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ABSTRACT 

 
Recent	  advances	  in	  technology	  have	  allowed	  for	  unprecedented	  mapping	  of	  

biological	  networks.	  Recovering	  and	  measuring	  these	  networks	  is	  essential	  for 

understanding	  the	  forces	  of	  evolution	  that	  shape	  and	  act	  on	  phenotypes.	  Here,	  we	  

synthesize	  information	  regarding	  polyploidy,	  or	  whole	  genome	  duplication,	  and	  its	  

effects	  on	  the	  rewiring	  of	  said	  networks.	  These	  changes	  may	  result	  in	  the	  phenotypic	  

evolution	  thought	  to	  lead	  to	  the	  diversity	  and	  survival	  of	  some	  lineages	  of	  life.	  

Specifically,	  we	  examine	  the	  consequences	  of	  polyploidy	  on	  an	  adaptive	  trait,	  

flowering	  time,	  critical	  to	  the	  establishment	  and	  maintenance	  of	  plant	  speciation.	  

Future	  studies	  of	  plant	  polyploids	  and	  of	  the	  changes	  of	  their	  complex	  biological	  

networks	  will	  allow	  for	  the	  development	  of	  improved	  models	  of	  disease	  and	  

biological	  processes	  useful	  for	  producing	  better	  crops	  for	  food,	  fuel,	  fiber,	  and	  

pharmaceuticals.	  Discovery	  and	  characterization	  of	  such	  networks	  will	  also	  

providing	  knowledge	  about	  the	  largely	  unknown	  constraints	  on	  the	  design	  space	  of	  

life. 
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Introduction	  

Polyploid	  cells	  and	  organisms	  are	  classically	  defined	  as	  containing	  more	  than	  

two	  homologous	  sets	  of	  chromosomes.	  Unlike	  diploids,	  that	  receive	  one	  set	  of	  

homologous	  chromosomes	  from	  each	  parent,	  polyploid	  organisms	  inherit	  two	  or	  

more	  sets.	  While	  this	  phenomenon	  occurs	  in	  many	  diverse	  eukaryotic	  organisms,	  it	  

is	  particularly	  frequent	  in	  plants	  [1]	  and	  thought	  to	  be	  responsible	  for	  the	  success	  of	  

some	  lineages.	  The	  duplication	  in	  genetic	  information	  and	  increase	  in	  combinatorial	  

complexity	  is	  thought	  to	  allow	  for	  evolutionary	  change	  [2].	  The	  redundancy	  in	  

duplicated	  biological	  networks	  allows	  for	  novel	  changes	  in	  pathways	  while	  not	  

drastically	  perturbing	  essential	  functions	  [3].	  	  

The	  success	  of	  polyploids	  over	  diploid	  progenitors	  could	  be	  due	  to	  their	  

ability	  to	  mask	  deleterious	  mutations	  [4],	  stabilize	  heritable	  heterosis	  [5],	  	  and/or	  

diversify	  function	  of	  duplicated	  genes	  via	  neofunctionalization	  or	  

subfunctionalization	  [6].	  	  

Lineages	  can	  experience	  multiple	  rounds	  of	  polyploidy,	  each	  followed	  by	  the	  

loss	  of	  many	  of	  the	  resulting	  duplicates.	  As	  reviewed	  in	  chapter	  one,	  following	  a	  

polyploidy	  event,	  the	  genome	  often	  undergoes	  changes	  that	  return	  chromosomal	  

pairing	  to	  a	  diploid-‐like	  state.	  However,	  the	  effects	  of	  polyploidy	  on	  genome	  

architecture	  can	  be	  seen	  long	  after	  the	  return	  to	  diploid	  pairing	  during	  meiosis	  [7].	  	  

With	  the	  advent	  of	  genome	  sequencing	  of	  higher	  plants,	  it	  is	  now	  appreciated	  how	  

all	  flowering	  plants	  share	  an	  ancient	  polyploidy	  event,	  and	  genes	  duplicated	  at	  this	  

time	  were	  important	  in	  the	  development	  of	  the	  flower	  [8,	  9].	  While	  the	  possibility	  

for	  novel	  traits	  existing	  as	  a	  consequence	  of	  polyploidy	  has	  long	  been	  appreciated,	  
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biologists	  are	  now	  observing	  clues	  as	  to	  the	  fate	  of	  which	  genes	  may	  have	  

contributed	  to	  the	  expression	  of	  novel	  traits.	  	  

	  The	  biological	  consequences	  of	  polyploidy	  can	  be	  observed	  at	  instantaneous,	  

recent,	  and	  ancient	  time	  scales.	  Thus,	  these	  events	  are	  classified	  from	  recent	  to	  older	  

events	  by	  the	  terms	  neopolyploidy,	  mesopolyploidy,	  and	  paleopolyploidy.	  In	  chapter	  

one,	  we	  review	  mechanisms	  of	  formation	  of	  both	  polyploid	  cells	  and	  entirely	  

polyploid	  individuals,	  the	  influence	  of	  polyploidy	  on	  gene	  loss	  and	  network	  

rewiring,	  and	  how	  these	  changes	  affect	  long-‐lasting	  complexity	  and	  evolution	  of	  the	  

organism.	  In	  chapter	  two,	  we	  then	  focus	  on	  the	  effect	  of	  polyploidy	  on	  a	  specific	  

adaptive	  trait,	  flowering	  time.	  	  

Specifically,	  chapter	  two	  examines	  the	  role	  of	  polyploidy	  and	  the	  regulation	  

of	  flowering	  time	  via	  epigenetic	  changes.	  The	  study	  of	  flowering	  time	  has	  resulted	  in	  

a	  well	  characterized	  set	  of	  pathways	  in	  the	  model	  plant,	  Arabidopsis	  [10].	  

