channel),	
  propagating	
  the	
  action	
  potential	
  

(voltage-­‐gated	
  Na+	
  channels),	
  and	
  returning	
  cells	
  to	
  and	
  maintaining	
  homeostasis	
  

(acetylcholine	
  esterase,	
  Na+/K+	
  ATPase,	
  K+	
  channels).	
  Further,	
  the	
  polarized	
  arrangement	
  

of	
  electrocytes	
  within	
  EOs	
  is	
  critical	
  for	
  the	
  individual	
  voltages	
  generated	
  in	
  each	
  

electrocyte	
  to	
  summate	
  (reviewed	
  in	
  [11],	
  Figure	
  5.1A).	
  	
  

Each	
  electrocyte	
  is	
  a	
  large,	
  flattened	
  cell	
  with	
  two	
  major	
  membrane	
  faces:	
  the	
  

innervated	
  membrane	
  face,	
  which	
  receives	
  nervous	
  stimulation,	
  contains	
  numerous	
  

sodium	
  channels	
  and	
  opposite	
  to	
  it,	
  the	
  non-­‐innervated	
  membrane	
  face,	
  whish	
  is	
  highly	
  

invaginated,	
  contains	
  numerous	
  Na+/K+-­‐ATPase.	
  Upon	
  activation	
  by	
  acetylcholine	
  release	
  

from	
  the	
  innervating	
  neuron,	
  the	
  acetylcholine	
  receptors	
  open,	
  allowing	
  Na+	
  to	
  flow	
  into	
  

the	
  cell	
  and	
  causing	
  a	
  slight	
  membrane	
  depolarization;	
  in	
  turn,	
  this	
  slight	
  depolarization	
  of	
  

the	
  membrane	
  causes	
  the	
  voltage-­‐gated	
  Na+	
  channels	
  to	
  open,	
  and	
  a	
  massive	
  Na+	
  influx	
  in	
  a	
  

polarized	
  manner	
  across	
  the	
  innervated	
  membrane	
  face	
  occurs,	
  driving	
  the	
  innervated	
  

membrane	
  face	
  into	
  positive	
  potentials.	
  Because	
  the	
  non-­‐innervated	
  membrane	
  face	
  

remains	
  at	
  negative	
  potentials	
  due	
  to	
  the	
  abundance	
  of	
  Na+/K+-­‐ATPase	
  present	
  in	
  the	
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membrane,	
  there	
  is	
  a	
  large	
  transcellular	
  potential	
  difference	
  that	
  is	
  achieved	
  within	
  each	
  

electrocyte,	
  and	
  because	
  electrocytes	
  are	
  arranged	
  massively	
  in	
  series	
  and	
  in	
  parallel,	
  

voltages	
  generated	
  in	
  each	
  electrocyte	
  summate.	
  It	
  is	
  the	
  function	
  of	
  Na+/K+-­‐ATPase	
  and	
  

potassium	
  channels	
  to	
  return	
  the	
  membranes	
  to	
  the	
  'resting'	
  membrane	
  potential	
  	
  

Given	
  the	
  sheer	
  abundance	
  of	
  these	
  electrogenic	
  proteins	
  in	
  EO,	
  it	
  is	
  not	
  surprising	
  

that	
  I	
  found	
  numerous	
  phosphorylated	
  residues	
  in	
  them	
  (Figure	
  5.1A	
  and	
  Table	
  5.S11).	
  In	
  

total,	
  for	
  ATP1a2a	
  I	
  identified	
  16	
  phosphorylated	
  residues	
  in	
  ATP1a2a,	
  four	
  of	
  which	
  have	
  

not	
  been	
  described	
  previously	
  in	
  mammals	
  [12],	
  SCN4aa	
  (13	
  novel	
  and	
  one	
  known	
  

phosphosite),	
  SCN4ab	
  (five	
  novel	
  phosphosites),	
  the	
  acetylcholine	
  receptor	
  subunits	
  

CHRNB1	
  (one	
  novel	
  and	
  one	
  known	
  phosphosite),	
  CHRND	
  (two	
  novel	
  and	
  two	
  known	
  

phosphosites),	
  CHRNE	
  (two	
  novel	
  phosphosites),	
  and	
  acetylcholine	
  esterase	
  (two	
  novel	
  

phosphosites).	
  I	
  was	
  unable	
  to	
  detect	
  any	
  phosphosites	
  for	
  K+	
  channels.	
  	
  

Further	
  studies	
  of	
  the	
  impact	
  of	
  these	
  phosphorylation	
  sites,	
  perhaps	
  in	
  a	
  

heterologous	
  system	
  or	
  ex	
  vivo	
  using	
  agonists	
  for	
  various	
  channels	
  or	
  pumps	
  in	
  electric	
  

organ	
  slices	
  (see	
  Appendix	
  I),	
  will	
  aid	
  in	
  understanding	
  the	
  function	
  of	
  these	
  novel	
  sites	
  	
  

	
  

SCN4aa	
  phosphorylation,	
  FGF13,	
  and	
  calmodulin:	
  C-­‐terminal	
  regulatory	
  mechanism	
  for	
  the	
  

voltage	
  gated	
  Na+	
  channels	
  of	
  Gymnotiformes?	
  

Calmodulin	
  is	
  an	
  extremely	
  abundant	
  protein	
  in	
  E.	
  electricus	
  electric	
  organ,	
  making	
  

up	
  to	
  two	
  percent	
  of	
  the	
  total	
  protein	
  content	
  of	
  the	
  cell	
  by	
  some	
  estimates	
  [13],	
  and	
  is	
  

among	
  the	
  top	
  10%	
  most	
  abundant	
  proteins	
  in	
  main	
  EO	
  and	
  Hunter’s	
  EO,	
  but	
  not	
  Sachs’	
  EO	
  

or	
  muscle	
  (see	
  Table	
  5.S6).	
  Despite	
  its	
  abundance,	
  a	
  clear	
  role	
  for	
  calmodulin	
  in	
  EO	
  function	
  

has	
  not	
  been	
  described.	
  It	
  was	
  recently	
  demonstrated	
  that	
  the	
  voltage	
  gated	
  Na+	
  channel,	
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SCN4a,	
  is	
  regulated	
  by	
  Ca2+	
  and	
  calmodulin	
  through	
  interactions	
  of	
  calmodulin	
  with	
  the	
  C-­‐

terminal	
  domain	
  of	
  SCN4a	
  [14].	
  Further,	
  the	
  crystal	
  structure	
  for	
  the	
  ternary	
  complex	
  of	
  a	
  

voltage	
  gated	
  Na+	
  channel,	
  calmodulin,	
  and	
  fibroblast	
  growth	
  factor	
  13	
  (FGF13)	
  was	
  

described,	
  highlighting	
  a	
  role	
  for	
  FGF13	
  in	
  voltage-­‐gated	
  Na+	
  channel	
  regulation	
  via	
  the	
  C-­‐

terminal	
  domain	
  [15].	
  Interestingly,	
  although	
  the	
  growth	
  factor	
  itself	
  was	
  not	
  detected	
  

without	
  phosphopeptide	
  enrichment	
  at	
  the	
  whole	
  protein	
  level,	
  ten	
  phosphopeptides	
  

matching	
  to	
  different	
  locations	
  within	
  E.	
  electricus	
  FGF13	
  were	
  identified	
  in	
  this	
  study	
  

(Table	
  5.S10)	
  highlighting	
  a	
  possible	
  regulatory	
  mechanism	
  for	
  the	
  highly	
  abundant	
  

voltage-­‐gated	
  Na+	
  channel	
  in	
  EO	
  via	
  the	
  C-­‐terminus	
  of	
  the	
  protein.	
  Indeed,	
  mutations	
  in	
  the	
  

C-­‐terminal	
  domain	
  of	
  SCN4a	
  have	
  implications	
  in	
  human	
  disease	
  [15].	
  

Teleost	
  fishes	
  have	
  a	
  duplication	
  of	
  the	
  SCN4a	
  gene	
  compared	
  to	
  mammals,	
  namely	
  

SCN4aa	
  and	
  SCN4ab.	
  In	
  E.	
  electricus,	
  other	
  Gymnotiformes	
  and	
  in	
  mormyroids	
  (which	
  is	
  

thought	
  to	
  have	
  evolved	
  EOs	
  independently	
  from	
  Gymnotiformes)	
  SCN4aa	
  is	
  highly	
  

expressed	
  in	
  EO	
  and	
  has	
  experienced	
  a	
  higher	
  rate	
  of	
  molecular	
  evolution	
  compared	
  to	
  

SCN4ab,	
  which	
  is	
  highly	
  expressed	
  in	
  both	
  muscle	
  and	
  EO,	
  suggesting	
  this	
  Na+	
  channel	
  

duplication	
  was	
  important	
  in	
  the	
  independent	
  evolution	
  of	
  electric	
  organs	
  [16].	
  Using	
  

protein	
  alignments	
  among	
  E.	
  electricus,	
  other	
  Gymnotiformes,	
  mormyroid,	
  other	
  teleost	
  

species	
  and	
  humans,	
  I	
  also	
  observed	
  the	
  C-­‐terminal	
  domain	
  of	
  SCN4aa	
  is	
  highly	
  variable	
  

among	
  species	
  (Figure	
  5.S3).	
  Within	
  the	
  C-­‐terminal	
  domain	
  of	
  SCN4aa,	
  I	
  identified	
  a	
  total	
  of	
  

five	
  phosphosites	
  in	
  the	
  E.	
  electricus	
  protein,	
  one	
  of	
  these	
  has	
  been	
  previously	
  described	
  in	
  

mammals	
  [12],	
  and	
  four	
  are	
  novel.	
  Of	
  these	
  novel	
  phosphosites,	
  two	
  are	
  at	
  residues	
  that	
  are	
  

at	
  non-­‐phosphorylatable	
  residues	
  in	
  all	
  other	
  species	
  in	
  the	
  alignment,	
  which	
  could	
  indicate	
  

unique	
  functions	
  in	
  E.	
  electricus.	
  One	
  phosphosite	
  was	
  localized	
  to	
  a	
  residue	
  that	
  in	
  a	
  subset	
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of	
  other	
  species	
  is	
  phosphorylatable,	
  including	
  all	
  electric	
  fish	
  in	
  the	
  alignment	
  

(Eigenmannia	
  virescens,	
  Sternopygous	
  macrurus,	
  and	
  Brienomyrus	
  brachyistius),	
  which	
  may	
  

represent	
  an	
  important	
  function	
  in	
  electric	
  fishes.	
  Finally,	
  I	
  identified	
  one	
  phosphosite	
  in	
  E.	
  

electricus	
  that	
  is	
  at	
  a	
  phosphorylatable	
  residue	
  in	
  the	
  protein	
  alignment	
  only	
  in	
  E.	
  virescens	
  

(is	
  a	
  phosphomimetic	
  D	
  in	
  S.	
  macrurus).	
  Whether	
  these	
  novel	
  phosphorylation	
  targets	
  are	
  

functional	
  adaptions	
  in	
  E.	
  electricus	
  and	
  other	
  electric	
  fishes	
  and	
  whether	
  SCN4aa	
  is	
  co-­‐

regulated	
  by	
  interactions	
  with	
  calmodulin	
  and	
  FGF13,	
  will	
  be	
  important	
  for	
  future	
  studies.	
  	
  

	
  

Potassium	
  channels	
  show	
  unique	
  patterns	
  of	
  protein	
  abundance	
  across	
  EOs	
  

Diversity	
  in	
  the	
  abundance	
  and	
  types	
  of	
  ion	
  channels	
  present	
  in	
  electrocytes	
  has	
  

been	
  suggested	
  to	
  be	
  a	
  driver	
  for	
  signal	
  diversity	
  in	
  Gymnotiformes	
  [17],	
  and	
  by	
  extension,	
  

speciation.	
  Therefore,	
  it	
  follows	
  that	
  since	
  E.	
  electricus	
  has	
  three	
  distinct	
  electric	
  organs	
  

that	
  serve	
  distinct	
  functions,	
  perhaps	
  the	
  same	
  underlying	
  principles	
  apply	
  within	
  a	
  species	
  

as	
  between.	
  In	
  this	
  study	
  I	
  first	
  examined	
  proteins	
  known	
  to	
  be	
  important	
  for	
  propagating	
  

the	
  EOD,	
  and	
  identified	
  several	
  ion	
  channel	
  and	
  ion	
  pump	
  proteins	
  that	
  followed	
  a	
  general	
  

pattern	
  of	
  being	
  most	
  abundant	
  in	
  main	
  EO,	
  least	
  abundant	
  in	
  Sachs’	
  EO,	
  and	
  of	
  moderate	
  

abundance	
  for	
  Hunter’s	
  EO	
  including	
  several	
  Na+/K+-­‐ATPase	
  subunits	
  (e.g.	
  ATP1a2a),	
  

voltage-­‐gated	
  Na+	
  channel	
  subunits	
  (eg.	
  SCN4aa),	
  acetylcholine	
  receptor	
  subunits	
  (e.g.	
  

CHRNA1)	
  and	
  acetylcholinesterase	
  (ACHE),	
  and	
  potassium	
  channels	
  (eg.	
  KCNJ12)	
  (Figure	
  

5.1C).	
  This	
  pattern	
  has	
  been	
  previously	
  described	
  for	
  the	
  α	
  subunit	
  of	
  the	
  Na+/K+-­‐ATPase,	
  

ATP1a2a,	
  in	
  E.	
  electricus	
  EOs,	
  and	
  further,	
  it	
  was	
  demonstrated	
  that	
  these	
  enzymes	
  isolated	
  

from	
  the	
  different	
  EOs	
  had	
  different	
  kinetic	
  properties	
  in	
  each	
  tissue	
  [18],	
  but	
  outside	
  of	
  

ATP1a2a,	
  this	
  pattern	
  has	
  not	
  been	
  demonstrated	
  previously.	
  Multiple	
  α	
  and	
  β	
  subunit	
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isoforms	
  are	
  expressed	
  in	
  the	
  electric	
  organs,	
  the	
  most	
  abundant	
  of	
  which	
  were	
  ATP1a2a	
  

and	
  ATP1b1a	
  (see	
  Figure	
  5.1C,	
  Table	
  5.S4	
  and	
  Table	
  5.S7).	
  Although	
  the	
  magnitude	
  of	
  

change	
  in	
  abundance	
  between	
  Hunter’s	
  EO	
  and	
  Sachs’	
  EO	
  was	
  not	
  as	
  great	
  as	
  main	
  EO	
  to	
  

Hunter’s/Sachs’,	
  most	
  ATPase	
  α	
  and	
  β	
  subunits	
  identified	
  shared	
  this	
  pattern	
  of	
  main	
  >	
  

Hunter’s	
  >	
  Sachs’,	
  as	
  did	
  most	
  acetylcholine	
  receptor	
  subunits,	
  acetylcholine	
  esterase,	
  and	
  

sodium	
  channel	
  proteins.	
  It	
  is	
  interesting	
  to	
  note	
  that	
  when	
  the	
  voltage-­‐gated	
  sodium	
  

channel	
  was	
  first	
  isolated	
  from	
  E.	
  electricus	
  EO,	
  only	
  an	
  α-­‐subunit	
  was	
  detected	
  (no	
  β-­‐

subunit)[11].	
  With	
  these	
  analyses	
  I	
  was	
  able	
  to	
  detect	
  the	
  presence	
  of	
  two	
  β-­‐subunits	
  

(Figure	
  5.1C)	
  SCN4ba	
  and	
  SCN1B,	
  both	
  mid-­‐range	
  in	
  terms	
  of	
  total	
  abundance	
  (Table	
  5.S6).	
  

It	
  is	
  interesting	
  to	
  note	
  that	
  previous	
  studies	
  have	
  localized	
  two	
  isoforms	
  of	
  the	
  Na+/K+-­‐

ATPase	
  α-­‐subunit	
  present	
  in	
  E.	
  electricus	
  electrocytes,	
  one	
  isoform	
  predominately	
  present	
  

on	
  the	
  innervated	
  membrane	
  face	
  (an	
  ATP1a1-­‐type),	
  and	
  the	
  other	
  being	
  highly	
  abundant	
  

on	
  the	
  non-­‐innervated	
  membrane	
  face	
  (ATP1a2a)	
  [19],	
  although	
  the	
  function	
  of	
  the	
  ATPase	
  

at	
  the	
  innervated	
  membrane	
  face	
  have	
  yet	
  to	
  be	
  elucidated.	
  Additionally,	
  I	
  was	
  able	
  to	
  

quantify	
  additional	
  protein	
  isoforms	
  present	
  in	
  the	
  three	
  EOs	
  and	
  muscle	
  (a	
  total	
  of	
  five	
  α-­‐

subunits	
  and	
  three	
  β-­‐subunits)	
  (Figure	
  5.1C),	
  albeit,	
  they	
  are	
  less	
  abundant	
  than	
  ATP1a2a	
  

(Table	
  5.S6),	
  a	
  finding	
  that	
  likely	
  reflects	
  the	
  sensitivity	
  of	
  an	
  unbiased,	
  quantitative	
  

“shotgun”	
  proteomics	
  approach.	
  Further	
  studies,	
  including	
  localization	
  and	
  kinetic	
  studies,	
  

will	
  be	
  useful	
  to	
  elucidate	
  function	
  of	
  these	
  distinct	
  isoforms.	
  

Interestingly,	
  the	
  general	
  pattern	
  of	
  electrogenic	
  proteins	
  being	
  most	
  abundant	
  in	
  

main	
  EO	
  and	
  least	
  abundant	
  in	
  Sachs’	
  EO	
  is	
  broken	
  when	
  I	
  examined	
  potassium	
  channels	
  

(Figure	
  5.1C).	
  Three	
  potassium	
  channel	
  proteins	
  were	
  observed,	
  notably	
  an	
  inwardly-­‐
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rectifying	
  potassium	
  channel	
  (KCNJ12),	
  and	
  two	
  voltage-­‐gated	
  K+	
  channels	
  (KCNA1	
  and	
  

KCNH6),	
  KCNA1	
  and	
  KCNJ12	
  is	
  most	
  abundant	
  in	
  main	
  EO	
  while	
  KCNH6	
  is	
  most	
  abundant	
  

in	
  Sachs’.	
  This	
  is	
  interesting	
  because	
  one	
  patch	
  clamp	
  study	
  of	
  the	
  innervated	
  membrane	
  of	
  

electrocytes	
  revealed	
  a	
  small,	
  low	
  density,	
  voltage-­‐gated	
  outward	
  K+	
  currents	
  in	
  a	
  subset	
  of	
  

patches	
  examined	
  [20],	
  despite	
  earlier	
  studies	
  failing	
  to	
  detect	
  such	
  a	
  current	
  [10,	
  21].	
  

Expression	
  of	
  an	
  mRNA	
  transcript	
  for	
  a	
  Kv1.1	
  (KCNA1)	
  in	
  EO	
  was	
  confirmed	
  later,	
  and	
  

demonstrated	
  to	
  encode	
  a	
  functional	
  protein	
  when	
  expressed	
  in	
  a	
  heterologous	
  system	
  

[22].	
  Although	
  I	
  have	
  evidence	
  that	
  these	
  proteins	
  are	
  indeed	
  translated	
  and	
  are	
  of	
  

reasonable	
  abundance	
  (and	
  is	
  greater	
  total	
  abundance	
  than	
  KCNJ12	
  in	
  some	
  of	
  the	
  EOs,	
  

Figure	
  5.S4),	
  the	
  function	
  of	
  these	
  proteins	
  in	
  EOs	
  remains	
  elusive.	
  It	
  has	
  been	
  speculated	
  

that	
  the	
  channels	
  may	
  be	
  under	
  continuous	
  inhibition	
  that	
  is	
  relieved	
  under	
  certain	
  

physiological	
  conditions	
  [22].	
  To	
  take	
  this	
  speculation	
  further,	
  assuming	
  the	
  translated	
  

protein	
  is	
  properly	
  inserted	
  into	
  the	
  plasma	
  membrane,	
  the	
  potassium	
  channels	
  may	
  be	
  

under	
  circadian	
  control	
  as	
  other	
  channels	
  in	
  Gymnotiformes.	
  Sodium	
  channels	
  in	
  

Sternopygous	
  are	
  only	
  trafficked	
  to	
  the	
  membrane	
  during	
  periods	
  of	
  activity	
  [23]	
  and	
  as	
  

Gymnotiformes	
  are	
  nocturnal,	
  it	
  is	
  plausible	
  to	
  speculate	
  that	
  these	
  potassium	
  channels	
  are	
  

not	
  in	
  the	
  membrane	
  or	
  are	
  deactivated	
  when	
  everyone	
  is	
  doing	
  their	
  experiments	
  during	
  

the	
  day.	
  Regardless,	
  the	
  discovery	
  of	
  two	
  voltage-­‐gated	
  potassium	
  channels	
  being	
  

translated	
  in	
  high	
  abundance	
  in	
  EOs	
  without	
  a	
  known	
  physiological	
  role	
  of	
  this	
  channel	
  

type	
  is	
  evidence	
  that	
  this	
  is	
  an	
  area	
  that	
  needs	
  to	
  be	
  revisited.	
  