Comparisons	  with	  related	  species	  have	  elucidated	  interesting	  facts	  about	  the	  

evolution	  of	  biological	  networks	  [11].	  In	  the	  case	  of	  rice	  and	  Arabidopsis,	  aspects	  of	  

the	  autonomous	  and	  photoperiod	  pathways	  are	  well	  conserved.	  However,	  a	  gene,	  

CONSTANS	  (CO),	  that	  promotes	  flowering	  during	  long	  days	  in	  Arabidopsis	  does	  quite	  

the	  opposite	  in	  rice,	  promoting	  flowering	  in	  short	  days	  and	  repressing	  flowering	  in	  

long	  days	  [12].	  Like	  in	  this	  example	  of	  CO,	  the	  analogy	  of	  nature	  reusing	  old	  tools	  

from	  its	  toolbox	  in	  new	  ways	  may	  be	  very	  appropriate	  for	  thinking	  about	  both	  

nature	  and	  the	  future	  engineering	  of	  biological	  systems.	  From	  both	  experimental	  

observations	  and	  theory,	  the	  authors	  argue	  for	  new	  avenues	  of	  research	  including	  

the	  study	  of	  both	  natural	  and	  resynthesized	  polyploids.	  
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In	  addition	  to	  engineering	  life	  and	  creating	  exact	  models	  of	  cells	  to	  

ecosystems,	  the	  goals	  of	  understanding	  biological	  systems	  involves	  discovering	  

underlying	  design	  principles.	  Once	  identified,	  these	  principles	  would	  in	  turn	  reveal	  

the	  answer	  to	  a	  major	  remaining	  question	  in	  systems	  biology:	  what	  are	  the	  general	  

design	  constraints	  of	  life?	  In	  addition	  to	  constraints,	  remaining	  questions	  regarding	  

the	  evolution	  of	  biological	  networks	  involve	  the	  rate	  and	  degree	  of	  network	  change	  

[13].	  To	  address	  this,	  measures	  of	  complex	  biological	  networks,	  such	  as	  robustness	  

and	  connectivity,	  have	  recently	  been	  applied	  to	  biological	  systems	  to	  begin	  to	  

measure	  these	  changes	  and	  have	  been	  reviewed	  elsewhere	  [14,	  15].	  The	  burgeoning	  

field	  of	  systems	  biology	  and	  the	  study	  of	  biological	  network	  evolution	  will	  hopefully	  

reveal	  answers	  to	  these	  deeper	  questions	  about	  the	  possibilities	  of	  life	  in	  addition	  to	  

helping	  us	  engineer	  better	  fuel,	  food,	  fiber,	  and	  pharmaceuticals.	  	  

Together,	  these	  chapters	  synthesize	  our	  current	  understanding	  about	  the	  

importance	  of	  polyploidy	  and	  possible	  roles	  of	  subsequent	  biological	  network	  

evolution.	  	  
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Figures	  

	  

Figure	  1.	  Chromosomal,	  network,	  and	  phyletic	  consequences	  of	  polyploidy	  

through	  time	  with	  relevant	  organismal	  examples.	  (A)	  Chromosome	  pairs	  for	  

diploid	  and	  polyploid	  organisms	  during	  meiosis.	  (A1)	  A	  hypothetical	  diploid,	  2x	  with	  

8	  chromosomes.	  (A2)	  A	  neopolyploid,	  4x	  with	  16	  chromosomes.	  	  (A3)	  A	  

paleopolyploid,	  2x	  with	  12	  chromosomes.	  (B)	  Network	  evolution	  over	  time	  

following	  a	  whole	  genome	  duplication	  event.	  (B1)	  Hypothetical	  network	  with	  

general	  genetic	  elements	  represented	  by	  shaded	  circles	  and	  edges	  representing	  

molecular	  interactions.	  	  	  (B2)	  A	  fully	  redundant	  network	  duplicated	  by	  whole	  

genome	  duplication.	  (B3)	  Over	  time,	  the	  network	  undergoes	  loss	  of	  interactions	  and	  

elements	  resulting	  in	  a	  rewired	  state.	  (C)	  Phyletic	  consequences	  of	  whole	  genome	  
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duplication,	  represented	  by	  a	  red	  star.	  Each	  leaf	  represents	  a	  gene	  from	  a	  taxon.	  A	  

different	  colored	  box	  represents	  each	  taxon.	  (C1)	  Lineage	  divergence	  within	  a	  group	  

of	  diploid	  organisms	  following	  a	  typical	  bifurcating	  pattern.	  (C2)	  Speciation	  

following	  a	  recent	  whole	  genome	  duplication,	  resulting	  in	  duplicates	  redundantly	  

mirroring	  the	  species	  tree.	  (C3)	  Over	  time,	  gene	  loss	  contributes	  to	  the	  erosion	  of	  

the	  mirrored	  species	  tree	  present	  immediately	  following	  whole	  genome	  duplication	  

and	  initial	  speciation.	  	  (D)	  Mesopolyploidy	  marks	  the	  period	  of	  major	  network	  

changes.	  While	  many	  of	  the	  mechanisms	  of	  these	  changes	  are	  hypothesized,	  the	  

timing	  and	  lineage	  specific	  differences	  or	  similarities	  are	  largely	  unknown.	  



	   6	  

Literature	  Cited	  

1.	   Mable,	  B.K.,	  ‘Why	  polyploidy	  is	  rarer	  in	  animals	  than	  in	  plants’:	  myths	  and	  
mechanisms.	  Biological	  Journal	  of	  the	  Linnean	  Society,	  2004.	  82(4):	  p.	  453-‐
466.	  

	  
2.	   Madlung,	  A.	  and	  J.F.	  Wendel,	  Genetic	  and	  epigenetic	  aspects	  of	  polyploid	  

evolution	  in	  plants.	  Cytogenet	  Genome	  Res,	  2013.	  140(2-‐4):	  p.	  270-‐85.	  
	  
3.	   De	  Smet,	  R.	  and	  Y.	  Van	  de	  Peer,	  Redundancy	  and	  rewiring	  of	  genetic	  networks	  

following	  genome-wide	  duplication	  events.	  Curr	  Opin	  Plant	  Biol,	  2012.	  15(2):	  
p.	  168-‐76.	  

	  
4.	   Gu,	  Z.,	  et	  al.,	  Role	  of	  duplicate	  genes	  in	  genetic	  robustness	  against	  null	  

mutations.	  Nature,	  2003.	  421(6918):	  p.	  63-‐6.	  
	  
5.	   Birchler,	  J.A.,	  et	  al.,	  Heterosis.	  Plant	  Cell,	  2010.	  22(7):	  p.	  2105-‐12.	  
	  
6.	   Moore,	  R.C.	  and	  M.D.	  Purugganan,	  The	  evolutionary	  dynamics	  of	  plant	  

duplicate	  genes.	  Curr	  Opin	  Plant	  Biol,	  2005.	  8(2):	  p.	  122-‐8.	  
	  
7.	   Simillion,	  C.,	  et	  al.,	  The	  hidden	  duplication	  past	  of	  Arabidopsis	  thaliana.	  Proc	  

Natl	  Acad	  Sci	  U	  S	  A,	  2002.	  99(21):	  p.	  13627-‐32.	  
	  
8.	   Jiao,	  Y.,	  et	  al.,	  Ancestral	  polyploidy	  in	  seed	  plants	  and	  angiosperms.	  Nature,	  

2011.	  473(7345):	  p.	  97-‐100.	  
	  
9.	   Project,	  A.G.,	  The	  Amborella	  Genome	  and	  the	  Evolution	  of	  Flowering	  Plants.	  

Science,	  2013.	  342(6165).	  
	  
10.	   Pose,	  D.,	  L.	  Yant,	  and	  M.	  Schmid,	  The	  end	  of	  innocence:	  flowering	  networks	  

explode	  in	  complexity.	  Curr	  Opin	  Plant	  Biol,	  2012.	  15(1):	  p.	  45-‐50.	  
	  
11.	   Higgins,	  J.A.,	  P.C.	  Bailey,	  and	  D.A.	  Laurie,	  Comparative	  genomics	  of	  flowering	  

time	  pathways	  using	  Brachypodium	  distachyon	  as	  a	  model	  for	  the	  temperate	  
grasses.	  PLoS	  One,	  2010.	  5(4):	  p.	  e10065.	  

	  
12.	   Turck,	  F.,	  F.	  Fornara,	  and	  G.	  Coupland,	  Regulation	  and	  identity	  of	  florigen:	  

FLOWERING	  LOCUS	  T	  moves	  center	  stage.	  Annu	  Rev	  Plant	  Biol,	  2008.	  59:	  p.	  
573-‐94.	  

	  
13.	   Kitano,	  H.,	  Towards	  a	  theory	  of	  biological	  robustness.	  Mol	  Syst	  Biol,	  2007.	  3:	  p.	  

137.	  
	  



	   7	  

14.	   Chae,	  L.,	  et	  al.,	  Towards	  understanding	  how	  molecular	  networks	  evolve	  in	  
plants.	  Curr	  Opin	  Plant	  Biol,	  2012.	  15(2):	  p.	  177-‐84.	  

	  
15.	   Barzel,	  B.	  and	  A.L.	  Barabasi,	  Universality	  in	  network	  dynamics.	  Nat	  Phys,	  2013.	  

9.	  
	  



	   8	  

CHAPTER	  1.	  Watching	  the	  grin	  fade:	  Tracing	  the	  effects	  of	  polyploidy	  on	  

different	  evolutionary	  timescales	  

	  

	  

	  

Authors:	  Dustin	  Mayfield-‐Jones,	  Jacob	  D.	  Washburn,	  Tatiana	  Arias,	  Patrick	  Edger,	  J.	  

Chris	  Pires,	  and	  Gavin	  C.	  Conant	  	  

	  

Published:	  Seminars	  in	  Cell	  and	  Developmental	  Biology,	  Vol.	  24:	  320-‐331,	  April	  

2013	  

	  

Abstract	  	  

Polyploidy,	  or	  whole-‐genome	  duplication	  (WGD),	  is	  a	  recurrent	  mutation	  both	  in	  cell	  

lineages	  and	  over	  evolutionary	  time.	  By	  globally	  changing	  the	  relationship	  between	  

gene	  copy	  number	  and	  other	  cellular	  entities,	  it	  can	  induce	  dramatic	  changes	  at	  the	  

cellular	  and	  phenotypic	  level.	  Perhaps	  surprisingly,	  then,	  the	  insights	  that	  these	  

events	  can	  bring	  to	  understanding	  other	  cellular	  features	  are	  not	  as	  well	  

appreciated	  as	  they	  could	  be.	  In	  this	  review,	  we	  draw	  on	  examples	  of	  polyploidy	  

from	  animals,	  plants	  and	  yeast	  to	  explore	  how	  investigations	  of	  polyploid	  cells	  have	  

improved	  our	  understanding	  of	  the	  cell	  cycle,	  biological	  network	  complexity,	  

metabolic	  phenotypes	  and	  tumor	  biology.	  We	  argue	  that	  the	  study	  of	  polyploidy	  

across	  organisms,	  cell	  types,	  and	  time	  scales	  serves	  not	  only	  as	  a	  window	  into	  basic	  
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cell	  biology,	  but	  also	  as	  a	  basis	  for	  a	  predictive	  biology	  with	  applications	  ranging	  

from	  crop	  improvement	  to	  treating	  cancer.	  

	  

Introduction	  

Polyploidy	  and	  cellular	  biology	  

For	  a	  biologist	  interested	  in	  the	  mechanisms	  of	  cell	  function,	  it	  is	  tempting	  to	  think	  

of	  polyploidy	  as	  something	  rare	  and	  probably	  occurring	   in	  someone	  else's	  system.	  