From	
  an	
  ion	
  transport	
  standpoint,	
  the	
  Sachs’	
  EO	
  seems	
  adapted	
  to	
  reduce	
  energetic	
  

costs	
  due	
  to	
  its	
  relatively	
  high	
  frequency	
  of	
  action	
  potential	
  compared	
  to	
  main	
  EO,	
  as	
  a	
  

massive	
  influx	
  of	
  sodium	
  is	
  costly	
  in	
  the	
  form	
  of	
  ATP	
  hydrolysis	
  by	
  the	
  Na+/K+-­‐ATPase,	
  the	
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Sachs’	
  EO	
  reduces	
  energetic	
  demands	
  by	
  reducing	
  the	
  influx	
  of	
  sodium	
  by	
  having	
  fewer	
  

sodium	
  channels	
  (and	
  thus	
  requires	
  fewer	
  Na+/K+-­‐ATPase).	
  On	
  the	
  other	
  hand,	
  the	
  main	
  EO	
  

appears	
  to	
  be	
  less	
  energetically	
  conservative,	
  being	
  highly	
  abundant	
  in	
  sodium	
  channels	
  

(AChR	
  and	
  voltage-­‐gated),	
  and	
  Na+/K+-­‐ATPase.	
  Taken	
  together,	
  these	
  differences	
  in	
  protein	
  

abundance	
  of	
  ion	
  channels	
  and	
  pumps	
  across	
  the	
  three	
  EOs	
  may	
  reflect	
  different	
  demands	
  

on	
  the	
  cells	
  found	
  in	
  each	
  EO,	
  and	
  a	
  trade	
  off	
  between	
  being	
  continuously	
  generating	
  low	
  

voltage	
  while	
  minimizing	
  energetic	
  costs	
  and	
  intermittently	
  generating	
  high	
  voltage	
  at	
  a	
  

higher	
  energetic	
  cost.	
  

	
  

Global	
  comparison	
  of	
  the	
  proteome	
  and	
  phosphoproteome	
  reveal	
  a	
  few	
  hundred	
  

non-­‐electrogenic	
  proteins	
  that	
  may	
  play	
  roles	
  in	
  electric	
  organ	
  development	
  and/or	
  

function.	
  

Very	
  little	
  is	
  known	
  about	
  the	
  molecular	
  differences	
  among	
  the	
  three	
  distinct	
  EOs	
  in	
  

E.	
  electricus.	
  Efforts	
  in	
  microscopy	
  revealed	
  that	
  electrocytes	
  from	
  the	
  main	
  and	
  Hunter’s	
  

EOs	
  were	
  packed	
  tightly	
  to	
  one	
  another	
  while	
  electrocytes	
  from	
  the	
  Sachs’	
  EO	
  were	
  more	
  

separated	
  from	
  one	
  another	
  with	
  abundant	
  extracellular	
  matrix	
  [21],	
  which	
  may	
  contribute	
  

to	
  the	
  differences	
  in	
  voltage	
  generated	
  in	
  the	
  weak	
  and	
  strong	
  voltage	
  organs.	
  Additionally,	
  

electrocytes	
  in	
  the	
  Sachs’	
  EO	
  were	
  larger	
  in	
  size	
  than	
  those	
  of	
  the	
  main	
  EO	
  and	
  had	
  larger	
  

invaginations	
  [21].	
  Further,	
  action	
  potentials	
  from	
  main	
  and	
  Sachs’	
  EO	
  were	
  reported	
  to	
  be	
  

similar,	
  but	
  action	
  potentials	
  occur	
  much	
  more	
  rapidly	
  in	
  main	
  EO	
  compared	
  to	
  Sachs’—the	
  

mean	
  action	
  potential	
  duration	
  from	
  main	
  EO	
  electrocytes	
  were	
  1.5	
  msec	
  and	
  in	
  Sachs’	
  EO	
  

electrocytes	
  2.2	
  msec	
  [11,	
  21].	
  I	
  hypothesized	
  that	
  given	
  the	
  and	
  demands	
  on	
  the	
  strong	
  

versus	
  weak	
  EOs	
  is	
  quite	
  different	
  (intermittent,	
  strong	
  voltage	
  versus	
  continuous,	
  weak	
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voltage),	
  that	
  there	
  are	
  underlying	
  differences	
  in	
  protein	
  abundance	
  and	
  protein	
  

phosphorylation	
  that	
  contribute	
  to	
  these	
  distinct	
  functional	
  roles	
  in	
  E.	
  electricus.	
  

To	
  tease	
  apart	
  these	
  differences	
  I	
  used	
  a	
  variety	
  of	
  clustering	
  approaches.	
  First	
  I	
  

clustered	
  all	
  quantified	
  proteins	
  and	
  phosphopeptides	
  in	
  both	
  fish	
  (Figure	
  5.2A	
  and	
  5.2B,	
  

respectively)	
  to	
  see	
  how	
  the	
  EOs	
  and	
  muscle	
  relate	
  broadly	
  to	
  one	
  another,	
  and	
  found	
  that	
  

muscle	
  is	
  most	
  distinct	
  from	
  all	
  tissues,	
  and	
  that	
  among	
  the	
  three	
  EOs,	
  Hunter’s	
  and	
  Sachs’	
  

cluster	
  most	
  closely	
  together	
  with	
  main	
  EO	
  being	
  most	
  distinct.	
  I	
  then	
  considered	
  the	
  

degree	
  overlap	
  among	
  the	
  top	
  10%	
  most	
  abundant	
  quantified	
  proteins	
  and	
  peptides	
  in	
  

both	
  fish	
  (Figure	
  5.2C	
  and	
  5.2D).	
  I	
  observed	
  both	
  at	
  a	
  protein	
  and	
  phosphopeptide	
  level	
  

that	
  Hunter’s	
  EO	
  was	
  the	
  least	
  unique	
  of	
  the	
  four	
  tissues	
  tested,	
  as	
  it	
  had	
  the	
  fewest	
  

unshared	
  entries.	
  At	
  a	
  protein-­‐level,	
  in	
  both	
  fish	
  (Figure	
  5.2C),	
  I	
  observed	
  the	
  largest	
  shared	
  

group	
  in	
  the	
  Venn	
  diagram	
  were	
  proteins	
  shared	
  among	
  all	
  three	
  EOs	
  and	
  muscle.	
  

Interestingly,	
  at	
  a	
  phosphopeptide	
  level	
  in	
  both	
  fish	
  (Figure	
  5.2D),	
  I	
  saw	
  distinct	
  tissue-­‐

specificity,	
  with	
  the	
  largest	
  shared	
  group	
  in	
  the	
  Venn	
  diagram	
  belonging	
  to	
  

phosphopeptides	
  shared	
  among	
  the	
  three	
  EOs	
  only	
  and	
  not	
  muscle,	
  which	
  indicates	
  that	
  

there	
  is	
  distinct	
  protein	
  phosphorylation	
  occurring	
  in	
  EOs	
  compared	
  to	
  muscle.	
  

I	
  used	
  k-­‐means	
  clustering	
  to	
  bin	
  proteins	
  and	
  phosphopeptides	
  that	
  had	
  at	
  least	
  two-­‐fold	
  

difference	
  in	
  abundance	
  between	
  the	
  highest-­‐expressing	
  and	
  lowest-­‐expressing	
  EO	
  (Figure	
  

5.2E	
  and	
  5.2F).	
  I	
  observed	
  clusters	
  of	
  unique	
  proteins	
  and	
  phosphopeptides	
  highly	
  

expressed	
  in	
  either	
  main	
  EO,	
  Sachs’	
  EO	
  or	
  muscle/Hunter’s	
  EO	
  emerge,	
  illustrating	
  that	
  

there	
  are	
  differences	
  in	
  protein	
  abundance	
  and	
  phosphorylation	
  among	
  the	
  three	
  EOs.	
  I	
  

focused	
  on	
  these	
  bins	
  of	
  differentially	
  abundant	
  proteins	
  and	
  phosphopeptides,	
  notably	
  the	
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main	
  EO	
  and	
  Sachs’	
  EO	
  bins,	
  which	
  represent	
  groups	
  of	
  proteins	
  important	
  for	
  intermittent,	
  

high-­‐voltage	
  (main	
  EO)	
  or	
  continuous,	
  low-­‐voltage	
  (Sachs’	
  EO)	
  discharges.	
  

	
  

Proteins	
  and	
  phosphopeptides	
  highly	
  abundant	
  in	
  main	
  EO	
  

I	
  identified	
  several	
  proteins	
  important	
  for	
  EOD	
  in	
  the	
  main	
  EO	
  protein	
  cluster	
  

(Figure	
  5.2E,	
  cluster	
  2),	
  including	
  voltage-­‐gated	
  Na+	
  channel	
  alpha	
  and	
  beta	
  subunits	
  

(SCN4aa,	
  SCN4ab,	
  and	
  SCN1B),	
  acetylcholine	
  receptor	
  subunits	
  (CHRNA1),	
  acetylcholine	
  

esterase,	
  and	
  the	
  abundant	
  beta	
  subunit	
  for	
  the	
  Na+/K+-­‐ATPase	
  (ATP1b2b).	
  In	
  addition,	
  I	
  

observed	
  calmodulin	
  to	
  be	
  in	
  the	
  main	
  EO-­‐specific	
  protein	
  cluster,	
  which	
  has	
  been	
  

previously	
  described	
  to	
  be	
  incredibly	
  abundant	
  in	
  the	
  EO	
  from	
  E.	
  electricus,	
  but	
  differential	
  

abundance	
  across	
  EOs	
  has	
  not	
  been	
  shown.	
  I	
  also	
  found	
  several	
  EOD-­‐related	
  proteins	
  in	
  the	
  

main	
  EO	
  phosphopeptide	
  clusters	
  (Figure	
  5.2F,	
  cluster	
  3),	
  including	
  acetylcholine	
  esterase,	
  

acetylcholine	
  receptor	
  subunits	
  (CHRNB1	
  and	
  CHRND),	
  ATP1a2a,	
  the	
  voltage-­‐gated	
  Na+	
  

channel	
  (SCN4aa	
  and	
  SCN4ab)	
  and	
  also	
  a	
  chloride	
  channel	
  (CLCN1a)	
  that	
  was	
  not	
  observed	
  

in	
  the	
  proteome	
  analysis.	
  

In	
  addition	
  to	
  proteins	
  involved	
  with	
  EOD,	
  I	
  also	
  made	
  some	
  other	
  interesting	
  

distinctions	
  with	
  the	
  main	
  EO.	
  First,	
  in	
  main	
  EO-­‐specific	
  protein	
  cluster	
  (Figure	
  5.2E,	
  

cluster	
  2),	
  I	
  found	
  an	
  α-­‐AMP-­‐activated	
  protein	
  kinase	
  (AMPK)	
  subunit	
  (PRKAA2,	
  a	
  catalytic	
  

subunit	
  of	
  AMPK);	
  AMPK	
  is	
  the	
  major	
  energy	
  sensor	
  in	
  cells	
  [24].	
  In	
  addition,	
  I	
  found	
  

protein	
  phosphatase	
  1aa	
  (PPM1aa),	
  which	
  can	
  dephosphorylate	
  the	
  α-­‐subunit	
  of	
  AMPK	
  

[25],	
  and	
  falls	
  in	
  several	
  other	
  signaling	
  pathways.	
  I	
  also	
  identified	
  several	
  other	
  proteins	
  

involved	
  in	
  other	
  major	
  signaling	
  pathways,	
  in	
  particular	
  MAPK	
  and	
  NFKB	
  signaling	
  

pathways,	
  which	
  overlap	
  significantly.	
  For	
  example,	
  in	
  the	
  main	
  EO	
  phosphopeptide	
  cluster	
  



	
   161	
  

(Figure	
  5.2F,	
  cluster	
  3),	
  I	
  identified	
  phosphorylated	
  peptides	
  for	
  proteins	
  in	
  the	
  MAP-­‐kinase	
  

cascade,	
  including	
  for	
  MAP	
  kinase	
  proteins	
  (MAP4K4,	
  MAP3K5,	
  and	
  MAP2K2b),	
  and	
  

microtubule-­‐associated	
  protein	
  tau	
  (MAPTA	
  and	
  MAPTB).	
  At	
  a	
  protein	
  level,	
  NFKB2	
  is	
  

highly	
  abundant	
  protein	
  in	
  main	
  EO	
  relative	
  to	
  Sachs’	
  EO,	
  but	
  was	
  not	
  included	
  in	
  this	
  

initial	
  clustering	
  as	
  it	
  was	
  not	
  detected	
  in	
  one	
  of	
  the	
  muscle	
  biological	
  replicates.	
  	
  

Additionally,	
  I	
  identified	
  a	
  number	
  of	
  transcription	
  factors	
  in	
  the	
  main	
  EO	
  protein	
  

clusters,	
  specifically,	
  CBX6b,	
  a	
  component	
  of	
  the	
  polycomb	
  repressive	
  complex.	
  The	
  

polycomb	
  repressive	
  complex	
  1	
  has	
  been	
  demonstrated	
  to	
  be	
  involved	
  with	
  maintaining	
  

transcriptional	
  repression	
  by	
  chromatin/epigenetic	
  mechanisms	
  [26].	
  I	
  also	
  identified	
  

ZNF644b	
  (a	
  predicted	
  zinc	
  finger	
  transcription	
  factor),	
  mutations	
  in	
  which	
  are	
  associated	
  

with	
  myopia	
  in	
  humans	
  [27].	
  In	
  the	
  main	
  EO	
  phosphopeptide	
  cluster,	
  I	
  identified	
  the	
  

transcription	
  factor	
  grainyhead-­‐like	
  2a	
  (GRHL2a),	
  which	
  is	
  a	
  paralogue	
  of	
  UBP1,	
  which	
  is	
  

abundant	
  in	
  Sachs’	
  EO	
  (see	
  below).	
  Grainyhead	
  family	
  transcription	
  factors	
  have	
  important	
  

and	
  diverse	
  roles	
  in	
  development,	
  notably	
  in	
  the	
  regulation	
  of	
  genes	
  important	
  for	
  cell	
  

junction	
  formation	
  (e.g.	
  tight	
  junctions,	
  and	
  others)	
  [28],	
  which	
  are	
  vital	
  to	
  the	
  

development	
  or	
  establishment	
  of	
  polarization	
  in	
  cells	
  [29],	
  of	
  which,	
  the	
  very	
  nature	
  of	
  

electrocytes	
  in	
  generating	
  voltages	
  requires	
  cells	
  to	
  be	
  very	
  polarized.	
  I	
  also	
  found	
  an	
  

aquaporin	
  protein	
  (AQP8a.2)	
  the	
  main	
  EO	
  proteome	
  cluster,	
  which	
  may	
  reflect	
  my	
  

underlying	
  hypothesis,	
  that	
  main	
  EO	
  is	
  less	
  energetically	
  conservative	
  compared	
  to	
  Sachs’	
  

EO,	
  and	
  must	
  deal	
  with	
  the	
  repercussions	
  of	
  massive	
  ion	
  flux	
  (and	
  osmotic	
  flux)	
  per	
  action	
  

potential.	
  

Finally,	
  in	
  the	
  main	
  EO	
  phosphopeptide	
  cluster,	
  I	
  identified	
  four	
  phosphopeptides	
  

for	
  NDRG4.	
  The	
  function	
  of	
  this	
  protein	
  or	
  its	
  phosphorylation	
  is	
  not	
  well	
  understood,	
  but	
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in	
  humans,	
  NDRG4	
  mutations	
  are	
  associated	
  with	
  elongated	
  QT	
  intervals	
  and	
  other	
  heart	
  

defects	
  [30],	
  [31,	
  32]—the	
  QT	
  interval	
  is	
  a	
  common	
  metric	
  used	
  to	
  measure	
  myocardial	
  

repolarization.	
  In	
  zebrafish,	
  knocking	
  down	
  expression	
  of	
  NDRG4	
  give	
  rise	
  to	
  fish	
  with	
  

heart	
  defects,	
  including	
  reduced	
  heart	
  rate,	
  which	
  is	
  interesting,	
  as	
  zebrafish	
  respond	
  to	
  

QT-­‐prolonging	
  drugs	
  with	
  decreased	
  heart	
  rates	
  [30].	
  But	
  because	
  NDRG4	
  has	
  been	
  

demonstrated	
  to	
  be	
  important	
  for	
  regulating	
  rate	
  of	
  repolarization	
  of	
  cardiomyocytes,	
  

perhaps	
  it	
  is	
  important	
  for	
  regulating	
  repolarization	
  of	
  electrocytes	
  (as	
  previously	
  

mentioned,	
  one	
  known	
  differences	
  among	
  main	
  and	
  Sachs’	
  EO	
  is	
  that	
  action	
  potentials	
  in	
  

main	
  EO	
  are	
  shorter	
  [21]).	
  In	
  total	
  for	
  NDRG4,	
  I	
  quantified	
  17	
  phosphorylated	
  peptides,	
  and	
  

seven	
  phosphosites	
  (from	
  10	
  phosphopeptides)	
  that	
  have	
  not	
  been	
  described	
  in	
  mammals	
  

(Table	
  5.S11).	
  

	
  

Proteins	
  and	
  phosphopeptides	
  abundant	
  in	
  Sachs’	
  EO	
  

	
   We	
  also	
  found	
  several	
  interesting	
  proteins	
  in	
  the	
  Sachs’	
  EO-­‐specific	
  protein	
  and	
  

phosphopeptide	
  clusters	
  (Figure	
  5.2E	
  cluster	
  1	
  and	
  Figure	
  5.2F	
  cluster2,	
  respectively).	
  I	
  

again	
  found	
  several	
  proteins	
  in	
  numerous	
  signaling	
  pathways	
  abundant	
  in	
  Sachs’	
  EO	
  

including	
  ULK1,	
  a	
  serene/threonine	
  protein	
  kinase	
  that	
  (together	
  with	
  AMPK,	
  the	
  catalytic	
  

subunit	
  of	
  which	
  is	
  highly	
  abundant	
  in	
  main	
  EO,	
  see	
  previous	
  section)	
  is	
  important	
  for	
  

regulating	
  cell	
  autophagy	
  [24].	
  Although	
  the	
  function	
  of	
  the	
  catalytic	
  subunit	
  of	
  AMPK	
  being	
  

highly	
  abundant	
  in	
  main	
  EO,	
  and	
  ULK1	
  being	
  highly	
  abundant	
  in	
  Sachs’	
  EO,	
  it	
  seems	
  

plausible	
  that	
  these	
  differences	
  in	
  proteins	
  important	
  for	
  cellular	
  energetics	
  reflects	
  

differences	
  in	
  tissue	
  physiology	
  given	
  their	
  intermittent	
  versus	
  continuous	
  use,	
  

respectively.	
  Perhaps	
  the	
  role	
  of	
  ULK1	
  in	
  autophagy	
  reflects	
  both	
  the	
  difference	
  in	
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electrocyte	
  size	
  in	
  Sachs’	
  EO	
  vs.	
  Main	
  EO	
  (Sachs’	
  electrocytes	
  being	
  larger)	
  and	
  tissue	
  use	
  

(Sachs’	
  EO	
  being	
  used	
  continuously	
  perhaps	
  means	
  proteins	
  need	
  to	
  be	
  replaced	
  more	
  

frequently).	
  I	
  also	
  identified	
  a	
  Rho	
  GTPase	
  activating	
  protein	
  (ARHGAP21a)	
  and	
  two	
  

guanine	
  nucleotide	
  exchange	
  factors	
  (ARHGEF1b,	
  and	
  ARFGEF1).	
  I	
  also	
  identified	
  the	
  

transcription	
  factors	
  STAT3	
  and	
  UBP1,	
  a	
  grainyhead	
  family	
  transcription	
  factor	
  and	
  a	
  

paralogue	
  of	
  GRHL2a	
  (highly	
  abundant	
  in	
  Main	
  EO,	
  see	
  previous	
  section).	
  UBP1	
  expression	
  

has	
  been	
  demonstrated	
  to	
  determine	
  intercalated	
  cell	
  development	
  and	
  polarity	
  in	
  

Xenopus,	
  notably	
  in	
  which	
  membrane	
  the	
  H+-­‐ATPase	
  is	
  localized	
  [33].	
  Although	
  the	
  

underlying	
  mechanism	
  is	
  unknown,	
  perhaps	
  UBP1	
  in	
  Sachs’	
  EO	
  and	
  GRHL2	
  in	
  main	
  EO	
  are	
  

performing	
  similar	
  but	
  distinct	
  requirement	
  in	
  development	
  or	
  maintenance	
  of	
  cell	
  polarity	
  

in	
  each	
  tissue	
  type.	
  

The	
  most	
  abundant	
  phosphopeptides	
  in	
  Sachs’	
  EO	
  (Figure	
  5.2F,	
  cluster	
  2)	
  belonged	
  

to	
  proteins	
  that	
  are	
  implicated	
  in	
  muscular	
  diseases.	
  These	
  include	
  ANO5b,	
  a	
  protein	
  in	
  

which	
  mutations	
  have	
  been	
  demonstrated	
  in	
  muscular	
  dystrophy	
  [34]	
  and	
  dilated	
  

cardiomyopathy	
  [35].	
  Although	
  not	
  detected	
  in	
  the	
  whole	
  proteome	
  experiment,	
  at	
  an	
  RNA	
  

level,	
  ANO5b	
  shows	
  increased	
  abundance	
  in	
  Sachs’	
  EO	
  over	
  muscle,	
  main,	
  and	
  Hunter’s	
  EO	
  

at	
  the	
  RNA	
  level	
  (Table	
  5.S4)	
  and	
  interestingly	
  its	
  expression	
  in	
  this	
  table	
  indicates	
  its	
  has	
  a	
  

similar	
  expression	
  level	
  to	
  cardiac	
  muscle.	
  Also	
  highly	
  abundant	
  in	
  Sachs’	
  relative	
  to	
  other	
  

EOs	
  includes	
  CMYA5	
  (cardiomyopathy-­‐associated	
  5),	
  which,	
  together	
  with	
  desmin,	
  is	
  

thought	
  to	
  coordinate	
  specific	
  kinases	
  and	
  phosphatases	
  in	
  muscle	
  [36].	
  