Almost	   all	   model	   organisms	   have	   chromosomes	   that	   behave	   as	   diploids.	   If	   one	  

studies	   the	   cell	   biology	   of	   humans,	   mouse,	   zebrafish,	   Drosophila,	   Caenorhabditis	  

elegans,	   yeast,	   Paramecium,	   or	   Arabidopsis,	   one	   can	   easily	   convince	   oneself	   that	  

whole	  genome	  duplications	  are	  unimportant	  as	  most	  polyploidy	  events	  are	  likely	  to	  

be	  “evolutionary	  dead	  ends.”	  However,	  like	  the	  Cheshire	  Cat's	  grin,	  the	  faint	  traces	  of	  

whole	   genome	   duplications	   are	   to	   be	   found	   in	  most	   of	   these	   organisms.	   As	  more	  

genomes	  are	  sequenced,	  we	  have	  found	  that	  not	  only	  is	  polyploidy	  rampant,	  but	  also	  

that	   the	   apparent	   distinction	   between	   diploids	   and	   polyploids	   is	   eroding:	  

phylogenomic	   results	   have	   now	   confirmed	   that	  many	   important	   lineages	   (e.g.,	   all	  

vertebrates	   and	   flowering	   plants)	   contain	   one	   or	   more	   rounds	   of	   whole	   genome	  

duplications	  (WGDs)	  in	  their	  history.	  Over	  evolutionary	  time,	  the	  lingering	  effects	  of	  

these	  WGDs	   have	   altered	   nearly	   every	   aspect	   of	   cell	   biology:	   from	   the	   immediate	  

impacts	   of	   polyploidy	   (neopolyploidy)	   on	   chromosome	   pairing	   and	   epigenetic	  

control	  of	  gene	  regulation	  (Section	  3	  of	  this	  review),	  to	  the	  process	  of	  diploidization	  

(mesopolyploidy)	   and	   the	   fractionation	   of	   genomes	   (Section	   4),	   to	   ancient	   whole	  

genome	   duplications	   (paleopolyploidy)	   and	   the	   rewiring	   of	   metabolic	   and	  
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regulatory	  networks	  (Section	  5).	  

The	  evolutionary	  story	  of	  WGD,	  while	  compelling,	   is	  complex.	  But	  WGD	  can	  

also	   be	   thought	   of	   as	   simply	   a	   mutational	   mechanism.	   Using	   natural	   or	   artificial	  

polyploids	  as	  experimental	  systems	  has	  altered	  our	  understanding	  of	  and	  ability	  to	  

investigate	   basic	   cellular	   functions,	   such	   as	   reproduction,	   metabolism,	   regulation	  

and	  the	  relationship	  between	  cell	  volume	  and	  gene	  copy	  number.	  In	  this	  review,	  we	  

outline	   several	  ways	   in	  which	  WGD	  has	  either	   illuminated	  particular	  processes	  or	  

has	   served	   as	   a	   useful	   experimental	   system	   for	   probing	   such	   processes.	   Our	  

examples	  will	  include	  how	  polyploidy	  illustrates	  the	  mechanisms	  of	  meiosis,	  how	  it	  

may	  drive	  some	  of	  the	  complexity	  of	  regulatory	  networks	  seen	  in	  eukaryotes,	  how	  it	  

may	   have	   produced	   some	   apparently	   paradoxical	   phenotypes	   (such	   as	   the	  

propensity	  of	  bakers’	  yeast	  to	  ferment	  glucose)	  and	  speculative	  but	  tantalizing	  links	  

between	  polyploidy,	  glucose	  fermentation	  and	  cancer.	  As	  we	  will	  show,	  some	  of	  the	  

most	   interesting	   polyploids	   are	   those	  where	   only	   the	   grin	   remains:	   our	   aim	   is	   to	  

bring	  the	  full	  WGD	  cat	  back	  into	  view.	  

Neo,	  meso	  or	  paleo?	  A	  timeline	  of	  WGD	  

A	  polyploidy	  event,	  strictly	  speaking,	  is	  simply	  a	  mutation	  in	  a	  single	  individual,	  but	  

its	   results	   are	   often	   discussed	   at	   various	   timescales,	   sometimes	   without	   a	   clear	  

distinction	   as	   to	   which	   one	   is	   at	   issue.	   Roughly	   speaking,	   we	   will	   discuss	   events	  

occurring	   within	   a	   few	   generations	   of	   the	   mutation	   (neopolyploids),	   at	   an	  

intermediate	   timescale,	   where	   speciation	   events	   have	   occurred	   since	   the	   WGD	  

(mesopolyploids)	   and	   at	   long	   timescales,	   where	   larger-‐scale	   evolutionary	  
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transitions	  may	  have	  occurred	  (paleopolyploids).	  

	  

Who	  can	  be	  polyploid?	  

Variation	  in	  ploidy	  is	  not	  only	  common	  in	  plant	  and	  (some)	  animal	  lineages	  but	  also	  

in	   certain	   cell	   lineages	   within	   an	   organism.	   Polyploid	   cells	   that	   aid	   in	   metabolic	  

functions	   are	   an	   essential	   part	   of	   the	   developmental	   program	   in	  many	   organisms	  

[1].	   However,	   polyploidy	   is	   also	   associated	   with	   pathological	   conditions	   such	   as	  

cancer	  and	  gall	   formation	   in	  plants	   [1],	   [2]	  and	  [3].	  Here	  we	  explain	  what	  kinds	  of	  

cells	   and	   taxonomic	   groups	   are	   likely	   to	   become	   polyploid	   and	   through	   which	  

processes.	   We	   also	   discuss	   some	   of	   the	   physiological,	   morphological,	   and	  

evolutionary	  implications	  of	  polyploid	  cell	  lineages.	  

	  

WGD	  and	  cell	  lineages	  

Cells	  with	  roles	  in	  growth,	  metabolism,	  development	  and	  reproduction	  in	  mammals,	  

insects	   and	   in	  plants	   are	   known	   to	  undergo	  polyploidy.	   Some	  of	   the	  most	   famous	  

examples	  of	  polyploid	  cell	   lineages	  come	  from	  arthropods:	  e.g.,	   salivary	  gland,	  gut,	  

trachea,	   liver	   and	   kidney	   cells	   show	   ploidy	   changes	   throughout	   development	  

[4]	  and	  [5].	   In	   mammals,	   megakaryocytes	   (blood	   cells	   specialized	   for	   platelets	  

production)	  may	   become	   polyploid,	  with	   a	  DNA	   content	   of	   up	   to	   128N	   [6].	   Later,	  

these	   cells	   will	   fragment	   into	   circulating	   platelets	   [4].	   Mammalian	   cells	   such	   as	  

hepatocytes,	   arterial	   smooth	  muscle	   cells,	   and	   cardiac	  myocytes	  may	  also	  become	  



	   12	  

polyploid	  [6].	  In	  plants,	  potentially	  polyploid	  cells	  include	  those	  in	  trichomes,	  galls,	  

the	   leaf	   epidermis,	   roots,	   female	   gametophyte	   central	   cells	   [1N–14N	   [7]],	   callus	  

tissue	  [8],	  endosperm	  (3N–15N),	  pollen,	  and	  hypocotyls	  [9]	  and	  [10].	  Some	  of	  these	  

lineages	   are	   obligate	   polyploids	   while	   others	   become	   polyploid	   due	   to	   external	  

stimuli	  [6].	   In	  the	  first	  case,	  polyploidy	  is	  a	  programmed	  part	  of	  development:	  e.g.,	  

megakaryocyte	  endoreduplication	  [4]	  or	  Drosophila	  polytene	  chromosomes	  [5].	   In	  

the	  second,	  one	  of	  the	  key	  stimuli	   that	  seems	  to	   induce	  polyploidy	   is	  stress,	  which	  

induces	   WGD	   in	   uterine	   muscle	   during	   pregnancy,	   the	   thyroid	   during	  

hyperthyroidism,	   and	   seminal	   vesicles	   with	   aging	   [4],	   [6]	  and	  [11].	   Similarly,	  

extreme	   temperature	   changes	   can	   induce	   polyploidy	   in	   plant	   cells	   [12]	   as	   can	  

disease	   and	   telomere	   damage	   in	   animals	   [11]	  and	  [13]	   or	   a	   number	   of	   other	  

stressors	  in	  the	  lab	  [14].	  

The	   reasons	   for	   these	   cell-‐lineage	  WGD	  events	   are	  varied,	   but	   some	   trends	  

can	  be	   identified.	   In	  particular,	   cell	   volume	  and	   relative	  metabolic	   rate	  are	   clearly	  

involved:	   topics	  we	  will	  return	  to	   in	  our	  discussion	  of	   the	  yeast	  WGD	  in	  Section	  5.	  

Thus,	  polyploidy	  tends	  to	  increase	  cell	  size	  and	  to	  be	  associated	  with	  high	  metabolic	  

rates	   [4].	   In	   plants,	   polyploid	   endosperm	   cells	   are	   known	   to	   increase	  metabolism	  

and	   rates	   of	   gene	   transcription	   [4],	   [7]	  and	  [15].	   Endoreduplication	   in	   animal	  

embryonic	   cells	   can	   channel	   energy	   to	   proteins	   and	   cellular	   components	   needed	  

during	   initial	   phases	   of	   development	   that	   would	   otherwise	   be	   used	   for	   cellular	  

division.	   In	  addition	  to	  surface-‐area	  to	  volume	  relationships,	  polyploidy	  also	  alters	  

the	   nuclear	   vs.	   organelle	   genome	   ratio,	   changing	   tissue	   development	   and	  

morphology	   [4],	   [15]	  and	  [16].	   Understanding	   these	   effects	   may	   be	   critical	   to	  
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understanding	  cellular	  metabolism.	  

	  

WGD	  in	  plant	  and	  animal	  species	  

Although	   polyploid	   organisms	   are	   known	   in	   both	   animals	   and	   plants,	   the	   general	  

perception	  is	  often	  that	  they	  are	  too	  rare	  to	  have	  been	  a	  significant	  factor	  in	  animal	  

evolution	   [17]	  and	  [18].	   Nevertheless,	   recent	   polyploidy	   is	   observed	   across	   a	   vast	  

range	  of	  animals,	  and	  is	  particularly	  common	  in	  fish	  and	  amphibians	  [19].	  But	  it	   is	  

with	   the	   blossoming	   of	   comparative	   genomics	   that	   ancient	   polyploidy	   events	   are	  

now	  widely	   recognized	   to	   have	   played	   a	   significant	   role	   in	   the	   structure,	   content,	  

and	   evolution	   of	   most	   eukaryotic	   genomes	   [18],	   [20],	   [21],	   [22]	  and	  [23].	   As	   it	  

happens,	   these	   WGD	   events	   have	   been	   best	   studied	   in	   plants,	   and	   the	   repeated	  

discovery	  of	  ancient	  plant	  WGDs	  over	   the	  past	  20	  years	  has	  changed	   the	  question	  

from	  how	  many	  plants	  are	  polyploid	  to	  how	  often	  a	  given	  lineage	  has	  experienced	  