	
  

Phosphopeptides	
  that	
  show	
  differential	
  abundance	
  in	
  EOs	
  compared	
  to	
  protein	
  abundance.	
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   In	
  order	
  to	
  determine	
  whether	
  specific	
  phosphosites	
  showed	
  differential	
  abundance	
  

that	
  were	
  independent	
  of	
  changes	
  in	
  protein	
  abundance	
  (defined	
  as	
  a	
  difference	
  between	
  

the	
  log2	
  (tissue/median)	
  phosphopeptide	
  and	
  protein	
  values	
  that	
  was	
  at	
  least	
  1),	
  I	
  first	
  

examined	
  the	
  phosphosites	
  found	
  in	
  proteins	
  known	
  to	
  be	
  important	
  for	
  EOD,	
  i.e.,	
  the	
  

acetylcholine	
  receptor,	
  acetylcholine	
  esterase,	
  voltage-­‐gated	
  sodium	
  channels,	
  and	
  the	
  

Na+/K+-­‐ATPase.	
  Generally,	
  the	
  majority	
  of	
  phosphopeptides	
  in	
  these	
  proteins	
  showed	
  

similar	
  abundance	
  to	
  that	
  of	
  the	
  protein	
  quantitation	
  (Tables	
  S7	
  and	
  S10).	
  In	
  the	
  most	
  

abundant	
  ATPase	
  (ATP1a2a),	
  three	
  fully-­‐tryptic	
  phosphopeptides	
  (representing	
  three	
  

phosphosites)	
  showed	
  differential	
  abundance,	
  one	
  of	
  which	
  appeared	
  increased	
  in	
  

abundance	
  in	
  main	
  EO-­‐2	
  (from	
  biological	
  replicate	
  two,	
  but	
  not	
  one)	
  and	
  two	
  of	
  which	
  

appeared	
  reduced	
  in	
  abundance	
  in	
  main	
  EO-­‐2	
  compared	
  to	
  the	
  protein-­‐level	
  abundance,	
  

while	
  remaining	
  unchanged	
  in	
  Sachs’	
  and	
  Hunter’s	
  EOs	
  (Table	
  5.S3).	
  The	
  location	
  of	
  these	
  

three	
  phosphosites	
  has	
  been	
  previously	
  described	
  in	
  mammals,	
  however,	
  I	
  was	
  unable	
  to	
  

find	
  a	
  description	
  of	
  the	
  function	
  of	
  these	
  three	
  phosphorylation	
  sites	
  in	
  the	
  literature.	
  

In	
  the	
  voltage-­‐gated	
  Na+	
  channel	
  protein	
  SCN4aa,	
  I	
  identified	
  four	
  fully-­‐tryptic	
  

phosphopeptides	
  (representing	
  four	
  phosphosites)	
  that	
  showed	
  differential	
  abundance	
  

compared	
  to	
  the	
  protein	
  abundance,	
  three	
  of	
  these	
  showed	
  reduction	
  in	
  at	
  least	
  one	
  Sachs’	
  

EO	
  sample	
  (with	
  no	
  change	
  in	
  other	
  EOs).	
  These	
  distinct	
  phosphosites	
  localized	
  with	
  100%	
  

probability	
  (see	
  search	
  methods),	
  and	
  not	
  previously	
  described	
  in	
  humans	
  [12];	
  one	
  of	
  

these	
  (aVSHAsFLSQIk)	
  falls	
  within	
  the	
  C-­‐terminal	
  domain	
  of	
  SCN4aa.	
  The	
  fourth	
  

phosphoprotein	
  showed	
  reduction	
  in	
  main	
  EO-­‐2	
  (with	
  no	
  change	
  in	
  other	
  EOs),	
  and	
  despite	
  

being	
  not	
  fully	
  localized,	
  represents	
  a	
  novel	
  phosphorylated	
  region,	
  as	
  it	
  is	
  not	
  near	
  a	
  

known	
  phosphosite	
  in	
  mammals	
  [12].	
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   Finally,	
  I	
  identified	
  two	
  phosphosites	
  in	
  acetylcholine	
  esterase	
  (ACHE),	
  both	
  of	
  

which	
  have	
  not	
  been	
  described	
  in	
  mammals,	
  and	
  were	
  fully	
  localized	
  (see	
  methods,	
  and	
  

Table	
  5.S3).	
  One	
  of	
  these	
  phosphosites	
  showed	
  a	
  large	
  decrease	
  in	
  the	
  Hunter’s	
  EO-­‐2	
  

sample	
  that	
  was	
  not	
  reflected	
  in	
  its	
  protein	
  concentration,	
  and	
  showed	
  slight	
  decreases	
  in	
  

main	
  EO-­‐2	
  and	
  slight	
  increases	
  in	
  Sachs’s	
  EO-­‐2.	
  The	
  second	
  phosphosite	
  showed	
  a	
  decrease	
  

in	
  both	
  Sachs’	
  EO	
  (~2	
  fold).	
  Future	
  studies	
  (perhaps	
  those	
  in	
  Appendex	
  I),	
  will	
  be	
  needed	
  to	
  

provide	
  additional	
  biological	
  replicates	
  as	
  well	
  as	
  to	
  shed	
  light	
  on	
  the	
  biological	
  importance	
  

of	
  these	
  particular	
  phosphosites.	
  

	
  

Desmin	
  phosphorylation	
  shows	
  tissue	
  specific	
  abundance	
  

Differential	
  abundance	
  of	
  desmin	
  protein	
  isoforms	
  and	
  desmin	
  phosphorylation	
  

were	
  previously	
  reported	
  in	
  the	
  three	
  EOs	
  of	
  E.	
  electricus	
  [37,	
  38].	
  I	
  identified	
  two	
  desmin	
  

proteins-­‐	
  desmin	
  A	
  and	
  desmin	
  B,	
  which	
  are	
  similarly	
  abundant	
  in	
  all	
  EOs	
  at	
  a	
  whole	
  

protein	
  level.	
  When	
  considering	
  phosphopeptides,	
  however,	
  distinct	
  phosphopeptides	
  

being	
  more	
  abundant	
  in	
  one	
  tissue	
  vs.	
  another	
  is	
  observed.	
  A	
  total	
  of	
  70	
  phosphopeptides	
  

for	
  desmin	
  A	
  and	
  eight	
  for	
  desmin	
  B.	
  Of	
  these,	
  there	
  are	
  two	
  phosphopeptides	
  for	
  desmin	
  A	
  

that	
  fall	
  into	
  phosphopeptide	
  cluster	
  1	
  (high	
  main	
  EO),	
  and	
  two	
  in	
  cluster	
  4	
  (high	
  Sachs’	
  

EO),	
  and	
  for	
  desmin	
  B,	
  there	
  is	
  one	
  phosphopeptide	
  that	
  fall	
  in	
  cluster	
  1	
  (high	
  main	
  EO),	
  

and	
  one	
  in	
  cluster	
  3	
  (muscle	
  cluster-­‐	
  highest	
  in	
  Hunter’s	
  EO,	
  variable	
  in	
  Sachs’,	
  and	
  very	
  

low	
  in	
  main	
  EO).	
  These	
  data	
  agree	
  with	
  the	
  previous	
  reports	
  showing	
  differential	
  protein	
  

and	
  phosphorylation	
  abundance	
  across	
  the	
  three	
  EOs	
  [37,	
  38],	
  and	
  provides	
  locations	
  of	
  

phosphorylated	
  residues	
  in	
  these	
  proteins.	
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The	
  function	
  of	
  desmin	
  in	
  electrocytes	
  is	
  unknown,	
  as	
  is	
  the	
  function	
  of	
  desmin,	
  

generally,	
  especially	
  in	
  fish	
  [36].	
  Roles	
  for	
  desmin	
  extend	
  beyond	
  structural	
  (desmin	
  is	
  an	
  

intermediate	
  filament	
  protein):	
  it	
  is	
  involved	
  in	
  calcium	
  homeostasis	
  [36],	
  is	
  abundant	
  in	
  

neuromuscular	
  junctions	
  and	
  at	
  the	
  points	
  of	
  attachment	
  between	
  cardiomyocytes	
  [39],	
  is	
  

important	
  for	
  mitochondria	
  structure	
  and	
  function,	
  and	
  can	
  regulate	
  the	
  expression	
  of	
  

genes	
  important	
  in	
  myogenic	
  and	
  cardiogenic	
  regulation	
  [40].	
  Mutations	
  in	
  desmin	
  are	
  

associated	
  with	
  human	
  disease,	
  and	
  various	
  post-­‐translational	
  modifications	
  including	
  

protein	
  phosphorylation	
  have	
  been	
  implicated	
  in	
  desmin-­‐related	
  disease	
  [40].	
  

	
  

Hunter’s	
  EO	
  abundant	
  in	
  muscle-­‐specific	
  proteins	
  compared	
  to	
  other	
  EOs	
  

It	
  is	
  interesting	
  to	
  note	
  the	
  k-­‐means	
  clusters	
  (both	
  at	
  the	
  whole	
  proteome	
  and	
  

phosphoproteome	
  resolution),	
  Hunter’s	
  EO	
  consistently	
  expresses	
  proteins	
  intermediately	
  

between	
  main	
  and	
  Sachs’	
  EO	
  and	
  also	
  more	
  similarly	
  to	
  muscle	
  compared	
  to	
  Sachs’	
  and	
  

main	
  EO.	
  This	
  was	
  not	
  revealed	
  in	
  the	
  hierarchal	
  clustering	
  analysis	
  (Figure	
  5.2A	
  and	
  B)	
  in	
  

which	
  both	
  Sachs’	
  and	
  Hunter’s	
  clustered	
  more	
  closely	
  to	
  muscle	
  than	
  main	
  EO;	
  this	
  is	
  

likely	
  because	
  in	
  the	
  hierarchal	
  clustering	
  analysis	
  all	
  quantified	
  proteins	
  were	
  included,	
  

whereas	
  within	
  the	
  k-­‐means	
  clustering	
  analysis,	
  only	
  a	
  subset	
  of	
  proteins	
  or	
  

phosphopeptides	
  with	
  at	
  least	
  two-­‐fold	
  abundance	
  difference	
  among	
  the	
  EOs,	
  were	
  

included.	
  This	
  is	
  interesting	
  in	
  given	
  two	
  factors	
  (1)	
  I	
  used	
  the	
  strong-­‐voltage	
  portion	
  of	
  the	
  

Hunter’s	
  EO	
  (the	
  section	
  under	
  the	
  main	
  EO)	
  for	
  these	
  analyses,	
  and	
  (2)	
  morphologically,	
  

Hunter’s	
  EO	
  appears	
  most	
  similar	
  to	
  main	
  EO	
  [21,	
  41],	
  though	
  no	
  studies	
  have	
  

comprehensively	
  characterized	
  or	
  compared	
  EOs.	
  Because	
  earlier	
  reports	
  indicated	
  that	
  

Hunter’s	
  EO	
  is	
  morphologically	
  more	
  similar	
  to	
  main	
  EO	
  than	
  it	
  is	
  to	
  Sachs’	
  EO,	
  and	
  because	
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I	
  used	
  the	
  strong-­‐voltage	
  portion	
  of	
  the	
  Hunter’s	
  EO	
  for	
  these	
  experiments,	
  I	
  anticipated	
  

that	
  main	
  EO	
  and	
  Hunter’s	
  EO	
  would	
  be	
  extremely	
  similar.	
  	
  

	
  

Correlation	
  of	
  mRNA	
  and	
  protein	
  abundance	
  

Given	
  that	
  recent	
  research	
  efforts	
  have	
  focused	
  on	
  mRNA	
  sequencing	
  to	
  understand	
  

the	
  repertoire	
  of	
  genes	
  expressed	
  in	
  electric	
  organs	
  of	
  E.	
  electricus	
  [8,	
  42],	
  I	
  wanted	
  to	
  

determine	
  whether	
  the	
  protein	
  abundance	
  values	
  correlated	
  with	
  mRNA	
  expression	
  values	
  

(see	
  Supplemental	
  Materials).	
  For	
  this	
  purpose,	
  I	
  compared	
  log2	
  (EO/muscle)	
  ratios	
  for	
  

both	
  the	
  RNA	
  expression	
  and	
  protein	
  abundance	
  levels	
  of	
  the	
  expressed	
  products	
  from	
  the	
  

2866	
  gene	
  models	
  for	
  which	
  I	
  had	
  protein	
  abundance	
  data.	
  My	
  results	
  (Figure	
  5.S5	
  A	
  and	
  B)	
  

show	
  that	
  the	
  majority	
  of	
  gene	
  models	
  are	
  not	
  differentially	
  expressed	
  at	
  either	
  an	
  mRNA	
  

or	
  protein	
  level.	
  Similar	
  numbers	
  of	
  gene	
  models	
  are	
  differentially	
  expressed	
  only	
  at	
  the	
  

protein	
  level,	
  only	
  at	
  the	
  RNA	
  level,	
  or	
  at	
  both	
  the	
  RNA	
  and	
  protein	
  level,	
  in	
  any	
  given	
  EO.	
  

The	
  fewest,	
  and	
  perhaps	
  most	
  intriguing,	
  gene	
  models	
  are	
  differentially	
  expressed	
  at	
  both	
  

the	
  RNA	
  and	
  protein	
  levels,	
  but	
  in	
  opposite	
  directions.	
  

For	
  example,	
  in	
  main	
  EO,	
  I	
  saw	
  a	
  putative	
  FXYD	
  protein	
  (gene	
  model	
  

scaffold112.g65)	
  display	
  discordant	
  RNA	
  and	
  protein	
  abundance	
  values	
  relative	
  to	
  muscle.	
  

The	
  annotation	
  of	
  this	
  particular	
  protein	
  is	
  a	
  challenge	
  because	
  not	
  only	
  is	
  it	
  short	
  (my	
  gene	
  

model	
  predicts	
  131	
  amino	
  acids,	
  which	
  is	
  longer	
  than	
  the	
  zebrafish	
  protein	
  of	
  90	
  amino	
  

acids),	
  blast	
  searching	
  of	
  zebrafish	
  FXYD	
  proteins	
  reveals	
  these	
  short	
  proteins	
  are	
  highly	
  

variable	
  across	
  species.	
  FXYD	
  proteins,	
  also	
  known	
  as	
  the	
  gamma	
  subunit	
  of	
  the	
  Na+/K+-­‐

ATPase,	
  are	
  very	
  small	
  proteins	
  that	
  co-­‐purify	
  with	
  the	
  Na+/K+-­‐ATPase,	
  but	
  for	
  which	
  a	
  

clear	
  function	
  has	
  not	
  yet	
  been	
  elucidated,	
  however,	
  they	
  do	
  have	
  a	
  modulatory	
  function	
  of	
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Na+/K+-­‐ATPase	
  [43].	
  At	
  the	
  mRNA	
  level	
  in	
  main	
  EO,	
  this	
  gene	
  model	
  appears	
  

downregulated	
  compared	
  to	
  muscle.	
  However,	
  at	
  the	
  protein	
  level	
  it	
  appears	
  upregulated.	
  

A	
  similar	
  result	
  was	
  observed	
  for	
  Hunter’s	
  EO,	
  but	
  the	
  results	
  were	
  less	
  dramatic	
  for	
  that	
  of	
  

main	
  EO,	
  and	
  in	
  Sachs’	
  EO,	
  differential	
  abundance	
  at	
  the	
  protein	
  level	
  (but	
  not	
  mRNA	
  level)	
  

was	
  observed.	
  	
  In	
  the	
  quantitative	
  proteomics	
  experiment,	
  this	
  FXYD	
  protein	
  is	
  highly	
  

abundant	
  in	
  main	
  EO	
  compared	
  to	
  Sachs’	
  or	
  Hunter’s	
  only	
  in	
  one	
  of	
  the	
  biological	
  replicates	
  

(Table	
  5.S6),	
  and	
  is	
  of	
  similar	
  abundance	
  across	
  all	
  three	
  EOs	
  in	
  the	
  other	
  biological	
  

replicate.	
  Further	
  effort	
  in	
  confirming	
  the	
  identity	
  of	
  this	
  protein	
  will	
  need	
  to	
  be	
  made,	
  

however,	
  given	
  the	
  FXYD	
  protein	
  family	
  is	
  comprised	
  of	
  sequences	
  that	
  are	
  short	
  and	
  

highly	
  variable,	
  this	
  will	
  be	
  a	
  challenge;	
  the	
  best	
  blast	
  match	
  to	
  this	
  protein	
  is	
  FXYD6.	
  

However	
  it	
  is	
  important	
  to	
  note	
  that	
  at	
  an	
  mRNA	
  level,	
  this	
  gene	
  model	
  is	
  not	
  lowly	
  

expressed-­‐	
  it’s	
  abundance	
  is	
  extremely	
  high	
  in	
  muscle,	
  and	
  quite	
  high	
  in	
  the	
  three	
  EOs.	
  I	
  

also	
  see	
  that	
  in	
  main	
  EO,	
  ATP1a3a	
  (alpha	
  subunit	
  of	
  Na+/K+-­‐ATPase)	
  the	
  protein	
  and	
  RNA	
  

abundance	
  ratios	
  are	
  discordant	
  (highly	
  abundant	
  in	
  main/muscle	
  at	
  a	
  protein	
  level,	
  and	
  

lowly	
  abundant	
  at	
  an	
  RNA	
  level),	
  which	
  does	
  not	
  appear	
  differentially	
  expressed	
  in	
  either	
  

protein	
  or	
  RNA	
  in	
  Sachs’	
  or	
  Hunter’s	
  EOs.	
  

Interestingly,	
  I	
  also	
  saw	
  several	
  of	
  the	
  previously	
  discussed	
  transcription	
  factors	
  

with	
  discordant	
  protein	
  and	
  mRNA	
  abundances.	
  For	
  example,	
  the	
  transcription	
  factor	
  UBP1	
  

is	
  differentially	
  expressed	
  at	
  the	
  protein	
  level	
  in	
  Sachs’	
  EO,	
  but	
  not	
  in	
  at	
  the	
  mRNA	
  level.	
  In	
  

addition,	
  UBP1	
  is	
  classified	
  as	
  not	
  differentially	
  expressed	
  at	
  the	
  mRNA	
  or	
  protein	
  level	
  in	
  

both	
  main	
  and	
  Hunter’s	
  EO	
  (or	
  appears	
  slightly	
  downregulated	
  in	
  main	
  and	
  Hunter’s).	
  

Further,	
  the	
  transcription	
  factor	
  ZNF644b	
  displays	
  low	
  mRNA	
  but	
  very	
  high	
  protein	
  

abundances	
  in	
  the	
  main	
  EO,	
  and	
  a	
  similar	
  pattern	
  for	
  one	
  Hunter’s	
  EO	
  bioreplicate.	
  If	
  future	
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experiments	
  with	
  more	
  biological	
  replicates	
  validate	
  the	
  discordance	
  in	
  mRNA	
  and	
  protein	
  

levels,	
  this	
  may	
  represent	
  post-­‐transcriptional	
  regulation	
  of	
  these	
  transcription	
  factors,	
  

Na+/K+-­‐ATPase	
  alpha	
  subunits,	
  and	
  Na+/K+-­‐ATPase	
  gamma	
  subunits	
  that	
  may	
  be	
  important	
  

for	
  their	
  distinct	
  functions	
  (see	
  Chapter	
  6,	
  Future	
  Directions).	
  	