WGD	  [24]	  and	  [25].	  From	  an	  evolutionary	  perspective,	  these	  events	  raise	  questions	  

such	  as	  whether	  WGD	  provides	  the	  fodder	  for	  evolutionary	  novelty	  and	  whether	  it	  

leads	   to	   changes	   in	   diversification	   and	   extinction	   rates	   [26],	   [27]	  and	  [28].	   Such	  

changes	  are	  expected,	  as	  WGD	  generates	  new	  genomic	  interactions	  starting	  with	  an	  

initial	   “genomic	   shock”	   that	   must	   be	   resolved	   in	   the	   new	   lineage	   [see	   especially	  

references	  in	  [29]].	  Recent	  analyses	  have	  found	  that	  newly	  formed	  polyploid	  species	  

have	   higher	   extinction	   rates	   than	   their	   diploid	   relatives.	   It	   is	   believed	   that	   this	  

difference	   may	   be	   due	   to	   meiotic	   abnormalities	   and	   other	   negative	   fitness	  

consequences	  of	   the	   inability	   to	   resolve	   said	  genomic	   shock.	  These	  data	   suggest	   a	  
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model	  whereby	  most	  WGDs	  are	  evolutionary	  dead-‐ends,	  with	  only	  rare	  polyploids	  

surviving	  over	  the	  long	  term.	  However,	  those	  rare	  survivors	  have	  left	  a	  substantial	  

legacy	  in	  plant	  genomes,	  becoming	  some	  of	  the	  fundamental	  drivers	  of	  phenotypic	  

novelty,	   resulting	   in	   genomic	   changes	   that	   may	   ultimately	   promote	   adaptive	  

speciation	  and	  diversification	  [27],	  [28]	  and	  [30].	  

	  

Neopolyploidy:	  the	  cell	  cycle,	  WGD	  and	  chromosome	  behavior	  

Mechanisms	  of	  polyploidy	  formation	  

Polyploidy	   may	   arise	   in	   several	   ways,	   generally	   through	   disruptions	   in	   either	  

mitosis	   or	  meiosis.	   Polyploid	   cell	   lineages	   are	   formed	  most	   commonly	   via	  mitotic	  

disruptions.	  Among	  these	  lineages,	  the	  most	  straight-‐forward	  route	  of	  formation	  is	  

endoreduplication,	   where	   mitosis	   is	   bypassed	   under	   conditions	   of	   low	   cyclin-‐

dependent	   kinase	   (CDK)/cyclin	   complexes	   [4]	  and	  [31].	   Some	   lineages	   undergo	  

several	  cycles	  of	  endoreduplication	  without	  entering	  mitosis	  [4],	  [9],	  [10]	  and	  [32].	  

A	  second	  mechanism	  of	  polyploid	  formation	  due	  to	  a	  disruption	  of	  mitosis	  involves	  

the	   repression	   of	   telomerase.	   This	   repression	   leads	   to	   telomere	   shortening	   that	  

results	  in	  end-‐to-‐end	  fusion	  of	  chromosomes	  [13].	  Yet	  another	  type	  of	  polyploidy	  is	  

seen	  in	  binucleated	  cells,	  which	  result	  from	  a	  failure	  of	  cytokinesis	  [2].	  Cytokinesis	  

failure	   [33]	   and/or	   failure	   to	   complete	   anaphase	  prior	   to	   reentering	   the	   cell	   cycle	  

may	   cause	   polyploidy	   in	   mammalian	   megakaryocytes	   [6].	   Finally,	   polyploid	   cell	  

lineages	   can	   occur	   through	   the	   merging	   of	   cells	   or	   the	   engulfing	   of	   one	   cell	   by	  

another	   [2]	  and	  [11]:	   for	   instance,	   transplanted	   bone	   marrow	   cells	   can	  
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spontaneously	  adopt	  the	  phenotype	  of	  recipient	  cells	  through	  cell	  fusion	  [34].	  

While	  polyploid	  cell	  lineages	  have	  important	  physiological	  roles,	  researchers	  

have	   historically	   been	   more	   interested	   in	   mutations	   that	   give	   rise	   to	   an	   entirely	  

polyploid	   individual.	  Such	  mutations	  are	  generally	   the	  result	  of	  defects	   in	  meiosis.	  

However,	   parthenogenesis	   and	   apomixes,	   where	   development	   occurs	   without	  

fertilization,	  can	  also	  be	  considered	  a	  form	  of	  polyploidy	  [35],	  [36],	  [37]	  and	  [38].	  In	  

general,	  the	  meiotic	  process	  involves	  the	  production	  of	  unreduced	  gametes	  that	  are	  

formed	  when	   the	  parent	  cell	   completes	   the	   first	  meiotic	  division	  but	   fails	   to	  enter	  

meiosis	   II.	   The	   result	   is	   a	   dyad	   of	   two	   diploid	   cells	   rather	   than	   a	   tetrad	   of	   four	  

haploid	   cells.	  Defects	   in	   cytokinesis	   can	   also	   lead	   to	  unreduced	  gametes	   [31].	   The	  

patterns	  of	   formation	  of	   these	   gametes	   and	   their	   subsequent	   evolution	  have	  been	  

extensively	   reviewed	   [39]	  and	  [40].	   The	   prevailing	  mechanisms	   of	   plant	   polyploid	  

formation	  are	  somatic	  doubling	  in	  the	  meristem	  and	  2n	  gamete	  formation	  [39].	  

The	  immediate	  impacts	  of	  polyploidy	  on	  a	  cell	  can	  be	  diverse.	  One	  common,	  

though	   not	   universal,	   occurrence	   is	   an	   increase	   in	   cell	   size	   in	   concert	   with	   DNA	  

content	   [22],	   [41],	   [42]	  and	  [43].	   This	   occurrence	   sometimes	   referred	   to	   as	   the	  

“nucleotypic	  effect”	  also	  causes	  volume	  and	  surface	  area	  scaling	  effects	  on	   the	  cell	  

[41].	  Some	  have	  posited	  that	  the	  smaller	  surface-‐to-‐volume	  ratios	  of	  polyploid	  cells	  

may	  cause	  lower	  growth	  rates,	  but	  this	  occurrence	  is	  not	  universal	  [22].	  Changes	  in	  

cell	  volume	  associated	  with	  WGD	  may	  also	  cause	  changes	  in	  protein	  concentrations,	  

thus	   affecting	   cellular	   kinetics	   [41].	   Other	   observations	   include	   those	   of	   genetic,	  

epigenetic,	   gene	   expression,	   and	   phenotypic	   changes	   (such	   as	   flowering	   time)	   in	  
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recent	   allopolyploids	   [22],	   [44],	   [45],	   [46]	  and	  [47].	   However,	   the	   fact	   that	   these	  

changes	  are	  not	  seen	  in	  autopolyploids	  [48]	  may	  indicate	  that	  they	  are	  a	  function	  of	  

hybridization	  more	  than	  of	  WGD	  itself	  [22].	  

	  

Insights	  into	  the	  cell	  cycle	  from	  polyploid	  cells	  

Studies	  of	  various	  mitotic	  abnormalities	  that	  result	  from	  polyploidy	  have	  improved	  

our	   understanding	   of	  mitosis	   and	  meiosis.	   In	   Drosophila,	   longer	   anaphase	   stages,	  

chromosome	  bridges,	  delayed	  mitotic	  transits,	  and	  lagging	  chromosomes	  have	  been	  

observed	   in	   polyploid	   cells	   [49].	   Extra	   centrosomes	   also	   seem	   to	   result	   from	  

polyploidy	   [50]	  and	  [51].	   In	   this	   case,	   tetraploid	   animal	   cells	   generate	   four	  

centrosomes	   which,	   if	   not	   properly	   positioned,	   can	   result	   in	   multipolar	   spindle	  

formation	  and	  aneuploid	  daughter	  cells	  [52]	  and	  [53].	  Although	  underutilized,	  these	  

polyploid	   phenotypes	   may	   hold	   keys	   to	   further	   understanding	   of	   mitotic	  

mechanisms.	  

	  

Restoring	  functional	  meiosis	  after	  WGD:	  examples	  from	  wheat	  

Meiosis	  is	  problematic	  and	  occasionally	  fatal	  for	  polyploids	  because	  it	  requires	  the	  

homologous	   pairing	   of	   chromosomes.	   When	   three	   or	   more	   very	   similar	  

chromosomes	  exist	  within	  the	  cell,	  they	  tend	  to	  form	  multivalents,	  often	  resulting	  in	  

incorrect	   segregation	   and	   unbalanced	   gametes.	   Because	   unbalanced	   gametes	  

decrease	  reproductive	  fitness,	  polyploids	  have	  developed	  mechanisms	  for	  deterring	  
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their	  formation.	  These	  mechanisms	  provide	  invaluable	  insights	  into	  diploid	  meiosis	  

but	  would	  have	  been	  difficult	  to	  discover	  directly	  in	  those	  systems.	  

One	   example	   is	   from	   domestic	   wheat,	   Triticum	   aestivum	   L.	   Although	   this	  

species	   is	   a	   hexaploid	   with	   three	   genomes,	   its	   chromosomes	   pair	   disomically,	  

allowing	   it	   to	   function	   genetically	   as	   a	   diploid.	   Surprisingly,	   however,	   this	  

differential	  pairing	   is	  not	  driven	  by	  differences	  between	  the	  three	  genomes,	  which	  

are	   not	   diverged	   enough	   to	   give	   proper	   chromosomal	   pairing	   on	   their	   own	  

[54]	  and	  [55].	  Instead,	  several	  genes	  have	  been	  discovered	  which	  contribute	  to	  this	  

process.	   The	  most	   important	   is	   named	  Ph1	   (pairing	   homoeologous):	  mutations	   in	  

Ph1	   allow	   homoeologous	   chromosome	   pairing	   (Fig.	   1)	   [56].	   Only	   parts	   of	   the	  

mechanism	  by	  which	  Ph1	  facilitates	  disomic	  pairing	  are	  known.	  For	  example,	  in	  the	  

presence	   of	  Ph1,	   homoeologous	   chromosomes	   come	   together	   prior	   to	  meiosis	   for	  

chromatin	   remodeling	   [57]	  and	  [58].	   When	   Ph1	   is	   lacking,	   chromatin	   remodeling	  

occurs	   asynchronously	   and	   non-‐homologous	   pairing	   occurs	   more	   frequently	  

[57]	  and	  [58].	  Given	  these	  results,	  some	  researchers	  proposed	  that	  Ph1	  suppresses	  

crossing	  over	  and	  as	  a	   result	  prevents	  potential	  pairing	  between	  non-‐homologous	  

chromosomes	   [59].	   They	   introgressed,	   or	   transferred,	   chromosome	   5B	   of	   wheat	  

(containing	  Ph1)	   into	   autotetraploid	   rye	   (Secale	   cereale	   L.).	  This	   resulted	   in	   fewer	  

non-‐homologous	   chromosome	   pairings	   when	   compared	   to	   normal	   rye.	   The	   same	  

researchers	  also	  looked	  at	  chromosome	  pairing	  in	  rye	  when	  2	  copies	  of	  wheat	  Ph1	  

were	  present.	   In	   this	   case,	   pairing	   (and	   crossing	  over)	  was	   restricted	   to	   the	  point	  

that	   univalents	   and	   bivalents	   were	   formed	   more	   often	   than	   in	   controls	   [59]	  

indicating	  that	  Ph1	   can	  even	  suppress	  homologous	  chromosome	  pairing.	  Logically,	  
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one	   can	   assume	   that	  Ph1-‐like	   genes	  may	   be	   present	   in	   diploid	   organisms	   and	   be	  

responsible	  for	  the	  degree	  of	  pairing	  and	  crossing	  over	  that	  occurs	  in	  these	  species.	  