  

These	
  data	
  represent	
  the	
  first	
  quantitative	
  proteomic	
  and	
  phosphoproteomic	
  

description	
  and	
  comparison	
  of	
  electric	
  organs	
  in	
  any	
  electric	
  fish	
  species.	
  The	
  findings	
  in	
  

this	
  study	
  suggest	
  key	
  differences	
  among	
  the	
  three	
  EOs	
  in	
  E.	
  electricus.	
  The	
  Sachs’	
  EO	
  

appears	
  to	
  be	
  more	
  energetically	
  conservative	
  than	
  the	
  strong-­‐voltage	
  main	
  EO,	
  by	
  

expressing	
  fewer	
  Na+	
  channels,	
  and	
  thus,	
  requiring	
  less	
  ATP	
  hydrolysis	
  by	
  having	
  fewer	
  

Na+/K+-­‐ATPases	
  to	
  maintain	
  resting	
  membrane	
  potential.	
  This	
  finding	
  is	
  consistent	
  with	
  

the	
  key	
  functional	
  differences	
  between	
  Sachs’	
  and	
  main	
  EOs,	
  Sachs’	
  being	
  used	
  

continuously	
  for	
  navigation	
  and	
  communication,	
  while	
  main	
  EO	
  is	
  used	
  only	
  intermittently	
  

for	
  strong-­‐voltage	
  discharges	
  in	
  predation	
  and	
  defense.	
  I	
  also	
  find	
  differences	
  among	
  the	
  

Sachs’	
  and	
  main	
  EOs	
  that	
  reflect	
  differences	
  in	
  signal	
  transduction,	
  as	
  well	
  as	
  transcription	
  

factors	
  that	
  may	
  be	
  important	
  in	
  tissue	
  form	
  and	
  function,	
  given	
  their	
  known	
  roles	
  in	
  

establishing	
  cell	
  polarity	
  and	
  cell-­‐cell	
  contacts	
  (UBP1	
  and	
  GRHL1,	
  respectively).	
  Curiously,	
  I	
  

identified	
  interesting	
  patterns	
  of	
  potassium	
  channel	
  expression	
  relating	
  to	
  two	
  voltage-­‐

gated	
  potassium	
  channels,	
  one	
  of	
  which	
  is	
  expressed	
  most	
  abundantly	
  in	
  Sachs’	
  EO;	
  this	
  

finding	
  is	
  curious	
  given	
  that	
  voltage-­‐gated	
  potassium	
  current	
  has	
  been	
  shown	
  to	
  be	
  a	
  very	
  

minor	
  current	
  in	
  Sachs’	
  EO.	
  The	
  story	
  surrounding	
  the	
  voltage-­‐gated	
  K+	
  channels	
  I	
  detected	
  

in	
  this	
  study	
  will	
  be	
  an	
  interesting	
  area	
  of	
  further	
  study-­‐	
  to	
  elucidate	
  if	
  these	
  channels	
  

function	
  in	
  electrocytes,	
  and	
  why	
  they	
  are	
  so	
  abundant.	
  Finally,	
  this	
  study	
  describes	
  several	
  

new	
  phosphorylation	
  sites	
  in	
  proteins	
  important	
  for	
  electric	
  organ	
  discharge.	
  This	
  study,	
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together	
  with	
  other	
  recent	
  studies	
  offering	
  molecular	
  characterization	
  of	
  electric	
  organs	
  

from	
  a	
  variety	
  of	
  species	
  (Chapters	
  3	
  and	
  4),	
  gives	
  the	
  field	
  of	
  electric	
  fish	
  biology	
  a	
  strong	
  

finhold	
  in	
  the	
  ‘omics’	
  era.	
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SUPPLEMENTAL	
  MATERIALS	
  AND	
  METHODS:	
  

	
  

Contents:	
  

1. Genome	
  Assembly-­‐	
  improvement	
  and	
  gene	
  prediction.	
  

1.1. Genome	
  scaffolding	
  and	
  gap	
  filling	
  

1.2. Gene	
  prediction	
  and	
  annotation	
  

1.3. Analysis	
  of	
  genome	
  assembly	
  and	
  annotation	
  

1.4. Calculation	
  of	
  RNA	
  expression	
  levels	
  

2. Protein	
  isolation,	
  labeling,	
  prefractionation,	
  enrichment,	
  mass	
  spec	
  analyses	
  

2.1. Protein	
  isolation	
  and	
  digestion	
  

2.2. Labeling	
  peptide	
  samples	
  with	
  unique	
  tandem	
  mass	
  tag	
  

2.3. Prefractionation	
  using	
  high	
  pH	
  reversed-­‐phase	
  chromatography	
  

2.4. Unenriched,	
  whole	
  proteome	
  data	
  acquisition	
  

2.5. Phosphopeptide	
  enrichment	
  by	
  titanium	
  dioxide	
  chromatography	
  

2.6. Phosphoproteome	
  data	
  acquisition	
  

2.7. Database	
  Development,	
  searching,	
  and	
  FDR	
  estimation	
  

2.8. Normalization	
  

2.9. Generation	
  of	
  tissue-­‐specific	
  clusters	
  

2.10. Correlation	
  of	
  RNA	
  expression	
  and	
  protein	
  abundance	
  values	
  

	
  

	
  

1.	
  Genome	
  Assembly-­‐	
  improvement,	
  and	
  gene	
  prediction	
  

1A:	
  Genome	
  Scaffolding	
  and	
  Gap	
  Filling	
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In	
  order	
  to	
  improve	
  on	
  the	
  existing	
  E.	
  electricus	
  genome	
  assembly	
  in	
  an	
  effort	
  to	
  

then	
  improve	
  downstream	
  gene	
  model	
  prediction,	
  additional	
  raw	
  sequencing	
  reads	
  were	
  

incorporated	
  into	
  the	
  publically	
  available	
  genome	
  assembly	
  (termed	
  “SOAPdenovo2	
  

assembly).	
  Scaffolding	
  of	
  the	
  SOAPdenovo2	
  assembly	
  was	
  performed	
  using	
  SSPACE	
  

(Standard	
  v3.0)	
  [44],	
  incorporating	
  both	
  Illumina	
  2.5	
  kb	
  insert	
  mate	
  pair	
  libraries	
  and	
  454	
  

libraries,	
  with	
  the	
  command	
  -­‐z	
  500	
  -­‐g	
  3	
  -­‐v	
  1	
  -­‐T	
  27	
  and	
  following	
  library	
  information	
  given	
  

for–b:	
  

Lib1 bowtie run196.eel-MP-1_NoIndex_L002_R1.fastq run196.eel-MP-1_NoIndex_L002_R2.fastq 2500 .2 RF 

Lib2 bowtie run196.eel-MP-2_NoIndex_L003_R1.fastq run196.eel-MP-2_NoIndex_L003_R2.fastq 2500 .2 RF 

Lib3 bowtie run196.eel-MP3_NoIndex_L004_R1.fastq run196.eel-MP3_NoIndex_L004_R2.fastq 2500 .2 RF 

Lib4 bowtie 1.454Reads.qual_len.fwd.fastq 1.454Reads.qual_len.rev.fastq 12000 .333 RR 

Lib5 bowtie 2.454Reads.qual_len.fwd.fastq 2.454Reads.qual_len.rev.fastq 12000 .333  RR 

Lib6 bowtie 1.TCA.454Reads.qual_len.fwd.fastq 1.TCA.454Reads.qual_len.rev.fastq 12000 .333 RR 

Lib7 bowtie 2.TCA.454Reads.qual_len.fwd.fastq 2.TCA.454Reads.qual_len.rev.fastq 12000 .333 RR 

	
  

Following	
  scaffolding,	
  gap	
  closing	
  was	
  performed	
  with	
  GapCloser	
  (v1.12)	
  [45]	
  using	
  both	
  

short	
  (2x100)	
  Illumina	
  paired-­‐end	
  reads	
  and	
  Illumina	
  MP	
  reads	
  (2.5	
  kb	
  insert)	
  with	
  the	
  

following	
  configuration	
  file:	
  

	
  

# cutoff of pair number for a reliable connection (at least 3 for short insert size) 

pair_num_cutoff=5 

#minimum aligned length to contigs for a reliable read location (at least 32 for short insert 

size) 

map_len=35 

#a pair of fastq file, read 1 file should always be followed by read 2 file 

q1=/home/ltraeger/raw_data/run196.eel-MP-1_NoIndex_L002_R1.fastq 

q2=/home/ltraeger/raw_data/run196.eel-MP-1_NoIndex_L002_R2.fastq 

#another pair of fastq file, read 1 file should always be followed by read 2 file 

q1=/home/ltraeger/raw_data/run196.eel-MP-2_NoIndex_L003_R1.fastq 
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q2=/home/ltraeger/raw_data/run196.eel-MP-2_NoIndex_L003_R2.fastq 

#another pair of fastq file, read 1 file should always be followed by read 2 fi$ 

q1=/home/ltraeger/raw_data/run196.eel-MP3_NoIndex_L004_R1.fastq 

q2=/home/ltraeger/raw_data/run196.eel-MP3_NoIndex_L004_R2.fastq 

[LIB] 

#average insert size 

avg_ins=230 

#if sequence needs to be reversed 

reverse_seq=0 

#in which part(s) the reads are used 

asm_flags=4 

#use only first 100 bps of each read 

rd_len_cutoff=80 

#in which order the reads are used while scaffolding 

rank=1 

# cutoff of pair number for a reliable connection (at least 3 for short insert size) 

pair_num_cutoff=3 

#minimum aligned length to contigs for a reliable read location (at least 32 for short insert 

size) 

map_len=32 

#a pair of fastq file, read 1 file should always be followed by read 2 file 

q1=/home/ltraeger/raw_data/run141.eel2.s_1_1_sequence.fastq 

q2=/home/ltraeger/raw_data/run141.eel2.s_1_2_sequence.fastq 

#a pair of fastq file, read 1 file should always be followed by read 2 file 

q1=/home/ltraeger/raw_data/run141.eel2.s_2_1_sequence.fastq 

q2=/home/ltraeger/raw_data/run141.eel2.s_2_2_sequence.fastq 

#a pair of fastq file, read 1 file should always be followed by read 2 file 

q1=/home/ltraeger/raw_data/run141.eel2.s_3_1_sequence.fastq 

q2=/home/ltraeger/raw_data/run141.eel2.s_3_2_sequence.fastq 

	
  

This	
  scaffolded	
  and	
  gap-­‐closed	
  assembly	
  will	
  be	
  referred	
  to	
  later	
  in	
  this	
  text	
  as	
  “GapClosed	
  

Assembly”.	
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1B:	
  Gene	
  Prediction	
  and	
  Annotation	
  

For	
  the	
  purpose	
  of	
  gene	
  prediction,	
  RNA	
  sequencing	
  reads	
  from	
  eight	
  tissues	
  of	
  E.	
  

electricus	
  (brain,	
  spinal	
  cord,	
  heart,	
  skeletal	
  muscle,	
  main	
  EO,	
  Sachs’	
  EO,	
  Hunter’s	
  EO,	
  and	
  

kidney,	
  see	
  two	
  papers)	
  were	
  mapped	
  to	
  the	
  scaffolded	
  and	
  gap-­‐filled	
  genome	
  using	
  STAR	
  

(v2.4.0)	
  [46],	
  using	
  default	
  parameters.	
  Alignments	
  from	
  all	
  eight	
  tissues	
  were	
  merged,	
  and	
  

extrinsic	
  hints	
  for	
  “intron”	
  and	
  “exonpart”	
  features	
  were	
  generated	
  using	
  custom	
  scripts	
  

from	
  the	
  STAR	
  output	
  “SJ.out.tab”	
  files	
  and	
  “Aligned.out.sam”	
  files,	
  respectively.	
  	
  

In	
  addition	
  to	
  transcript	
  hints,	
  I	
  also	
  incorporated	
  protein	
  evidence	
  based	
  on	
  Human	
  

proteins	
  (Ensembl	
  release	
  GRch37.73),	
  zebrafish	
  proteins	
  (Ensembl	
  release	
  Zv9.73)	
  ,	
  and	
  

all	
  other	
  Gymnotiform	
  protein	
  sequences	
  available	
  at	
  NCBI	
  Taxonomy	
  Browser	
  

(downloaded	
  Feb.	
  7,	
  2014).	
  To	
  do	
  this,	
  I	
  followed	
  the	
  tutorial	
  offered	
  by	
  the	
  AUGUSTUS	
  

makers:	
  	
  

http://bioinf.uni-­‐greifswald.de/bioinf/wiki/pmwiki.php?n=Augustus.IncorporateProteins	
  

	
  

Briefly,	
  all	
  proteins	
  sequences	
  were	
  blasted	
  against	
  the	
  genome	
  assembly	
  (tblastn	
  -­‐

evalue	
  1e-­‐15	
  –threshold	
  999	
  –max_intron_length	
  3000	
  –max_target_seqs	
  10).	
  Top	
  hits	
  

were	
  parsed,	
  and	
  then	
  Exonerate	
  (v2.2.0)[47]	
  was	
  run	
  on	
  the	
  top	
  hits	
  using	
  default	
  

parameters.	
  The	
  output	
  from	
  exonerate	
  was	
  converted	
  to	
  hints	
  for	
  AUGUSTUS.	
  Protein	
  

hints	
  were	
  generated	
  with	
  scripts	
  from	
  Katharina	
  Hoff	
  (University	
  of	
  Greifswald),	
  personal	
  

communication.	
  

AUGUSTUS	
  (v2.6)	
  [48]	
  was	
  run	
  with	
  the	
  following	
  parameters:	
  “-­‐-­‐species=human	
  -­‐-­‐

codingseq=on	
  -­‐-­‐gff3=on	
  -­‐-­‐alternatives-­‐from-­‐evidence=true	
  -­‐-­‐allow_hinted_splicesites=atac	
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-­‐-­‐UTR=on	
  -­‐-­‐uniqueGeneId=on,”	
  with	
  the	
  following	
  parameter	
  setting	
  in	
  the	
  extrinsic	
  cfg	
  

file:	
  

	
  

start     1 1 M  1 1e+100 RM  1 1     E 1     1     W 1     1     P  1     1e3 

stop     1 1 M  1 1e+100 RM  1 1     E 1     1     W 1     1     P  1     1e3 

tss     1 1 M  1 1e+100 RM  1 1     E 1     1     W 1     1     P  1     1 

tts     1 1 M  1 1e+100 RM  1 1     E 1     1     W 1     1     P  1     1 

ass     1 1 M  1 1e+100 RM  1 1     E 1     1     W 1     1     P  1     100 

dss     1 1 M  1 1e+100 RM  1 1     E 1     1     W 1     1     P  1     100 

exonpart     1 .997 M  1 1e+100 RM  1 1     E 1     1e2     W 1     1.007 P  1   1 

exon     1 1 M  1 1e+100 RM  1 1     E 1     1e4     W 1     1     P  1     1e4 

intronpart   1 1 M  1 1e+100 RM  1 1     E 1     1     W 1     1     P  1     1 

intron     1 .3 M  1 1e+100 RM  1 1     E 1     1e6     W 1     1     P  1     100 

CDSpart     1 0.985 M  1 1e+100 RM  1 1     E 1     1     W 1     1     P  1     1e5 

CDS     1 1 M  1 1e+100 RM  1 1     E 1     1     W 1     1     P  1     1 

UTRpart     1 .96 M  1 1e+100 RM  1 1     E 1     1     W 1     1     P  1     1 

UTR     1 1 M  1 1e+100 RM  1 1     E 1     1     W 1     1     P  1     1 

irpart     1 1 M  1 1e+100 RM  1 1     E 1     1     W 1     1     P  1     1 

nonexonpart  1 1 M  1 1e+100 RM  1 1.01     E 1     1     W 1     1     P  1     1 

genicpart    1 1 M  1 1e+100 RM  1 1     E 1     1     W 1     1     P  1     1 

	
  

Annotation	
  

Gene	
  names	
  were	
  assigned	
  to	
  the	
  AUGUSTUS	
  gene	
  models	
  by	
  comparison	
  to	
  D.	
  rerio	
  

ENSEMBL	
  Zv9	
  build	
  79	
  protein	
  sequences,	
  in	
  a	
  method	
  previously	
  described	
  [8].	
  

	
  

	
  

1C:	
  Analysis	
  of	
  improved	
  genome,	
  gene	
  models	
  

Mass	
  spectrometry	
  approaches	
  rely	
  on	
  a	
  reference	
  proteome	
  to	
  match	
  

experimentally	
  derived	
  spectra	
  to	
  a	
  corresponding	
  protein	
  sequence.	
  To	
  aid	
  in	
  maximally	
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identify	
  mass	
  spectra,	
  I	
  aimed	
  to	
  improve	
  upon	
  the	
  existing	
  E.	
  electricus	
  genome	
  assembly	
  

(termed	
  “SOAPdenovo	
  assembly”,	
  for	
  the	
  purposes	
  of	
  this	
  manuscript)[8],	
  by	
  incorporating	
  

additional	
  sequencing	
  reads	
  to	
  further	
  scaffold	
  followed	
  by	
  a	
  round	
  of	
  gap	
  filling	
  (termed	
  

“gap	
  filled	
  assembly”,	
  see	
  methods).	
  In	
  order	
  to	
  compare	
  the	
  SOAPdenovo2	
  genome	
  

assembly	
  to	
  the	
  assembly	
  obtained	
  after	
  a	
  round	
  of	
  scaffolding	
  and	
  gap	
  filling,	
  I	
  used	
  Quast	
  

(v2.3)	
  [49]	
  to	
  generate	
  statistics	
  about	
  the	
  SOAPdenovo2	
  assembly,	
  the	
  assembly	
  after	
  

scaffolding	
  only,	
  and	
  the	
  assembly	
  post	
  scaffolding	
  and	
  gap-­‐filing	
  (Table	
  5.S1,A).	
  Compared	
  

to	
  the	
  previous	
  SOAPdenovo	
  assembly,	
  the	
  gap-­‐filled	
  assembly	
  showed	
  significant	
  

improvement,	
  having	
  significantly	
  increased	
  contig	
  and	
  scaffold	
  lengths	
  (longest	
  contig	
  

length	
  ~7	
  times	
  longer	
  and	
  longest	
  scaffold	
  length	
  ~3.5	
  times	
  longer	
  in	
  gap-­‐filled	
  assembly	
  

compared	
  to	
  SOAPdenovo	
  assembly)	
  and	
  a	
  reduced	
  number	
  of	
  contigs	
  and	
  scaffolds	
  (~3.5	
  

times	
  and	
  2.5	
  times	
  fewer,	
  respectively);	
  in	
  other	
  words,	
  the	
  new	
  gap-­‐filled	
  assembly	
  more	
  

of	
  the	
  assembly	
  in	
  longer	
  assembled	
  pieces.	
  

In	
  addition,	
  I	
  wanted	
  to	
  determine	
  whether	
  the	
  AUGUSTUS	
  gene	
  models	
  predicted	
  in	
  

this	
  study	
  were	
  an	
  improvement	
  over	
  the	
  previously	
  published	
  gene	
  models.	
  To	
  that	
  end,	
  

predicted	
  proteomes	
  from	
  each	
  source	
  were	
  blasted	
  against	
  D.	
  rerio	
  proteins	
  (ENSEMBL	
  

Zv9	
  build	
  79),	
  and	
  compared	
  to	
  one	
  another	
  based	
  on	
  blast	
  hit	
  scores	
  (Table	
  5.S1,B).	
  I	
  used	
  

blastp	
  with	
  default	
  parameters,	
  and	
  extracted	
  only	
  top	
  hits	
  for	
  every	
  E.	
  electricus	
  protein	
  

along	
  with	
  their	
  corresponding	
  score.	
  Then,	
  using	
  custom	
  scripts,	
  I	
  compared	
  the	
  top	
  score	
  

for	
  each	
  D.	
  rerio	
  protein	
  ID.	
  In	
  this	
  approach,	
  I	
  found	
  that	
  6714	
  times	
  the	
  “old”	
  and	
  “new”	
  

gene	
  models	
  had	
  identical	
  blastp	
  scores,	
  7365	
  times	
  the	
  “new”	
  gene	
  models	
  had	
  a	
  better	
  

score,	
  and	
  2619	
  times	
  the	
  “old”	
  gene	
  models	
  had	
  a	
  better	
  blast	
  score.	
  In	
  other	
  words,	
  ,	
  I	
  

found	
  that	
  ~84%	
  of	
  the	
  time,	
  gene	
  models	
  predicted	
  in	
  the	
  gap-­‐filled	
  assembly	
  were	
  as	
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good	
  or	
  better	
  thantheprevious	
  gene	
  models	
  in	
  the	
  SOAPdenovo	
  assembly.theE.	
  electricus	
  

proteome	
  database	
  for	
  mass	
  spectral	
  searching	
  was	
  derived	
  from	
  these	
  new	
  gene	
  model	
  

predictions.	
  

	
  

1D:	
  Calculation	
  of	
  RNA	
  Expression	
  Levels	
  

The	
  GFF	
  output	
  from	
  AUGUSTUS	
  was	
  converted	
  to	
  GTF	
  format	
  using	
  custom	
  scripts	
  

for	
  input	
  into	
  HTseq	
  [50].	
  Expression	
  values	
  were	
  calculated	
  at	
  the	
  gene	
  level	
  (as	
  opposed	
  

to	
  transcript	
  level)	
  for	
  every	
  AUGUSTUS	
  gene	
  model	
  using	
  the	
  previously	
  described	
  STAR	
  

mapped	
  RNAseq	
  read	
  to	
  genome	
  and	
  the	
  htseq-­‐count	
  command	
  from	
  HTSeq	
  (“-­‐m	
  

intersection-­‐strict	
  –a	
  3	
  –t	
  exon	
  –s	
  no	
  –i	
  gene_id”)	
  (v0.6.1p1)[50].	
  Normalized	
  for	
  library	
  

size	
  with	
  DESeq	
  (v1.18.0)	
  [51],	
  and	
  further	
  normalized	
  for	
  transcript	
  length	
  (exonic	
  length)	
  

to	
  generate	
  “reads	
  per	
  kb	
  transcript”.	
  These	
  values	
  are	
  found	
  in	
  Table	
  5.S4.	
  

	
  

2.	
  Protein	
  isolation,	
  and	
  mass	
  spectral	
  analyses	
  

	
  

2A:	
  Protein	
  isolation	
  and	
  digestion	
  

Overview	
  of	
  method	
  used	
  depicted	
  in	
  Figure	
  5.S1.	
  Two	
  ~24	
  inch	
  specimen	
  were	
  

used	
  in	
  this	
  study,	
  according	
  to	
  animal	
  protocol	
  (Animal	
  protocol	
  number	
  M01657).	
  Tissue	
  

was	
  dissected,	
  flash	
  frozen	
  in	
  50mL	
  conical	
  tubes,	
  and	
  stored	
  at	
  -­‐80°C	
  for	
  later	
  use.	
  Protein	
  

isolation	
  through	
  protein	
  digestion	
  occurred	
  on	
  the	
  same	
  day	
  as	
  to	
  avoid	
  freeze/thaw	
  on	
  

intact	
  proteins,	
  and	
  was	
  performed	
  on	
  main	
  EO,	
  Sachs’	
  EO,	
  Hunter’s	
  EO,	
  and	
  skeletal	
  muscle	
  

from	
  two	
  fish	
  using	
  a	
  methanol/chloroform	
  extraction	
  method.	
  A	
  small	
  piece	
  of	
  each	
  tissue	
  

was	
  removed	
  from	
  the	
  stock	
  tissue,	
  was	
  pulverized	
  in	
  liquid	
  nitrogen	
  using	
  a	
  ceramic	
  



	
   178	
  

mortar	
  and	
  pestle.	
  Five	
  mL	
  of	
  urea	
  lysis	
  buffer	
  was	
  added	
  (8M	
  urea,	
  25	
  mM	
  Tris	
  pH	
  8,	
  100	
  

mM	
  sodium	
  chloride,	
  25	
  mM	
  sodium	
  fluoride,	
  10	
  mM	
  sodium	
  pyrophosphate,	
  50	
  mM	
  β	
  -­‐

glycerophosphate,	
  and	
  1-­‐Roche	
  Complete	
  EDTA-­‐free	
  Protease	
  Inhibitor	
  Cocktail	
  Tab	
  and	
  1-­‐

Roche	
  PhosStop	
  Inhibitor	
  tab	
  per	
  20	
  mL	
  buffer).	
  Samples	
  were	
  homogenized	
  using	
  a	
  Tissue	
  

Tearer	
  for	
  1-­‐2	
  minute	
  at	
  4	
  C.	
  In	
  a	
  50	
  mL	
  conical	
  tube,	
  methanol/chloroform	
  extraction	
  was	
  

performed	
  by	
  adding	
  4	
  volumes	
  MeOH	
  and	
  1	
  volume	
  CHCl3,	
  followed	
  by	
  vortexing,	
  3	
  

volumes	
  of	
  H2O	
  were	
  added,	
  followed	
  by	
  vortexing	
  and	
  then	
  spinning	
  for	
  5	
  minutes	
  at	
  

4000	
  RCF.	
  After	
  spinning,	
  the	
  top,	
  aqueous	
  phase	
  was	
  removed,	
  leaving	
  the	
  interphase	
  

intact.	
  Excess	
  methanol	
  was	
  added	
  followed	
  by	
  vortexing,	
  and	
  spinning	
  for	
  5	
  minutes.	
  The	
  

supernatant	
  was	
  removed,	
  and	
  the	
  pellet	
  was	
  washed	
  a	
  second	
  time	
  with	
  excess	
  methanol,	
  

vortexted,	
  and	
  centrifuged.	
  Pellets	
  were	
  dried	
  slightly,	
  and	
  were	
  resuspended	
  in	
  8M	
  Urea	
  

and	
  50	
  mM	
  ammonium	
  bicarbonate	
  containing	
  Roche	
  PhosStop	
  (1	
  tab/20	
  mL).	
  Protein	
  

concentrations	
  were	
  determined	
  using	
  a	
  BCA	
  assay	
  (Thermo	
  Scientific),	
  and	
  since	
  BCA	
  

assays	
  require	
  lower	
  urea	
  concentrations,	
  a	
  small	
  aliquot	
  of	
  the	
  sample	
  in	
  8M	
  urea	
  was	
  

used	
  and	
  diluted	
  down	
  to	
  1M	
  urea.	
  Post	
  protein	
  quantitation,	
  a	
  total	
  of	
  1.5	
  mg	
  was	
  diluted	
  

to	
  1.5	
  M	
  urea	
  in	
  50	
  mM	
  ammonium	
  bicarbonate	
  containing	
  Roche	
  PhosStop,	
  and	
  incubated	
  

with	
  dithiothreitol	
  (DTT)	
  at	
  a	
  final	
  concentration	
  of	
  5	
  mM	
  for	
  35	
  min	
  at	
  65°C.	
  Alkyation	
  was	
  

performed	
  by	
  incubating	
  with	
  iodoacetamide	
  at	
  a	
  final	
  concentration	
  of	
  12.5	
  mM,	
  in	
  the	
  

dark	
  for	
  1	
  hour	
  at	
  room	
  temperature.	
  The	
  reaction	
  was	
  quenched	
  adding	
  DTT	
  to	
  a	
  final	
  

concentration	
  of	
  10	
  mM.	
  Samples	
  were	
  digested	
  trypsin	
  (Promega)	
  and	
  Lysyl	
  

endopeptidase	
  (Wako)	
  with	
  at	
  1:100	
  ratio	
  of	
  protein	
  to	
  each	
  enzyme,	
  at	
  37°C	
  overnight.	
  

Reactions	
  were	
  stopped	
  by	
  acidifying	
  samples	
  with	
  formic	
  acid	
  to	
  a	
  final	
  

concentration	
  of	
  0.5	
  mM.	
  Samples	
  were	
  desalted	
  using	
  solid	
  phase	
  chromatography	
  (Sep-­‐
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Pak	
  3cc	
  C18	
  cartridge,	
  Waters),	
  such	
  that	
  1/3	
  (500	
  ug	
  protein)	
  was	
  in	
  one	
  column,	
  and	
  2/3	
  

(1	
  mg	
  protein)	
  was	
  in	
  another.	
  3cc	
  C-­‐18	
  columns	
  were	
  used	
  for	
  cleanup,	
  and	
  the	
  following	
  

protocol	
  was	
  used:	
  3	
  volumes	
  100%	
  acetonitrile	
  (ACN);	
  2	
  volumes	
  75%	
  ACN,	
  0.05%	
  formic	
  

acid	
  (FA);	
  3	
  volumes	
  0.1%	
  trifluroacetic	
  acid	
  (TFA).	
  To	
  each	
  digest,	
  1	
  volume	
  0.1%	
  TFA	
  was	
  

added,	
  and	
  then	
  loaded	
  on	
  the	
  column.	
  The	
  first	
  flow	
  through	
  was	
  collected	
  and	
  run	
  

through	
  the	
  column	
  a	
  second	
  time.	
  The	
  sample	
  was	
  washed	
  with	
  three	
  volumes	
  of	
  0.1%	
  

TFA,	
  and	
  eluted	
  with	
  1	
  mL	
  75%	
  ACN,	
  0.05%	
  FA,	
  twice,	
  followed	
  by	
  one	
  elution	
  with	
  1mL	
  

90%	
  ACN.	
  Samples	
  were	
  dried	
  in	
  a	
  speedvac,	
  and	
  stored	
  at	
  -­‐80°C	
  until	
  use.	
  The	
  500	
  ug	
  

aliquot	
  was	
  used	
  to	
  quality	
  check	
  samples	
  prior	
  to	
  TMT	
  labeling.	
  

	
  

2B:	
  Labeling	
  peptide	
  samples	
  with	
  unique	
  tandem	
  mass	
  tag	
  

The	
  eight	
  1mg	
  samples	
  were	
  then	
  labeled	
  with	
  a	
  unique	
  tag	
  TMT	
  (ThermoScientific,	
  

TMT-­‐10	
  plex,	
  lot	
  PI202555).	
  From	
  the	
  first	
  eel,	
  muscle	
  #1	
  (TMT-­‐126),	
  main	
  #1	
  (TMT-­‐

127N),	
  Sachs’	
  #1	
  (TMT-­‐127C),	
  Hunter’s	
  #1	
  (TMT-­‐128	
  N),	
  and	
  from	
  the	
  second	
  eel,	
  muscle	
  

#2	
  (TMT-­‐128C),	
  main	
  #2	
  (TMT-­‐129N),	
  Sachs’	
  #2	
  (TMT-­‐129C),	
  Hunter’s	
  #2	
  (TMT-­‐130N).	
  In	
  

total,	
  3	
  tubes	
  of	
  0.8	
  mg	
  label	
  were	
  used	
  to	
  label	
  1	
  mg	
  input.	
  The	
  reactions	
  were	
  scaled	
  up	
  

accordingly,	
  and	
  followed	
  manufacturers	
  protocol	
  with	
  the	
  following	
  exceptions:	
  The	
  dried	
  

peptides	
  were	
  brought	
  up	
  in	
  300	
  uL	
  200	
  mM	
  TEAB.	
  Three	
  tubes	
  of	
  each	
  label	
  (0.8	
  mg	
  tube)	
  

were	
  resoluablized	
  in	
  41	
  uL	
  neat	
  ACN,	
  vortexted,	
  and	
  centrifuge	
  to	
  collect.	
  TMT	
  labels	
  were	
  

added	
  to	
  each	
  sample,	
  vortexed,	
  and	
  incubated	
  at	
  room	
  temperature	
  for	
  2.5	
  hours,	
  on	
  a	
  

shaking	
  table.	
  Reactions	
  were	
  quenched	
  by	
  adding	
  24	
  uL	
  5%	
  oxalamine,	
  and	
  incubating	
  for	
  

15	
  min	
  at	
  room	
  temperature.	
  To	
  test	
  mixing	
  ratios,	
  5	
  uL	
  of	
  each	
  sample	
  was	
  pulled	
  from	
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each	
  sample	
  and	
  combined	
  in	
  a	
  1:1:1:1:1:1:1:1	
  ratio	
  with	
  the	
  other	
  samples.	
  The	
  remaining	
  

labeled	
  peptides	
  were	
  frozen	
  at	
  -­‐80°C	
  until	
  later	
  use.	
  

For	
  the	
  TMT	
  test	
  mix,	
  samples	
  were	
  desalted	
  using	
  C18	
  columns	
  (OMIX	
  C18	
  100uL	
  

tips,	
  Agilent	
  Technologies,	
  Part	
  number	
  A57003100),	
  and	
  run	
  on	
  an	
  Orbitrap	
  for	
  ratio	
  

testing.	
  Summed	
  reporter	
  ion	
  intensities	
  were	
  used	
  to	
  normalizing,	
  finding	
  first	
  the	
  sum	
  of	
  

all	
  reporter	
  ion	
  intensities	
  for	
  all	
  peptides,	
  finding	
  the	
  median	
  summed	
  value	
  for	
  all	
  eight	
  

channels,	
  and	
  then	
  using	
  this	
  to	
  determine	
  how	
  to	
  adjust	
  the	
  volume	
  input	
  to	
  ensure	
  equal	
  

ratios	
  were	
  added	
  for	
  all	
  eight	
  channels.	
  

	
  

2C:	
  Prefractionation	
  using	
  high	
  pH	
  reversed-­‐phase	
  chromatography	
  

Labeled	
  1mg	
  samples	
  were	
  thawed,	
  combined	
  in	
  equal	
  ratios	
  based	
  on	
  above	
  

calculations,	
  and	
  were	
  dried	
  down	
  to	
  ~200	
  uL	
  volume	
  in	
  a	
  speedvac.	
  Samples	
  were	
  brought	
  

up	
  in	
  ~1	
  volume	
  buffer	
  A	
  for	
  high	
  pH	
  reversed-­‐phase	
  chromatography.	
  Separation	
  was	
  

performed	
  on	
  an	
  HPLC	
  (Waters	
  2795)	
  fitted	
  a	
  Gemini	
  5u	
  C18	
  250x100	
  column	
  

(Phenomenex)	
  with	
  a	
  flow	
  rate	
  of	
  5	
  mL	
  per	
  minute.	
  Buffer	
  compositions	
  were	
  as	
  follows:	
  

Buffer	
  A,	
  10	
  mM	
  ammonium	
  formate	
  in	
  H2O,	
  pH	
  10;	
  Buffer	
  B,	
  10	
  mM	
  ammonium	
  formate	
  in	
  

80%	
  ACN,	
  pH	
  10.	
  The	
  following	
  gradient	
  was	
  used	
  for	
  separation:	
  0-­‐2	
  minutes,	
  100%	
  

buffer	
  A;	
  2-­‐3	
  minutes,	
  0-­‐5%	
  buffer	
  B;	
  3-­‐23	
  minutes,	
  5-­‐60%	
  buffer	
  B;	
  23-­‐25	
  minutes,	
  60-­‐

100%	
  buffer	
  B.	
  25-­‐26	
  minutes	
  100%	
  buffer	
  B;	
  26-­‐27	
  minutes	
  0-­‐100%	
  buffer	
  A;	
  27-­‐35	
  

minutes	
  100%	
  buffer	
  A.	
  In	
  total,	
  70-­‐30	
  second	
  (2.5	
  mL)	
  fractions	
  were	
  collected.	
  These	
  

fractions	
  were	
  combined	
  to	
  1-­‐minute	
  fractions.	
  For	
  whole	
  proteome	
  analysis,	
  500	
  uL	
  of	
  

each	
  1-­‐minute	
  fraction	
  was	
  removed,	
  and	
  4.5	
  mL	
  was	
  retained	
  for	
  phosphopeptide	
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enrichment.	
  500	
  uL	
  samples	
  were	
  dried	
  in	
  a	
  speedvac;	
  4.5	
  mL	
  samples	
  were	
  lyophilized.	
  All	
  

samples	
  were	
  stored	
  at	
  -­‐80°C	
  post	
  drying.	
  

	
  

2D:	
  Unenriched,	
  whole	
  protome	
  data	
  acquisition	
  

	
   For	
  whole	
  proteome	
  analysis,	
  fractions	
  (see	
  above	
  section)	
  were	
  combined	
  in	
  the	
  

following	
  manner:	
  From	
  1-­‐minute	
  fraction	
  #5	
  (combined	
  30	
  second	
  fraction	
  9	
  and	
  10)	
  thru	
  

1	
  minute	
  fraction	
  31,	
  every	
  sixth	
  fraction	
  was	
  combined	
  such	
  that	
  six	
  final	
  samples	
  were	
  

obtained.	
  Peptides	
  were	
  analyzed	
  by	
  nanoLC-­‐MS/MS	
  using	
  the	
  Agilent	
  1100	
  nanoflow	
  

system	
  (Agilent,	
  Palo	
  Alto,	
  CA)	
  connected	
  to	
  a	
  new	
  generation	
  hybrid	
  linear	
  ion	
  trap-­‐

orbitrap	
  mass	
  spectrometer	
  (LTQ-­‐Orbitrap	
  Elite™,	
  Thermo	
  Fisher	
  Scientific)	
  equipped	
  with	
  

an	
  EASY-­‐Spray™	
  electrospray	
  source.	
  Chromatography	
  of	
  peptides	
  prior	
  to	
  mass	
  spectral	
  

analysis	
  was	
  accomplished	
  using	
  capillary	
  emitter	
  column	
  (PepMap®	
  C18,	
  3µM,	
  100Å,	
  

150x0.075mm,	
  Thermo	
  Fisher	
  Scientific)	
  onto	
  which	
  extracted	
  peptides	
  were	
  

automatically	
  loaded.	
  NanoHPLC	
  system	
  delivered	
  solvents	
  A:	
  0.1%	
  (v/v)	
  formic	
  acid	
  ,	
  and	
  

B:	
  99.9%	
  (v/v)	
  acetonitrile,	
  0.1%	
  (v/v)	
  formic	
  acid	
  at	
  0.50	
  µL/min	
  to	
  load	
  the	
  peptides	
  

(over	
  a	
  30	
  minute	
  period)	
  and	
  0.3µl/min	
  to	
  elute	
  peptides	
  directly	
  into	
  the	
  nano-­‐

electrospray	
  with	
  gradual	
  gradient	
  from	
  3%	
  (v/v)	
  B	
  to	
  30%	
  (v/v)	
  B	
  over	
  154	
  minutes	
  

followed	
  by	
  10	
  minutes	
  fast	
  gradient	
  from	
  30%	
  (v/v)	
  B	
  to	
  50%	
  (v/v)	
  B	
  at	
  which	
  time	
  a	
  7	
  

minute	
  flash-­‐out	
  from	
  50-­‐95%	
  (v/v)	
  B	
  took	
  place.	
  As	
  peptides	
  eluted	
  from	
  the	
  HPLC-­‐

column/electrospray	
  source	
  survey	
  MS	
  scans	
  were	
  acquired	
  in	
  the	
  Orbitrap	
  with	
  a	
  

resolution	
  of	
  120,000	
  followed	
  by	
  HCD-­‐type	
  MS2	
  fragmentation	
  at	
  30,000	
  resolving	
  power	
  

of	
  10	
  most	
  intense	
  peptides	
  detected	
  in	
  the	
  MS1	
  scan	
  from	
  400	
  to	
  2000	
  m/z;	
  redundancy	
  

was	
  limited	
  by	
  dynamic	
  exclusion.	
  Activation	
  settings	
  for	
  the	
  optimum	
  TMT-­‐based	
  MS2	
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fragmentation	
  were	
  as	
  follows,	
  default	
  charge:	
  2,	
  isolation	
  width:	
  2	
  m/z,	
  normalized	
  

collision	
  energy:	
  38	
  and	
  activation	
  time	
  of	
  0.1ms.	
  Raw	
  data	
  was	
  directly	
  imported	
  into	
  

Proteome	
  Discoverer	
  (v1.4.14)	
  where	
  protein	
  identifications	
  and	
  quantitative	
  reporting	
  

was	
  generated.	
  (see	
  section	
  2G	
  for	
  search	
  details)	
  	
  

	
  

2E.	
  Phosphopeptide	
  enrichment	
  by	
  titanium	
  dioxide	
  chromatography	
  

	
   For	
  phosphopeptide	
  enrichment,	
  fractions	
  were	
  combined	
  in	
  the	
  following	
  manner.	
  

From	
  1	
  minute	
  fraction	
  5	
  (combined	
  30	
  second	
  fractions	
  9	
  and	
  10)	
  thru	
  1	
  minute	
  fraction	
  

31,	
  every	
  fourth	
  fraction	
  was	
  combined,	
  such	
  that	
  four	
  final	
  samples	
  were	
  obtained.	
  I	
  found	
  

that	
  despite	
  being	
  in	
  a	
  volatile	
  salt	
  solution,	
  at	
  these	
  volumes	
  (a	
  total	
  of	
  ~31	
  mL	
  total	
  

fraction	
  volume	
  per	
  combined	
  sample)	
  these	
  resulting	
  samples	
  remained	
  too	
  salty	
  

forthetitanium	
  dioxide	
  chromatography	
  method,	
  so	
  each	
  fraction	
  was	
  desalted	
  on	
  a	
  3cc	
  C-­‐

18	
  column.	
  The	
  desalted	
  samples	
  were	
  then	
  enriched	
  for	
  phosphopeptides	
  using	
  titanium	
  

dioxide	
  chromatography,	
  in	
  a	
  method	
  based	
  on	
  [52],	
  but	
  with	
  the	
  following	
  modifications:	
  

titanium	
  dioxide	
  tips	
  were	
  prepared	
  with	
  1.5	
  mg	
  titanium	
  dioxide	
  (10um)	
  per	
  column,	
  

packed	
  atop	
  a	
  C8	
  disk.	
  Desalted	
  fractions	
  were	
  dried	
  to	
  completion,	
  and	
  resolubilized	
  in	
  

100	
  ul	
  loading	
  buffer	
  (1M	
  glycolic	
  acid,	
  80%	
  ACN,	
  5%	
  TFA).	
  The	
  column	
  was	
  washed	
  twice	
  

with	
  loading	
  buffer,	
  and	
  then	
  the	
  sample	
  was	
  loaded,	
  and	
  washed	
  twice	
  with	
  100	
  ul	
  loading	
  

buffer,	
  and	
  washed	
  twice	
  more	
  with	
  100	
  ul	
  wash	
  buffer	
  (80%	
  ACN,	
  1%	
  TFA).	
  Enriched	
  

phosphopeptides	
  were	
  eluted	
  twice	
  from	
  the	
  titanium	
  dioxide	
  with	
  50	
  ul	
  1%	
  ammonium	
  

hydroxide,	
  and	
  eluted	
  from	
  the	
  C8	
  disk	
  with	
  30%	
  ACN,	
  0.1%	
  TFA.	
  The	
  eluate	
  was	
  acidified	
  

with	
  3.5	
  ul	
  neat	
  formic	
  acid,	
  and	
  dried	
  using	
  a	
  speedvac.	
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2F:	
  Phosphoproteome	
  Data	
  Acquisition	
  

	
   Phosphopeptides	
  were	
  analyzed	
  on	
  an	
  Orbitrap	
  Fusion	
  fitted	
  with	
  a	
  nano	
  flow	
  liquid	
  

chromatography	
  column,	
  as	
  previously	
  described	
  [53].	
  

	
  

2G:	
  Database	
  Development,	
  searching,	
  and	
  FDR	
  estimation	
  

	
   For	
  mass	
  spectral	
  searching,	
  an	
  E.	
  electricus	
  protein	
  database	
  was	
  derived	
  from	
  

AUGUSTUS	
  gene	
  models	
  (see	
  previous	
  section).	
  Because	
  often	
  a	
  single	
  gene	
  model	
  had	
  

more	
  than	
  one	
  possible	
  coding	
  sequence	
  predicted	
  as	
  a	
  reflection	
  of	
  alternative	
  splicing	
  

predictions,	
  to	
  avoid	
  losing	
  quantitative	
  power	
  and	
  still	
  retain	
  the	
  limitation	
  of	
  only	
  

quantifying	
  uniquely-­‐mapping	
  peptides,	
  all	
  proteins	
  sequences	
  predicted	
  for	
  a	
  single	
  gene	
  

model	
  were	
  concatenated	
  such	
  that	
  they	
  represented	
  a	
  large,	
  single	
  sequence	
  in	
  the	
  .fasta	
  

file.	
  This	
  input	
  .fasta	
  file	
  was	
  used	
  as	
  the	
  protein	
  database	
  for	
  Proteome	
  Discoverer.	
  

For	
  untargeted,	
  whole	
  proteome	
  analysis,	
  searching	
  was	
  performed	
  with	
  the	
  

following	
  parameters:	
  Thermo	
  Proteome	
  Discoverer	
  (v1.4.1.14),	
  using	
  the	
  Seaquest	
  HT	
  

search	
  engine	
  platform	
  to	
  interrogate	
  the	
  E.	
  electricus	
  database	
  (see	
  above)	
  plus	
  common	
  

lab	
  contaminants.	
  Cysteine	
  carbamidomethylation	
  and	
  TMT-­‐specific	
  labeling	
  was	
  selected	
  

as	
  static	
  modifications	
  whereas	
  methionine	
  oxidation	
  and	
  asparagine/glutamine	
  

deamidation	
  were	
  selected	
  as	
  dynamic	
  modifications.	
  Peptide	
  mass	
  tolerances	
  were	
  set	
  at	
  

10	
  ppm	
  for	
  MS1	
  and	
  0.02	
  Da	
  for	
  MS2.	
  A	
  decoy	
  database	
  of	
  reverse	
  sequences	
  was	
  used	
  for	
  

false	
  discovery	
  rate	
  (FDR)	
  estimation.	
  A	
  minimum	
  of	
  two	
  unique	
  peptides	
  per	
  protein	
  were	
  

required	
  for	
  untargeted,	
  whole	
  proteome	
  quantitation,	
  with	
  a	
  minimum	
  peptide	
  score	
  

(XCorr	
  threshold)	
  of	
  at	
  least	
  1.0.	
  For	
  protein	
  grouping,	
  only	
  peptide	
  spectral	
  matches	
  with	
  

FDR	
  <=	
  0.05.	
  Delta	
  CN	
  better	
  than	
  0.15.	
  Coisolation	
  eluting	
  peptides	
  less	
  than	
  75%.	
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   For	
  TiOX-­‐enriched	
  peptides,	
  searching	
  was	
  performed	
  as	
  above,	
  except,	
  

Phosphorylation	
  was	
  included	
  as	
  a	
  dynamic	
  modification,	
  with	
  no	
  minimum	
  peptide	
  per	
  

protein	
  required.	
  In	
  addition,	
  in	
  Proteome	
  Discoverer	
  (v1.4.1.14),	
  a	
  phosphoRS	
  search	
  node	
  

was	
  included	
  to	
  provide	
  confidence	
  of	
  phosphosite	
  localization.	
  

	
  

2H:	
  Normalization	
  

A	
  table	
  containing	
  reporter	
  ion	
  intensities	
  for	
  all	
  peptide	
  matches	
  was	
  exported	
  

from	
  Proteome	
  Discoverer	
  and	
  parsed	
  using	
  custom	
  scripts:	
  a	
  maximum	
  co-­‐isolation	
  filter	
  

of	
  75%	
  was	
  applied,	
  and	
  all	
  values	
  were	
  scaled	
  by	
  scan	
  injection	
  time	
  such	
  that	
  the	
  reporter	
  

peak	
  intensities	
  were	
  multiplied	
  by	
  scan	
  injection	
  time.	
  For	
  all	
  reporter	
  ion	
  intensities	
  

passing	
  a	
  false	
  discovery	
  rate	
  filter	
  of	
  <	
  0.05,	
  the	
  median	
  reporter	
  ion	
  intensity	
  for	
  all	
  

peptides	
  in	
  each	
  channel	
  was	
  used	
  to	
  normalize	
  all	
  channels	
  towards	
  the	
  median,	
  and	
  then	
  

applying	
  a	
  correction	
  factor	
  for	
  each	
  channel	
  to	
  all	
  values	
  in	
  the	
  table.	
  Finally,	
  peptides	
  

were	
  filtered	
  on	
  whether	
  the	
  peptide	
  was	
  “used”	
  by	
  Proteome	
  Discoverer.	
  These	
  values	
  

were	
  then	
  used	
  to	
  determine	
  and	
  generate	
  a	
  table	
  for	
  the	
  summed	
  reporter	
  ion	
  intensities	
  

for	
  each	
  protein	
  grouping.	
  A	
  summary	
  of	
  total	
  peptides	
  and	
  protein	
  groups	
  identified	
  in	
  

each	
  experiment	
  is	
  summarized	
  in	
  Table	
  5.S2.	
  

In	
  order	
  to	
  determine	
  how	
  similar	
  identical	
  tissues	
  from	
  different	
  animals	
  were	
  to	
  

one	
  another,	
  for	
  each	
  fish,	
  the	
  median	
  summed	
  reporter	
  ion	
  intensity	
  for	
  each	
  protein	
  

group	
  was	
  determined,	
  and	
  then	
  the	
  log2	
  (tissue/median)	
  value	
  was	
  taken	
  for	
  each	
  fish.	
  

These	
  log2	
  transformed	
  ratios	
  were	
  then	
  input	
  into	
  R	
  for	
  examination.	
  First,	
  density	
  plots	
  

were	
  generated	
  of	
  the	
  log2	
  (tissue/median)	
  values	
  to	
  examine	
  their	
  distribution	
  centered	
  

around	
  zero	
  (Figure	
  5.S2).	
  Next,	
  I	
  clustered	
  these	
  values	
  by	
  protein	
  abundance	
  profile,	
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Euclidean	
  distances	
  were	
  computed	
  and	
  complete-­‐linkage	
  hierarchical	
  clustering	
  was	
  

performed.	
  The	
  resulting	
  heatmap	
  (built	
  with	
  heatmap.2	
  function	
  from	
  gplots	
  package,	
  

(v2.17.0)	
  [54]	
  (Figure	
  5.2A)	
  showsthenormalization	
  is	
  successful,	
  as	
  (1)	
  identical	
  tissues	
  

from	
  both	
  fish	
  cluster	
  together	
  and	
  (2)	
  muscle	
  clusters	
  distinctly	
  from	
  electric	
  organ.	
  

	
  

2I:	
  Generation	
  of	
  tissue-­‐specific	
  clusters	
  

Unenriched,	
  whole	
  proteome.	
  Because	
  I	
  was	
  interested	
  in	
  examining	
  proteins	
  of	
  differential	
  

abundance	
  among	
  the	
  three	
  EOs,	
  the	
  normalized,	
  log2	
  (tissue/median)	
  values	
  were	
  further	
  

filtered	
  such	
  that	
  only	
  proteins	
  with	
  a	
  minimum	
  of	
  2-­‐fold	
  difference	
  between	
  the	
  highest	
  

and	
  lowest	
  abundant	
  electric	
  organ	
  were	
  retained.	
  These	
  were	
  input	
  into	
  R	
  (v3.1.2)	
  for	
  k-­‐

means	
  clustering	
  and	
  resulting	
  heatmap	
  generation	
  using	
  the	
  pheatmaps	
  package	
  (v1.0.2)	
  

[55],	
  using	
  Euclidean	
  distance	
  measurement	
  and	
  complete	
  hierarchical	
  clustering	
  with	
  k=3.	
  

	
  

TiOX	
  enriched,	
  phosphoproteome:	
  Using	
  the	
  normalized,	
  log2	
  (tissue/median)	
  values	
  

generated	
  above,	
  only	
  phosphorylated	
  peptides	
  were	
  retained	
  in	
  the	
  analysis	
  as	
  were	
  only	
  

phosphopeptides	
  that	
  showed	
  at	
  least	
  two-­‐fold	
  difference	
  between	
  the	
  highest	
  and	
  lowest	
  

expressing	
  protein.	
  An	
  identical	
  clustering	
  method	
  was	
  use	
  here	
  as	
  was	
  used	
  for	
  the	
  

unenriched,	
  whole	
  proteome	
  clustering,	
  except	
  k=4	
  was	
  chosen.	
  

	
  

2J:	
  Correlation	
  of	
  RNA	
  expression	
  and	
  protein	
  abundance	
  values	
  

	
   In	
  order	
  to	
  determine	
  how	
  the	
  RNA	
  expression	
  values	
  obtained	
  (see	
  Supplementary	
  

Information	
  section	
  1D	
  and	
  Table	
  5.S4)	
  compared	
  to	
  that	
  of	
  the	
  protein	
  abundance	
  values	
  

obtained	
  in	
  these	
  experiments,	
  I	
  gathered	
  the	
  RNA	
  expression	
  data	
  for	
  muscle,	
  main	
  EO,	
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Sachs’	
  EO,	
  and	
  Hunter’s	
  EO	
  only	
  the	
  gene	
  models	
  whose	
  protein	
  sequences	
  were	
  identified	
  

in	
  these	
  experiments	
  (a	
  total	
  of	
  2866	
  proteins,	
  once	
  common	
  contaminant	
  hits	
  were	
  

filtered	
  out).	
  I	
  then	
  took	
  the	
  log2	
  (EO/muscle)	
  ratio	
  for	
  both	
  the	
  normalized	
  RNA	
  

expression	
  values	
  and	
  the	
  normalized	
  protein	
  abundance	
  values	
  for	
  both	
  fishes	
  (log2	
  

(EO/muscle,	
  starting	
  with	
  values	
  in	
  Table	
  5.S6).	
  To	
  account	
  for	
  the	
  difference	
  in	
  dynamic	
  

range	
  between	
  RNA	
  sequencing	
  and	
  protein	
  abundance	
  data,	
  a	
  gene	
  model	
  was	
  considered	
  

differentially	
  expressed	
  (DE)	
  at	
  the	
  RNA	
  level	
  if	
  it	
  had	
  a	
  log2	
  (EO/muscle)	
  value	
  of	
  greater	
  

than	
  2	
  or	
  less	
  than	
  -­‐2	
  (at	
  least	
  four-­‐fold	
  difference);	
  a	
  protein	
  was	
  considered	
  DE	
  if	
  it	
  had	
  a	
  

log2	
  (EO/muscle)	
  ratio	
  of	
  greater	
  than	
  1	
  or	
  less	
  than	
  -­‐1	
  (at	
  least	
  a	
  two-­‐fold	
  difference).	
  

	
   To	
  visualize	
  the	
  correlation	
  of	
  the	
  RNA	
  and	
  protein	
  abundance	
  data,	
  the	
  

aforementioned	
  criteria	
  were	
  used	
  to	
  classify	
  each	
  protein	
  in	
  each	
  tissue	
  (and	
  in	
  each	
  fish).	
  

Five	
  possibilities	
  were	
  considered	
  for	
  each	
  gene	
  model	
  (protein	
  group):	
  (1)	
  not	
  DE	
  at	
  the	
  

RNA	
  or	
  protein	
  level,	
  (2)	
  DE	
  at	
  a	
  protein	
  level,	
  but	
  not	
  at	
  the	
  RNA	
  level	
  (3)	
  DE	
  at	
  an	
  RNA	
  

level,	
  but	
  not	
  at	
  the	
  protein	
  level,	
  (4)	
  DE	
  at	
  both	
  RNA	
  and	
  protein	
  levels	
  (5)	
  DE	
  at	
  both	
  RNA	
  

and	
  protein	
  levels,	
  but	
  opposite	
  in	
  direction.	
  Using	
  scripts,	
  each	
  gene	
  model/protein	
  was	
  

classified	
  into	
  each	
  of	
  these	
  five	
  bins,	
  and	
  a	
  table	
  of	
  z-­‐values	
  (for	
  color	
  specification)	
  was	
  

created	
  for	
  input	
  into	
  R	
  for	
  building	
  plots	
  (Figure	
  5.S5).	
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Figure	
  5.1:	
  Proteins	
  important	
  for	
  electric	
  organ	
  discharge	
  in	
  E.	
  electricus	
  have	
  

phosphorylated	
  residues	
  not	
  reported	
  in	
  mammals.	
  (A).	
  Illustration	
  of	
  electrogenic	
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proteins	
  in	
  electric	
  organ	
  discharge.	
  Action	
  potential	
  is	
  driven	
  by	
  massive	
  Na+	
  influx	
  

mediated	
  by	
  Na+	
  channels	
  (acetylcholine	
  receptors	
  and	
  voltage-­‐gated	
  Na+	
  channels)	
  in	
  the	
  

innervated	
  membrane	
  face,	
  while	
  the	
  Na+/K+-­‐ATPase	
  work	
  to	
  maintain	
  negative	
  membrane	
  

potentials	
  at	
  the	
  non-­‐innervated	
  face.	
  This	
  results	
  in	
  a	
  large	
  transcellular	
  potential	
  

difference,	
  and	
  because	
  electrocytes	
  are	
  arranged	
  massively	
  in	
  series,	
  like	
  batteries	
  in	
  a	
  

flashlight,	
  voltages	
  summate.	
  (B)	
  Relative	
  location	
  of	
  identified	
  phosphorylated	
  residues	
  in	
  

electrogenic	
  proteins.	
  Green	
  lines	
  indicate	
  location	
  of	
  phosphorylated	
  residues	
  identified	
  in	
  

these	
  data	
  that	
  have	
  been	
  described	
  in	
  mammals	
  [12].	
  Red	
  lines	
  indicate	
  novel	
  

phosphorylated	
  residues	
  in	
  E.	
  electricus.	
  Blue	
  indicates	
  phosphosites	
  identified	
  in	
  E.	
  

electricus	
  that	
  fall	
  within	
  less	
  than	
  five	
  residues	
  of	
  a	
  known	
  phosphosite	
  in	
  mammals.	
  

Amino	
  acid	
  length	
  given	
  is	
  for	
  gene	
  model	
  chosen	
  for	
  analysis	
  (see	
  Table	
  5.S11	
  for	
  gene	
  

model	
  selection,	
  when	
  more	
  than	
  one	
  was	
  possible,	
  if	
  applicable).	
  (C)	
  Relative	
  expression	
  

for	
  electrogenic	
  ion	
  transporters	
  in	
  EOs	
  and	
  muscle.	
  Generally	
  pattern	
  observed	
  amongst	
  

most	
  ion	
  transporters	
  (main	
  >	
  Hunter’s	
  >	
  Sachs)	
  is	
  broken	
  by	
  a	
  voltage-­‐gated	
  potassium	
  

channel.	
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Figure	
  5.2:	
  Clustering	
  reveals	
  relatedness	
  among	
  three	
  distinct	
  EOs.	
  (A	
  and	
  B)	
  

Clustering	
  of	
  biological	
  replicate	
  tissues	
  by	
  (A)	
  relative	
  protein	
  abundance	
  and	
  (B)	
  relative	
  

phosphopeptide	
  abundance.	
  Quantitative	
  values	
  for	
  protein	
  groups	
  and	
  phosphopeptides	
  

were	
  normalized	
  as	
  indicated	
  in	
  the	
  methods.	
  Clustering	
  was	
  performed	
  using	
  complete-­‐

linkage	
  hierarchical	
  clustering,	
  and	
  the	
  numbers	
  inside	
  each	
  square	
  indicate	
  Euclidean	
  

distance	
  measurement,	
  darker	
  colors	
  indicating	
  small	
  distances.	
  The	
  data	
  indicates	
  that	
  the	
  

identical	
  tissues	
  from	
  two	
  fish	
  cluster	
  together	
  (ie.	
  main	
  EO	
  from	
  eel	
  1	
  clusters	
  with	
  main	
  

EO	
  from	
  eel	
  2),	
  and	
  muscle	
  clusters	
  separately	
  from	
  the	
  three	
  electric	
  organs,	
  as	
  expected	
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in	
  both.	
  Interestingly,	
  the	
  heat	
  map	
  suggests	
  because	
  Hunter's	
  EO	
  and	
  Sachs’	
  EO	
  cluster	
  

most	
  closely	
  to	
  one	
  another,	
  that	
  they	
  are	
  more	
  similar	
  to	
  one	
  another	
  and	
  are	
  more	
  

distinct	
  from	
  main	
  EO.	
  (C	
  and	
  D)	
  Venn	
  diagrams	
  showing	
  overlap	
  of	
  top	
  10%	
  most	
  

abundant	
  (C)	
  proteins	
  and	
  (D)	
  phosphopeptides	
  in	
  each	
  tissue	
  and	
  fish.	
  Venn	
  diagrams	
  

reveal	
  that	
  Hunter’s	
  EO	
  has	
  the	
  least	
  unique	
  proteins	
  and	
  phosphopeptides	
  compared	
  to	
  

main,	
  Sachs’,	
  and	
  muscle.	
  Protein-­‐level	
  Venn	
  diagrams	
  (C)	
  show	
  that	
  at	
  a	
  protein	
  level,	
  the	
  

largest	
  shared	
  group	
  is	
  among	
  proteins	
  most	
  abundant	
  in	
  all	
  four	
  tissues	
  tested	
  (muscle	
  

and	
  EO).	
  Phosphopeptide-­‐level	
  Venn	
  diagrams	
  (D)	
  indicate	
  that	
  at	
  a	
  phosphopeptide	
  

abundance	
  level,	
  the	
  largest	
  shared	
  group	
  is	
  among	
  the	
  three	
  EOs,	
  indicating	
  there	
  is	
  

distinct	
  protein	
  phosphorylation	
  in	
  the	
  EOs	
  relative	
  to	
  muscle.	
  (E	
  and	
  F).	
  K-­‐means	
  

clustering	
  depicts	
  co-­‐regulation	
  in	
  specific	
  EO	
  tissues	
  at	
  a	
  (E)	
  protein-­‐level	
  and	
  (F)	
  

phosphopeptide	
  level.	
  Results	
  indicate	
  there	
  are	
  EO-­‐specific	
  patterns	
  of	
  protein	
  and	
  

phosphopeptide	
  abundance.	
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Supplemental	
  Figures:	
  

	
  

Supplemental	
  Figure	
  5.S1:	
  Overview	
  of	
  experimental	
  method.	
  Flowchart	
  showing	
  

overview	
  of	
  procedures	
  in	
  article.	
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Supplemental	
  Figure	
  5.S2:	
  Density	
  plots	
  showing	
  distribution	
  of	
  log2	
  (tissue/median)	
  

normalized	
  intensity	
  values.	
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Supplemental	
  Figure	
  5.S3:	
  Phosphorylation	
  sites	
  in	
  C-­‐terminal	
  domain	
  of	
  E.	
  electricus	
  

SCN4aa.	
  C-­‐terminal	
  domain	
  of	
  the	
  protein	
  shows	
  variation	
  among	
  species,	
  including	
  among	
  

Gymnotiformes	
  (Eigenmannia	
  virescens,	
  and	
  Sternopygous	
  macrurus	
  include).	
  The	
  SCN4aa	
  

sequence	
  available	
  at	
  NCBI	
  for	
  E.	
  electricus	
  was	
  included	
  for	
  reference.	
  One	
  phosphosite	
  

previously	
  described	
  in	
  mammals	
  and	
  four	
  novel	
  phosphosites	
  were	
  localized	
  in	
  the	
  C-­‐

terminus	
  of	
  SCN4aa,	
  and	
  are	
  depicted	
  in	
  colored	
  boxes.	
  Red	
  boxes	
  indicated	
  the	
  two	
  

localized	
  phosphosites	
  at	
  residues	
  in	
  which	
  other	
  species	
  in	
  the	
  alignment	
  have	
  

unphosphorylatable	
  residues.	
  The	
  blue	
  box	
  indicates	
  a	
  localized	
  phosphorylation	
  site	
  at	
  a	
  

residue	
  that	
  is	
  also	
  phosphorylatable	
  in	
  a	
  subset	
  of	
  the	
  species	
  included	
  in	
  the	
  alignment	
  

(phosphorylatable	
  in	
  the	
  Gymnotiformes	
  the	
  Mormyroid	
  (Brienomyrus	
  brachyistius)	
  

included	
  in	
  the	
  alignment).	
  The	
  orange	
  box	
  indicates	
  a	
  localized	
  phosphosite	
  at	
  a	
  residue	
  

that	
  is	
  phosphorylatable	
  in	
  E.	
  virescens	
  (Human	
  shows	
  a	
  phosphorylated	
  residue,	
  however,	
  

the	
  alignment	
  is	
  very	
  poor	
  for	
  human).	
  The	
  green	
  box	
  indicates	
  an	
  unlocalized	
  phosphosite	
  

possibility.	
  Sequences	
  downloaded	
  from	
  NCBI:	
  Human	
  SCN4a,	
  as	
  ancestral	
  reference	
  

(NP_000325.4)	
  and	
  Sternopygous	
  macrurus	
  (AAK55442.2).	
  Sequences	
  downloaded	
  from	
  

ENSEMBL	
  Build	
  81:	
  tilapia	
  (ENSONIP00000009933),	
  cod	
  (ENSGMOP00000003144),	
  

medaka	
  (ENSORLP00000014568),	
  stickleback	
  (ENSGACP00000004617),	
  and	
  zebrafish	
  

(ENSDARP00000134593).	
  Sequences	
  from	
  transcriptome	
  assemblies	
  [8]	
  for	
  and	
  transcript	
  

sequences	
  for	
  Brienomyrus	
  brachyistius	
  (transcript	
  comp27150_c0_seq1)	
  and	
  Eigenmannia	
  

virescens	
  (transcript	
  Ev-­‐comp269953_c0_seq20).	
  Transcript	
  assemblies	
  covering	
  a	
  

significant	
  portion	
  of	
  the	
  C-­‐terminal	
  end	
  were	
  not	
  identified	
  in	
  the	
  transcriptome	
  

assemblies	
  for	
  Malpterurus	
  electricus	
  or	
  B.	
  brachyistius.	
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Supplemental	
  Figure	
  5.S4:	
  Abundance	
  of	
  potassium	
  channels	
  detected	
  in	
  this	
  study.	
  

Values	
  shown	
  are	
  log2	
  normalized	
  summed	
  reporter	
  ion	
  intensity	
  values	
  in	
  Table	
  5.S6.	
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Supplemental	
  Figure	
  5.S5:	
  Correlation	
  of	
  mRNA	
  expression	
  and	
  protein	
  abundance.	
  

(A).	
  Plots	
  show	
  correlation	
  of	
  mRNA	
  expression	
  and	
  protein	
  abundances	
  for	
  all	
  proteins	
  

dectected	
  in	
  unenriched	
  proteomics	
  experiment.	
  See	
  Supplementary	
  Information,	
  section	
  

2J	
  for	
  details	
  on	
  how	
  graphs	
  were	
  generated.	
  (B)	
  Table	
  showing	
  counts	
  of	
  gene	
  models	
  

falling	
  into	
  each	
  category	
  depicted	
  on	
  graphs	
  in	
  part	
  A.	
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Supplemental	
  Tables:	
  

	
  

Assembly contigs.(split.on.Ns) scaffolds
#"contigs"(>="0"bp) 471054 121323
#"contigs"(>="1000"bp) 103972 16715
Largest"contig 65235 886512
N50 5954 107900

Assembly contigs.(split.on.Ns) scaffolds
#"contigs"(>="0"bp) 353998 8840
#"contigs"(>="1000"bp) 102528 6133
Largest"contig 65235 3119439
N50 6126 595548

Assembly contigs.(split.on.Ns) scaffolds
#"contigs"(>="0"bp) 47656 8840
#"contigs"(>="1000"bp) 32881 6096
Largest"contig 429623 3115075
N50 37312 596078

Assembly contigs.(split.on.Ns) scaffolds
#"contigs"(>="0"bp) 353965 8788
#"contigs"(>="1000"bp) 102523 6081
Largest"contig 65235 3119439
N50 6127 616204

Assembly contigs scaffolds
#"contigs"(>="0"bp) 47607 8788
#"contigs"(>="1000"bp) 32849 6044
Largest"contig 438728 3115075
N50 37346 613956

SOAP.genome.only

scaffolded.SOAP.genome,.illumina.only

gapfilled,.scaffolded.SOAP.genome,.illumina.only

scaffolded,.with.illumina.and.454

gapfilled,.scaffolded.with.illumina.and.454

Gene$Model$Comparison Number$of$Proteins
Old$and$new$gene$models$'tie' 6714
New$models$have$better$score 7365
Old$models$have$better$score 2619

A"

B"



	
   199	
  

Table	
  5.S1	
  Comparison	
  of	
  new	
  genome	
  assembly	
  and	
  gene	
  annotations	
  to	
  the	
  

previous	
  assembly.	
  A.	
  Table	
  shows	
  statistics	
  on	
  comparing	
  various	
  assemblies	
  to	
  the	
  

original	
  assembly	
  published	
  previously	
  [8].	
  After	
  incorporating	
  new	
  454	
  reads,	
  and	
  a	
  round	
  

of	
  scaffolding	
  and	
  gapfilling,	
  this	
  improved	
  assembly	
  has	
  ~3.5	
  times	
  fewer	
  contigs,	
  2.5	
  

times	
  fewer	
  scaffolds,	
  the	
  longest	
  contig	
  is	
  ~7	
  times	
  longer,	
  the	
  longest	
  scaffold	
  is	
  3.5	
  times	
  

longer.	
  In	
  other	
  words,	
  more	
  of	
  the	
  newest	
  assembly	
  is	
  in	
  longer	
  assembled	
  pieces.	
  

Statistics	
  generated	
  by	
  Quast	
  [49]for	
  each	
  genome	
  assembly	
  rendition	
  (see	
  methods):	
  

“SOAP	
  genome	
  only”	
  (original	
  genome	
  assembly	
  [8]),	
  “scaffolded	
  SOAP	
  genome,	
  illumina	
  

only”	
  (original	
  genome	
  assembly	
  scaffolded	
  with	
  Illumina	
  mate-­‐pair	
  reads	
  only),	
  “gapfilled,	
  

scaffolded	
  SOAP	
  genome,	
  illumina	
  only”	
  (scaffolded	
  with	
  illumina	
  plus	
  a	
  round	
  of	
  gap	
  

filling),	
  “scaffolded,	
  with	
  illumina	
  and	
  454”	
  (original	
  genome	
  assembly	
  scaffolded	
  with	
  both	
  

Illumina	
  and	
  454	
  mate-­‐pair	
  reads),	
  “gapfilled,	
  scaffolded	
  with	
  illumina	
  and	
  454”	
  (scaffolded	
  

with	
  illumina/454	
  plus	
  a	
  round	
  of	
  gap	
  filling.	
  This	
  is	
  the	
  assembly	
  used	
  in	
  this	
  manuscript)	
  

B.	
  Comparison	
  of	
  gene	
  models	
  generated	
  in	
  old	
  and	
  new	
  assemblies.	
  Predicted	
  proteins	
  

were	
  blasted	
  against	
  zebrafish	
  proteins,	
  and	
  compared	
  to	
  one	
  another	
  based	
  on	
  blast	
  hit	
  

store.	
  This	
  comparison	
  revealed	
  that	
  ~84%	
  of	
  the	
  time,	
  the	
  new	
  predicted	
  protein	
  

sequences	
  were	
  as	
  good	
  or	
  better	
  than	
  the	
  previous	
  gene	
  model,	
  meaning	
  84%	
  of	
  the	
  time,	
  

they	
  received	
  the	
  same	
  blast	
  hit	
  score	
  to	
  zebrafish,	
  or	
  a	
  better	
  score	
  compared	
  to	
  the	
  

previous	
  equivalent	
  gene	
  model.	
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Table	
  5.S2.	
  Peptide	
  and	
  protein	
  group	
  counts	
  for	
  unenriched,	
  whole	
  proteome	
  experiment	
  

and	
  TiOX-­‐enriched	
  phosphoproteome	
  experiment.	
  

	
  

	
  

	
  

	
  

	
   	
  

Unenriched,*whole*proteome
#"unique"peptides 26668
#"protein"groups 2873

TiOX*enriched,*phosphoproteome
#"unique"peptides 7905
#"unique"phosphopeptides 4334
%"enrichment 54.80%
#"unique"proteins 2076
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Table	
  5.S3.	
  Phosphopeptides	
  in	
  EOD-­‐related	
  proteins	
  that	
  differ	
  in	
  abundance	
  

compared	
  to	
  protein	
  abundance.	
  Shown	
  in	
  this	
  table	
  are	
  the	
  log2	
  (tissue/median)	
  values	
  

of	
  each	
  differentially	
  abundant	
  phosphopeptide	
  in	
  all	
  eight	
  tissues,	
  as	
  well	
  as	
  the	
  protein	
  

abundance	
  values	
  for	
  all	
  tissues	
  (bottom	
  of	
  table).	
  Abundance	
  differences	
  were	
  considered	
  

significant	
  if	
  the	
  difference	
  between	
  the	
  phosphopeptide	
  abundance	
  and	
  the	
  protein	
  

abundance	
  was	
  at	
  least	
  two	
  fold	
  (difference	
  in	
  log2	
  values	
  of	
  at	
  least	
  1).	
  Orange	
  highlighted	
  

rows	
  indicate	
  other	
  phosphopeptides	
  that	
  differ	
  in	
  abundance,	
  but	
  have	
  missed	
  cleavages,	
  

and	
  so	
  were	
  not	
  discussed	
  further.	
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Large	
  Supplemental	
  Files	
  (available	
  by	
  shared	
  Box	
  link,	
  online):	
  

	
  

Supplemental	
  Table	
  5.S4	
  (.XLS):	
  Expression	
  values	
  (RNA)	
  for	
  all	
  predicted	
  genes	
  in	
  

assembly.	
  Expression	
  values	
  are	
  in	
  “reads	
  per	
  kilobase	
  transcript”,	
  as	
  described	
  in	
  the	
  

methods.	
  Raw	
  reads	
  from	
  [8],	
  and	
  include	
  brain,	
  spinal	
  cord,	
  whole	
  heart,	
  skeletal	
  muscle,	
  

main	
  EO,	
  Sachs’	
  EO,	
  Hunter’s	
  EO,	
  and	
  whole	
  kidney.	
  

	
  

Supplemental	
  Table	
  5.S5	
  (.XLS):	
  Raw	
  output	
  from	
  Proteome	
  Discoverer,	
  unenriched	
  

whole	
  proteome	
  samples.	
  Values	
  are	
  unnormalized	
  raw	
  channel	
  intensities,	
  for	
  input	
  into	
  

custom	
  script	
  for	
  normalization	
  and	
  quantitation.	
  

	
  

Supplemental	
  Table	
  5.S6	
  (.tsv):	
  Median	
  normalized	
  channel	
  intensity	
  values	
  for	
  

unenriched,	
  whole	
  proteome	
  samples.	
  

	
  

Supplemental	
  Table	
  5.S7	
  (	
  .XLSX):	
  Intensity	
  ratios,	
  log2	
  (tissue/median),	
  on	
  a	
  per	
  protein	
  

group	
  basis.	
  

	
  

Supplemental	
  Table	
  5.S8	
  (.XLSX):	
  Raw	
  output	
  from	
  Proteome	
  Discoverer,	
  titanium	
  

dioxide	
  enriched	
  phosphopeptides.	
  

	
  

Supplemental	
  Table	
  5.S9	
  (.TSV):	
  Median-­‐normalized	
  channel	
  intensity	
  values	
  for	
  

titanium	
  dioxide	
  enriched	
  phosphopeptides.	
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Supplemental	
  Table	
  5.S10	
  (.XLSX):	
  Normalized	
  intensity	
  ratios,	
  log2(	
  tissue/median,	
  on	
  a	
  

per	
  peptide	
  basis.	
  (A)	
  All	
  peptides	
  identified	
  (B)	
  Only	
  phosphopeptides.	
  

	
  

Supplemental	
  Table	
  5.S11	
  (.TSV):	
  Novel	
  and	
  known	
  phosphosites	
  in	
  E.	
  electricus	
  

proteins.	
  Contains	
  phosphosite	
  information	
  for	
  a	
  subset	
  of	
  proteins	
  discussed	
  in	
  the	
  

manuscript.	
  A	
  phosphosite	
  was	
  considered	
  localized	
  if	
  it	
  had	
  a	
  localization	
  score	
  of	
  75%	
  or	
  

greater.	
  Whether	
  a	
  phosphosite	
  was	
  considered	
  known	
  in	
  mammals	
  or	
  novel	
  was	
  

determined	
  based	
  on	
  protein	
  alignments	
  with	
  E.	
  electricus,	
  human,	
  mouse,	
  and	
  zebrafish	
  

sequences.	
  A	
  phosphosite	
  in	
  E.	
  electricus	
  was	
  considered	
  novel	
  if	
  it	
  was	
  at	
  least	
  five	
  amino	
  

acids	
  away	
  from	
  a	
  known	
  phosphosite	
  (this	
  information	
  is	
  recorded	
  in	
  the	
  “notes”	
  column).	
  

	
  

Supplemental	
  Table	
  5.S12	
  (.XLSX):	
  Correlation	
  of	
  RNA	
  and	
  protein	
  abundance	
  values.	
  

All	
  abundance	
  values	
  for	
  RNA	
  or	
  protein	
  are	
  in	
  log2	
  (EO/muscle).	
  “Group”	
  values	
  in	
  each	
  

table	
  have	
  following	
  meanings:	
  1:	
  not	
  DE	
  in	
  RNA	
  or	
  protein,	
  2:	
  DE	
  in	
  protein	
  only,	
  3:	
  DE	
  in	
  

RNA	
  only,	
  4:	
  DE	
  in	
  both	
  RNA	
  and	
  protein,	
  and	
  5:	
  DE	
  in	
  both	
  RNA	
  and	
  protein,	
  but	
  in	
  

opposite	
  directions.	
  (A)	
  Eel1	
  correlation	
  values,	
  RNA	
  expression	
  values	
  and	
  protein	
  

abundance	
  values,	
  for	
  all	
  three	
  EOs.	
  (B)	
  Eel	
  2	
  correlation	
  values,	
  RNA	
  expression	
  values,	
  

and	
  protein	
  abundance	
  values,	
  for	
  all	
  three	
  EOs.	
  (C)	
  main	
  EO,	
  the	
  join	
  between	
  tabs	
  1	
  and	
  2,	
  

where	
  in	
  both	
  biological	
  replicates,	
  the	
  gene	
  models	
  showed	
  the	
  same	
  pattern	
  (D)	
  Join	
  for	
  

Sachs’	
  EO,	
  (E)	
  Join	
  for	
  Hunter’s	
  EO.	
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“As	
  story	
  tells	
  us,	
  in	
  the	
  Indian	
  Seas,	
  

Of	
  finny	
  Race,	
  the	
  cold	
  Torpedo	
  plays;	
  

Who	
  to	
  the	
  Hook,	
  by	
  greedy	
  Hunger	
  brought,	
  

The	
  Fish	
  and	
  Fisher	
  both	
  at	
  once	
  are	
  caught:	
  

The	
  Icy	
  Venom	
  from	
  his	
  Rod	
  assails,	
  

And	
  soon	
  thro’	
  all	
  his	
  curdling	
  Blood	
  prevails…”	
  

-­‐	
  Universal	
  Spectator	
  and	
  Weekly	
  Journal,	
  June	
  12,	
  1731	
  

	
  

Future	
  Directions:	
  

The	
  experiments	
  presented	
  in	
  this	
  dissertation	
  jolt	
  the	
  field	
  of	
  electric	
  fish	
  biology	
  

into	
  the	
  ‘omics’	
  era.	
  However,	
  there	
  are	
  many	
  elements	
  that	
  remain	
  unknown	
  in	
  electric	
  

fishes,	
  especially	
  E.	
  electricus.	
  The	
  following	
  three	
  analyses,	
  discussed	
  below,	
  are	
  areas	
  of	
  

research	
  that	
  I	
  would	
  find	
  particularly	
  interesting,	
  and	
  build	
  off	
  of	
  the	
  framework	
  

established	
  in	
  this	
  dissertation.	
  

	
  

Improving	
  genome	
  assembly	
  of	
  3’UTR	
  regions	
  to	
  perform	
  miRNA	
  target	
  prediction	
  

	
   In	
  Chapter	
  3	
  of	
  this	
  dissertation,	
  we	
  analyzed	
  miRNA	
  expression	
  in	
  eight	
  tissues	
  in	
  E.	
  

electricus,	
  including	
  the	
  three	
  EOs	
  and	
  muscle,	
  and	
  identified	
  several	
  novel	
  miRNAs	
  and	
  

three	
  miRNAs	
  that	
  are	
  known	
  to	
  inhibit	
  muscle	
  development	
  and	
  are	
  highly	
  abundant	
  in	
  

our	
  three	
  EOs.	
  However,	
  in	
  this	
  study,	
  we	
  were	
  limited	
  by	
  the	
  fragmentation	
  of	
  our	
  genome	
  

assembly	
  and	
  the	
  resulting	
  gene	
  models	
  in	
  it,	
  in	
  particular,	
  regions	
  of	
  the	
  genes	
  encoding	
  

the	
  3’	
  untranslated	
  region	
  (3’UTR)	
  of	
  transcripts.	
  This	
  is	
  problematic	
  for	
  miRNA	
  target	
  

prediction	
  because	
  miRNAs	
  predominately	
  regulate	
  their	
  targets	
  by	
  interacting	
  with	
  the	
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3’UTR	
  region	
  of	
  transcripts,	
  although	
  miRNA	
  binding	
  to	
  the	
  5’UTR	
  and	
  exonic	
  regions	
  has	
  

been	
  described	
  as	
  an	
  alternative	
  and	
  robust	
  regulatory	
  mechanism.	
  Predicting	
  the	
  targets	
  

of	
  the	
  highly	
  abundant	
  and	
  previously	
  described	
  miRNAs	
  in	
  EO	
  would	
  help	
  inform	
  us	
  of	
  

their	
  possible	
  function	
  in	
  electrocytes.	
  

In	
  Chapter	
  5,	
  I	
  performed	
  additional	
  scaffolding	
  and	
  gap	
  filling	
  of	
  the	
  genome,	
  

generally	
  improving	
  the	
  gene	
  models	
  predicted	
  in	
  it.	
  Although	
  I	
  have	
  not	
  examined	
  the	
  

quality	
  of	
  3’	
  UTRs	
  in	
  the	
  new	
  assembly,	
  it	
  may	
  be	
  improved	
  enough	
  to	
  do	
  such	
  an	
  analysis.	
  

Assuming	
  the	
  genome	
  presented	
  in	
  Chapter	
  5	
  is	
  of	
  sufficient	
  quality,	
  all	
  the	
  pieces	
  would	
  be	
  

in	
  place	
  for	
  such	
  an	
  analysis,	
  and	
  such	
  programs	
  exist	
  to	
  perform	
  miRNA	
  target	
  enrichment	
  

[1].	
  If	
  the	
  genome	
  presented	
  in	
  Chapter	
  5	
  is	
  still	
  too	
  fragmented	
  or	
  incomplete	
  for	
  a	
  robust	
  

miRNA	
  target	
  experiment,	
  additional	
  Pacific	
  Biosciences	
  sequences	
  were	
  generated	
  for	
  E.	
  

electricus	
  that	
  have	
  not	
  been	
  included	
  in	
  any	
  E.	
  electricus	
  genome	
  assembly	
  to	
  date.	
  

Alternately,	
  instead	
  of	
  focusing	
  on	
  the	
  genome,	
  one	
  could	
  spend	
  time	
  improving	
  the	
  

transcriptome	
  assembly	
  of	
  E.	
  electricus	
  or	
  Sternopygous	
  macrurus	
  (a	
  Gymnotiform	
  for	
  

which	
  we	
  have	
  a	
  transcriptome	
  assembly	
  and	
  have	
  performed	
  miRNA	
  sequencing	
  on	
  

muscle	
  and	
  EO),	
  which	
  are	
  both	
  currently	
  difficult	
  to	
  work	
  with	
  given	
  their	
  massive	
  nature	
  

(hundreds	
  of	
  thousands	
  of	
  individual	
  transcripts	
  in	
  each	
  assembly)	
  but	
  could	
  be	
  improved	
  

on	
  (Chapter	
  3).	
  Analyzing	
  the	
  possible	
  targets	
  of	
  the	
  novel	
  miRNAs	
  identified	
  in	
  E.	
  electricus	
  

would	
  be	
  a	
  potentially	
  interesting	
  follow	
  up	
  analysis,	
  and	
  ultimately	
  lead	
  to	
  further	
  

hypotheses	
  as	
  to	
  the	
  development	
  of	
  electric	
  organs	
  from	
  myogenic	
  precursors.	
  

	
  

Identifying	
  phosphorylation	
  sites	
  in	
  E.	
  electricus	
  important	
  for	
  electrocyte	
  function.	
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Although	
  in	
  Chapter	
  5,	
  we	
  identified	
  several	
  novel	
  phosphorylation	
  sites	
  across	
  

proteins	
  important	
  for	
  electric	
  organ	
  discharge,	
  including	
  the	
  acetylcholine	
  receptor,	
  the	
  

voltage-­‐gated	
  sodium	
  channel,	
  and	
  the	
  Na+/K+-­‐ATPase,	
  a	
  significant	
  goal	
  is	
  to	
  identify	
  

which	
  phosphorylation	
  sites	
  are	
  serving	
  a	
  biological	
  function.	
  Because	
  we	
  are	
  unable	
  to	
  use	
  

genetic	
  approaches	
  at	
  understanding	
  the	
  role	
  of	
  each	
  phosphorylation	
  site	
  in	
  E.	
  electricus,	
  I	
  

began	
  experiments	
  aimed	
  at	
  teasing	
  apart	
  which	
  phosphorylation	
  sites	
  may	
  be	
  more	
  

important	
  than	
  others	
  using	
  an	
  approach	
  that	
  treated	
  slices	
  of	
  main	
  EO	
  with	
  various	
  

compounds	
  ex	
  vivo	
  (see	
  Appendix	
  I	
  for	
  experimental	
  details).	
  For	
  five	
  minutes	
  each,	
  I	
  

treated	
  tissue	
  slices	
  with	
  an	
  agent	
  to	
  inhibit	
  the	
  voltage-­‐gated	
  sodium	
  channel	
  

(tetrodotoxin,	
  the	
  pufferfish	
  toxin),	
  an	
  agent	
  to	
  inhibit	
  the	
  Na+/K+-­‐ATPase	
  (ouabain),	
  or	
  an	
  

agent	
  to	
  activate	
  the	
  acetylcholine	
  receptor	
  (carbamylcholine).	
  The	
  purpose	
  of	
  this	
  

experiment	
  will	
  be	
  to	
  compare	
  changes	
  in	
  protein	
  phosphorylation,	
  in	
  particular	
  to	
  the	
  

three	
  aforementioned	
  proteins/protein	
  complexes,	
  in	
  each	
  treatment.	
  If	
  treatment	
  results	
  

in	
  phosphorylation	
  changes	
  at	
  distinct	
  phosphorylated	
  residues,	
  it	
  may	
  be	
  evidence	
  for	
  the	
  

biological	
  importance	
  of	
  a	
  given	
  phosphorylation	
  site.	
  

	
   An	
  alternative	
  approach	
  to	
  this	
  would	
  be	
  to	
  consider	
  protein	
  phosphorylation	
  in	
  an	
  

additional	
  gymnotiform	
  species	
  (such	
  as	
  S.	
  macrurus	
  or	
  E.	
  virescens).	
  We	
  have	
  assembled	
  

transcriptomes	
  from	
  both	
  of	
  these	
  species	
  (Chapter	
  4),	
  although	
  the	
  assembly	
  for	
  each	
  

could	
  be	
  improved	
  prior	
  to	
  using	
  them	
  as	
  a	
  protein	
  database	
  for	
  mass	
  spectral	
  searching,	
  

due	
  to	
  the	
  fact	
  the	
  assemblies	
  are	
  massive	
  (hundreds	
  of	
  thousands	
  to	
  millions	
  of	
  

independent	
  transcripts).	
  Novel	
  phosphorylation	
  sites	
  that	
  were	
  shared	
  among	
  different	
  

Gymnotiformes	
  tested	
  could	
  give	
  some	
  weight	
  to	
  certain	
  phosphorylation	
  sites	
  having	
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biological	
  importance	
  over	
  others.	
  Further,	
  conserved	
  phosphorylated	
  residues	
  that	
  are	
  

mutated	
  to	
  	
  

	
  

Gymnotiformes	
  as	
  models	
  for	
  tissue	
  regeneration	
  

Many	
  vertebrate	
  fish	
  species	
  hold	
  a	
  remarkable	
  ability	
  to	
  regenerate	
  tissue	
  post	
  

amputation	
  or	
  injury;	
  among	
  these,	
  Gymnotiformes	
  (notably	
  weakly	
  electric	
  

Gymnotiformes),	
  show	
  a	
  remarkably	
  high	
  capacity	
  for	
  tissue	
  regeneration.	
  Post	
  tail	
  

amputation,	
  Gymnotiformes	
  are	
  able	
  to	
  completely	
  regenerate	
  all	
  tissues	
  lost	
  (spinal	
  cord,	
  

skeleton,	
  skeletal	
  muscle,	
  and	
  electric	
  organs,	
  to	
  name	
  a	
  few),	
  and	
  can	
  do	
  so	
  without	
  the	
  

formation	
  of	
  a	
  scar	
  (reviewed	
  in	
  [2]),	
  and	
  some	
  can	
  do	
  inexhaustibly	
  following	
  repeated	
  tail	
  

amputations.	
  This	
  is	
  in	
  contrast	
  to	
  zebrafish,	
  which	
  is	
  able	
  to	
  regenerate	
  many	
  tissues	
  and	
  

has	
  many	
  benefits	
  because	
  it	
  is	
  a	
  model	
  system,	
  but	
  is	
  unable	
  to	
  regenerate	
  tail	
  post	
  

amputation.	
  Among	
  all	
  Gymnotiformes,	
  the	
  species	
  that	
  has	
  been	
  studied	
  the	
  most	
  with	
  

respect	
  to	
  tissue	
  regeneration	
  post	
  tail	
  amputation	
  is	
  S.	
  macrurus.	
  In	
  this	
  system,	
  it	
  has	
  

been	
  demonstrated	
  that	
  skeletal	
  muscle	
  and	
  EO	
  are	
  replaced	
  post	
  tail	
  amputation	
  from	
  a	
  

population	
  of	
  myogenic	
  progenitors	
  (satellite	
  cells)	
  found	
  in	
  the	
  adjacent,	
  intact	
  tissue	
  [3],	
  

although	
  it	
  is	
  unclear	
  whether	
  muscle	
  and	
  EO	
  have	
  distinct	
  progenitor	
  cells	
  that	
  give	
  rise	
  to	
  

each	
  tissue,	
  respectively,	
  or	
  whether	
  it’s	
  the	
  same	
  population	
  of	
  progenitors	
  that	
  give	
  rise	
  

to	
  both	
  muscle	
  and	
  EO	
  [2].	
  All	
  studies	
  of	
  regeneration	
  in	
  Gymnotiformes	
  have	
  done	
  so	
  

without	
  the	
  presence	
  of	
  a	
  genome	
  or	
  transcriptome	
  sequence	
  assembly.	
  Improving	
  and	
  

using	
  the	
  transcriptome	
  assembly	
  of	
  S.	
  macrurus	
  would	
  enable	
  studies	
  at	
  the	
  transcript	
  or	
  

protein	
  level	
  across	
  time	
  points	
  during	
  the	
  development	
  of	
  the	
  blastema	
  (mass	
  of	
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undifferentiated	
  cells	
  that	
  appears	
  at	
  end	
  of	
  wound	
  site	
  post	
  tail	
  amputation),	
  and	
  

throughout	
  tail	
  regeneration.	
  

Along	
  similar	
  lines,	
  the	
  electrocyte	
  phenotype	
  is	
  dependent	
  on	
  neural	
  input,	
  and	
  

when	
  this	
  neural	
  connection	
  is	
  severed	
  in	
  S.	
  macrurus,	
  electrocytes	
  phenotypically	
  appear	
  

more	
  muscle-­‐like	
  (for	
  example,	
  denervated	
  electrocytes	
  begin	
  to	
  express	
  sarcomeric	
  

proteins	
  over	
  the	
  course	
  of	
  weeks)	
  [4].	
  The	
  underlying	
  mechanism	
  of	
  this,	
  or	
  an	
  

understanding	
  of	
  how	
  innervation	
  influences	
  electrocyte-­‐specific	
  gene	
  expression	
  is	
  

unknown.	
  Using	
  the	
  transcriptome	
  assembly	
  of	
  S.	
  macrurus,	
  one	
  could	
  explore	
  changes	
  in	
  

transcript	
  or	
  protein	
  abundance	
  in	
  electrocytes	
  post	
  denervation,	
  to	
  get	
  an	
  understanding	
  

of	
  how	
  neural	
  input	
  is	
  controlling	
  or	
  influencing	
  the	
  electric	
  organ	
  phenotype.	
  

	
  

Final	
  Thoughts	
  

	
   Electric	
  fishes	
  have	
  been	
  historically	
  important	
  across	
  several	
  scientific	
  disciplines.	
  

Despite	
  their	
  importance,	
  prior	
  to	
  the	
  onset	
  of	
  this	
  thesis	
  dissertation,	
  no	
  study	
  has	
  

previously	
  characterized	
  electric	
  organs	
  at	
  a	
  large-­‐scale	
  molecular	
  level.	
  The	
  data	
  

presented	
  throughout	
  this	
  dissertation	
  will	
  be	
  useful	
  to	
  many	
  fields,	
  and	
  enable	
  the	
  ability	
  

to	
  ask	
  specific	
  biological	
  questions	
  that	
  were	
  previously	
  inaccessible	
  due	
  to	
  the	
  lack	
  of	
  a	
  

genome	
  or	
  transcriptome	
  for	
  any	
  electric	
  fish	
  species.	
  

Finally,	
  strong-­‐voltage	
  electric	
  fishes,	
  including	
  E.	
  electricus,	
  the	
  electric	
  rays	
  

(Torpedo),	
  and	
  the	
  electric	
  catfish	
  have	
  shaped	
  (and	
  continue	
  to	
  shape)	
  our	
  culture,	
  

inspiring	
  stories,	
  poetry,	
  and	
  paintings	
  (Figure	
  6.1).	
  It	
  is	
  my	
  personal	
  experience	
  that	
  the	
  

topic	
  of	
  the	
  electric	
  eel	
  has	
  an	
  amazing	
  ability	
  to	
  bring	
  out	
  a	
  child-­‐like	
  curiosity	
  in	
  everyone.	
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I	
  will	
  always	
  look	
  back	
  on	
  my	
  years	
  as	
  “the	
  electric	
  eel	
  woman”	
  with	
  a	
  smile,	
  and	
  am	
  

grateful	
  to	
  have	
  had	
  this	
  wonderful	
  experience.	
  

	
  

	
  

	
  

Figure	
  6.1.	
  	
  Ode	
  to	
  Ollie.	
  	
  Painted	
  by	
  Cheryl	
  Redman	
  (UW	
  Biotechnology	
  Center).	
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Appendix	
  I:	
  	
  Ex	
  vivo	
  treatment	
  of	
  main	
  electric	
  organ	
  slices	
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Purpose:	
  

The	
  objective	
  of	
  this	
  experiment	
  was	
  to	
  determine	
  changes	
  in	
  protein	
  

phosphorylation	
  after	
  five	
  minute	
  exogenous	
  ex	
  vivo	
  treatment	
  of	
  main	
  EO	
  slices	
  with	
  

various	
  compounds,	
  to	
  determine	
  whether	
  any	
  sites	
  change	
  post	
  inhibition/activation.	
  Any	
  

changing	
  phosphorylation	
  sites	
  may	
  be	
  indicative	
  of	
  functional	
  phosphorylation	
  in	
  our	
  

proteins	
  of	
  interest,	
  namely,	
  the	
  acetylcholine	
  receptor,	
  the	
  voltage-­‐gated	
  Na+	
  channels,	
  

and	
  the	
  Na+/K+-­‐ATPase	
  

	
  

Materials	
  and	
  Methods:	
  

A	
  total	
  of	
  500	
  mL	
  of	
  Ringer	
  solution	
  was	
  prepared	
  as	
  previously	
  described	
  for	
  E.	
  

electricus	
  [1]	
  (169	
  mM	
  NaCl,	
  5	
  mM	
  KCl,	
  3	
  mM	
  CaCl2,	
  1.5	
  mM	
  MgCl2,	
  1.2	
  mM	
  Na2HPO4,	
  0.3	
  

mM	
  NaH2PO4).	
  Ringer	
  solution	
  containing	
  treatment	
  compounds	
  were	
  prepared	
  

immediately	
  before	
  beginning	
  experiment,	
  stored	
  in	
  50	
  mL	
  conical	
  tubes	
  until	
  use	
  (see	
  

below	
  Table	
  Ap1).	
  All	
  animals	
  were	
  euthanized	
  one	
  at	
  a	
  time	
  and	
  followed	
  our	
  animal	
  

protocol	
  (ice	
  bath	
  for	
  10	
  minutes	
  followed	
  by	
  swift	
  decapitation).	
  Slices	
  of	
  main	
  EO	
  ~0.4-­‐

0.5	
  cm	
  in	
  thickness	
  along	
  length	
  of	
  tail	
  corresponding	
  to	
  main	
  EO	
  section	
  were	
  created	
  and	
  

kept	
  wrapped	
  loosely	
  in	
  plastic	
  wrap	
  and	
  on	
  ice	
  until	
  ready	
  for	
  use.	
  Two	
  EO	
  slices	
  at	
  a	
  time	
  

were	
  received	
  five	
  minute	
  treatment:	
  	
  They	
  were	
  removed	
  from	
  the	
  plastic	
  wrap	
  and	
  

immersed	
  completely	
  in	
  a	
  square	
  petri	
  plate	
  containing	
  Ringer	
  solution	
  and	
  treatment	
  

where	
  they	
  stayed	
  for	
  five	
  minutes.	
  After	
  five	
  minutes	
  of	
  treatment,	
  tissue	
  was	
  removed	
  

from	
  petri	
  plate,	
  the	
  dorsal-­‐end	
  of	
  the	
  sample	
  was	
  removed	
  (containing	
  muscle,	
  swim	
  

bladder,	
  vertebrae,	
  etc)	
  and	
  flash	
  frozen	
  in	
  liquid	
  nitrogen.	
  Slices	
  transferred	
  to	
  50	
  mL	
  

conical	
  tube	
  and	
  stored	
  at	
  -­‐80	
  until	
  use.	
  The	
  order	
  of	
  treatment	
  varied	
  between	
  the	
  two	
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eels	
  used	
  in	
  the	
  study,	
  but	
  two	
  controls	
  flanked	
  the	
  three	
  treated	
  samples—the	
  first	
  two	
  

tissue	
  slices	
  were	
  immersed	
  in	
  Ringer	
  solution	
  only	
  for	
  five	
  minutes	
  followed	
  by	
  flash	
  

freezing	
  (control	
  1),	
  and	
  the	
  last	
  two	
  slices	
  were	
  treated	
  the	
  same	
  way	
  (control	
  2).	
  This	
  was	
  

done	
  to	
  control	
  for	
  any	
  changes	
  that	
  may	
  be	
  happening	
  in	
  the	
  EO	
  tissue	
  as	
  it	
  sat	
  on	
  ice	
  over	
  

time.	
  This	
  was	
  repeated	
  for	
  two	
  eels	
  in	
  one	
  day.	
  

	
  

Protein	
  extraction:	
  

In	
  total	
  ten	
  samples	
  were	
  processed-­‐	
  two	
  fish,	
  and	
  five	
  samples	
  per	
  fish	
  (two	
  

controls	
  and	
  three	
  treatments).	
  Pieces	
  of	
  main	
  EO	
  were	
  removed	
  from	
  EO	
  slice	
  (~	
  0.3-­‐0.4	
  g	
  

tissue)	
  and	
  pulverize	
  on	
  liquid	
  nitrogen	
  using	
  a	
  mortar	
  and	
  pestle.	
  Three	
  mL	
  of	
  8M	
  urea	
  

lysis	
  buffer	
  containing	
  protease	
  and	
  phosphatase	
  inhibitors	
  was	
  added,	
  as	
  previously	
  

described	
  (Chapter	
  5	
  methods).	
  Samples	
  were	
  homogenized	
  using	
  a	
  bead	
  beater,	
  splitting	
  

each	
  sample	
  across	
  three	
  Eppendorf	
  tubes	
  containing	
  a	
  large	
  steel	
  bead	
  and	
  homogenized	
  

at	
  20Hz	
  for	
  three	
  minutes	
  at	
  4°C.	
  Post	
  homogenization,	
  samples	
  were	
  transferred	
  to	
  a	
  50	
  

mL	
  conical	
  tube	
  for	
  methanol	
  chloroform	
  extraction,	
  followed	
  by	
  protein	
  resolubolization,	
  

and	
  quantitation	
  (as	
  previously	
  described,	
  see	
  Chapter	
  5	
  methods).	
  A	
  total	
  of	
  500	
  ug	
  

protein	
  was	
  incubated	
  with	
  dithothreitol	
  (DTT)	
  at	
  a	
  final	
  concentration	
  of	
  5	
  mM	
  for	
  35	
  

minutes	
  at	
  65°C.	
  	
  Alkylation	
  was	
  performed	
  by	
  incubating	
  with	
  idoacetamide	
  at	
  a	
  final	
  

concentration	
  of	
  12.5	
  mM	
  at	
  room	
  temperature	
  in	
  the	
  dark.	
  Reactions	
  were	
  quenched	
  by	
  

adding	
  DTT	
  to	
  a	
  final	
  concentration	
  of	
  10	
  mM.	
  Samples	
  were	
  digested	
  with	
  trypsin	
  and	
  lys-­‐

c	
  at	
  a	
  final	
  ratio	
  of	
  1:100	
  enzyme	
  to	
  protein	
  for	
  each	
  enzyme,	
  at	
  37°C	
  overnight.	
  

	
   Digests	
  were	
  acidified	
  by	
  adding	
  formic	
  acid	
  to	
  a	
  final	
  concentration	
  of	
  0.5	
  mM.	
  	
  

Samples	
  were	
  cleaned	
  up	
  using	
  solid	
  phase	
  (C18)	
  chromatography	
  (1cc	
  column,	
  SepPack,	
  



	
   223	
  

Waters),	
  following	
  protocol	
  in	
  Chapter	
  5	
  methods.	
  The	
  eluate	
  volumes	
  were	
  measured	
  and	
  

divided	
  such	
  that	
  400	
  ug	
  of	
  sample	
  would	
  be	
  used	
  in	
  final	
  labeling	
  reaction,	
  and	
  100	
  ug	
  

would	
  be	
  separated	
  from	
  it	
  for	
  quality	
  checks	
  before	
  labeling	
  reaction.	
  	
  Samples	
  were	
  dried	
  

and	
  stored	
  at	
  -­‐80°C	
  until	
  use.	
  

Labeling	
  reaction:	
  

	
   The	
  ten	
  400	
  ug	
  samples	
  were	
  each	
  labeled	
  with	
  one	
  tube	
  of	
  0.8	
  mg	
  TMT-­‐10	
  plex	
  tag,	
  

the	
  following	
  tags	
  assigned	
  to	
  each	
  sample:	
  from	
  the	
  first	
  fish,	
  control-­‐1	
  (TMT-­‐126),	
  

ouabain	
  (TMT	
  127N),	
  carbamylcholine	
  (TMT	
  127C),	
  tetrodotoxin	
  (TMT	
  128N),	
  control-­‐2	
  

(TMT	
  128C),	
  and	
  from	
  the	
  second	
  fish	
  control-­‐1	
  (TMT	
  129N),	
  ouabain	
  (TMT	
  129C),	
  

carbamylcholine	
  (TMT	
  130N),	
  tetrodotoxin	
  (TMT	
  130C),	
  control-­‐2	
  (TMT	
  131).	
  Labeling	
  

reactions	
  followed	
  manufacturers	
  protocol	
  with	
  the	
  following	
  exceptions:	
  The	
  lyophilized	
  

peptide	
  samples	
  were	
  brought	
  up	
  in	
  100	
  ul	
  of	
  200	
  mM	
  TEAB.	
  (instead	
  of	
  100	
  mM	
  TEAB).	
  

Labeling	
  reactions	
  were	
  performed	
  for	
  2.5	
  hours	
  at	
  room	
  temperature	
  on	
  a	
  shaking	
  table,	
  

and	
  vortexed	
  every	
  ~30	
  minutes.	
  For	
  testing	
  ratios,	
  5	
  ul	
  of	
  each	
  sample	
  was	
  pulled	
  from	
  

each	
  labeling	
  reaction	
  and	
  pooled	
  in	
  1:1:1:1:1:1:1:1:1:1	
  ratio	
  based	
  on	
  initial	
  protein	
  

concentration	
  with	
  the	
  other	
  samples.	
  The	
  remaining	
  sample	
  was	
  froze	
  at	
  -­‐80°C.	
  

	
   Samples	
  were	
  processed	
  as	
  described	
  in	
  chapter	
  5.	
  	
  Briefly,	
  the	
  TMT	
  test	
  mix	
  was	
  

desalted	
  on	
  a	
  C18	
  column	
  (Omix	
  tip,	
  brand),	
  and	
  desalted	
  samples	
  were	
  run	
  on	
  the	
  

Orbitrap	
  Elite	
  for	
  ratio	
  testing.	
  Peptides	
  were	
  combined	
  in	
  a	
  in	
  1:1:1:1:1:1:1:1:1:1	
  ratio	
  

based	
  on	
  the	
  summed	
  reporter	
  ion	
  intensity	
  for	
  each	
  channel.	
  The	
  sample	
  was	
  

prefractionated	
  using	
  a	
  high	
  pH	
  reversed-­‐phase	
  method.	
  The	
  resulting	
  30	
  second	
  fractions	
  

were	
  pooled	
  into	
  1	
  minute	
  fractions,	
  and	
  then	
  every	
  fourth	
  fraction	
  was	
  combined.	
  These	
  

resulting	
  fractions,	
  four	
  in	
  total,	
  were	
  lyophilized,	
  and	
  then	
  desalted	
  on	
  a	
  C18	
  column	
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(SepPack,	
  Waters,	
  3cc).	
  Phosphopeptides	
  were	
  enriched	
  from	
  these	
  four	
  fractions,	
  using	
  

the	
  glycolic	
  acid	
  method	
  described	
  in	
  Chapter	
  5.	
  These	
  samples	
  are	
  ready	
  for	
  data	
  

acquisition	
  on	
  the	
  Orbitrap	
  Fusion,	
  for	
  analysis	
  of	
  phosphosites	
  that	
  change	
  in	
  the	
  main	
  EO	
  

tissue	
  post	
  five	
  minutes	
  of	
  treatment	
  with	
  inhibitory	
  or	
  excitatory	
  compounds.	
  

	
  

	
  
Compound	
   Concentration	
   Ref.	
  for	
  conc	
   Vendor	
  
Tetrodotoxin	
   7x10-­‐8	
  M	
   [2]	
   Tetrodotoxin	
  1mg.	
  	
  

Fischer	
  Scientific	
  
(NC0066215	
  )	
  

Ouabain	
   0.01	
  M	
   [3]	
   Ouabain	
  Octahydrate	
  
98%	
  1G	
  from	
  VWR	
  
(AAJ60724-­‐03)	
  

Carbamylcholine	
  
chloride	
  

10-­‐4	
  M	
   [4]	
   Carbamylcholine	
  
chloride,	
  5g.	
  	
  VWR	
  
(200055-­‐290)	
  

Table	
  Ap1.	
  Compound	
  concentrations	
  used	
  in	
  this	
  experiment.	
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