A	   similar	   recombination	   (and	   perhaps	   pairing)	   suppression	   gene	   exists	   in	  

allotetraploid	  Brassica	  napus	  (AACC;	  2n	  =	  38)	  [60].	  It	  has	  been	  named	  PrBn	  (Pairing	  

regulator	   in	   B.	   napus)	   and	   its	   mutants	   display	   some	   similar	   phenotypes	   to	   Ph1	  

mutants	  in	  wheat	  [61].	  PrBn	  has	  been	  mapped	  to	  an	  area	  of	  ∼10	  cm	  but	  appears	  to	  

function	   epistatically	   with	   other	   genes	   [62],	  making	   the	   dissection	   of	   its	   function	  

difficult.	  The	  discovery	  of	  this	  second	  genetic	  system	  for	  meiotic	  pairing	  regulation	  

presents	  an	  interesting	  opportunity	  for	  comparisons	  between	  the	  two	  systems.	  Due	  

to	   the	   close	   phylogenetic	   relationship	   between	   B.	   napus	   and	   the	   model	   species	  

Arabidopsis,	   many	   molecular	   tools	   are	   available	   for	   dissecting	   the	   PrBn	   system.	  

Polyploids	  thus	  provide	  interesting	  windows	  into	  meiosis,	  a	  process	  contributing	  to	  

both	  evolutionary	  change	  and	  various	  diseases	  [e.g.,	  Down	  syndrome	  [63]].	  The	  fact	  

that	   a	   protein	   homolog	   of	   5B2,	   the	   enzyme	   encoded	   by	   the	   Ph1	   locus,	   exists	   in	  

humans	   (CDK2)	   [64],	   [65]	  and	  [66]	   makes	   the	   possible	   applications	   of	   polyploid	  

meiosis	  research	  intriguing.	  

	  

Mesopolyploidy:	  gene	  loss	  and	  gene	  networks	  

Once	   the	   immediate	   challenges	   of	   polyploidy	   have	   been	   resolved	   (e.g.,	   restoring	  

pairing,	  establishment	  of	  a	  breeding	  population),	  a	  longer-‐term	  process	  of	  genomic	  

change	  begins.	  Over	  the	  last	  decade,	  plant	  researchers	  have	  gained	  new	  insights	  into	  

both	  these	  processes	  through	  studies	  investigating	  either	  recent	  natural	  polyploids	  
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(e.g.	   Tragopogon	   mirus	   and	   Tragopogon	   miscellus)	   or	   domesticated	   and	  

resynthesized	   polyploids	   (e.g.	   B.	   napus	   –	   canola,	   T.	   aestivum	   –	   wheat,	   Gossypium	  

hirsutum	  –	  cotton,	  Nicotiana	  tabacum	  –	  tobacco,	  Arabidopsis	  suecica).	  These	  studies	  

have	  identified	  epigenetic	  and	  genomic	  changes	  that	  occur	  in	  the	  early	  generations	  

following	   WGD,	   including	   alterations	   in	   DNA	   methylation	   and	   gene	   expression.	  

These	  changes	  set	  the	  stage	  for	  arguably	  the	  main	  event	  of	  post-‐WGD	  evolution:	  the	  

fading	   of	   the	   WGD	   grin	   through	   duplicate	   gene	   loss	   and	   chromosomal	  

rearrangements	  [45],	  [47],	  [67]	  and	  [68].	  

	  

Diploidization	  

Collectively,	   this	   entire	   “stabilizing”	   process	   has	   been	   termed	   diploidization	   (i.e.	  

transitioning	  from	  the	  polyploid	  back	  to	  the	  more	  stable	  diploid	  state).	  An	  organism	  

that	  has	  been	  “caught	  in	  the	  act”	  of	  this	  process	  is	  autotetraploid	  rye	  (S.	  cereale	  L.).	  

Although	   it	   still	   forms	  multivalents	  during	  meiosis,	   it	  displays	  only	  ∼60%	  of	   those	  

expected	   of	   a	   randomly	   pairing	   autotetraploid	   [59].	   It	   thus	   illustrates	   the	  

importance	   of	   understanding	   the	   various	   mutations	   and	   underlying	   mechanisms	  

that	  contribute	  to	  diploidization	  [69].	  Again,	  the	  two	  key	  processes	  of	  duplicate	  loss	  

and	  genome	  rearrangement	  are	  at	  play:	  working	  together,	  they	  reduce	  the	  similarity	  

of	  homoeologous	  chromosomes,	  allowing	  the	  restoration	  of	  meiotic	  stability.	  We	  can	  

visualize	  the	  process	  of	  genome	  rearrangement	  with	  comparative	  cytogenetic	  data.	  

These	   changes	   are	   due	   to	   various	   large-‐scale	  mechanisms	   of	   karyotype	   evolution,	  

especially	   chromosome	   fusion	   and	   fission	   events	   [70].	   For	   example,	   Arabidopsis	  
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thaliana	   has	   five	   haploid	   chromosomes	  while	   its	   ancestor	   is	   inferred	   to	   have	   had	  

eight	  [70].	  Based	  on	  both	  cytogenetic	  approaches	  and	  comparing	  genetic	  maps,	  it	  is	  

clear	  that	  several	  of	  the	  ancestral	  chromosomes	  fused	  in	  order	  to	  reach	  the	  current	  

Arabidopsis	  karyotype.	  

Fractionation	  

Of	  equal	  importance	  for	  diploidization	  is	  the	  loss	  of	  the	  duplicate	  genes	  produced	  by	  

the	   WGD,	   a	   process	   termed	   fractionation.	   From	   each	   pair	   of	   duplicates,	   it	   is	  

generally	   possible	   to	   lose	   one	   copy	   through	   genetic	   drift,	   since	   the	   second	   copy	  

retains	   the	   required	   function	   (although	   see	  below).	  Recent	   evidence	   suggests	   that	  

these	  losses	  occur	  via	  a	  series	  of	  short	  deletions	  [71].	  The	  most	  naïve	  expectation	  is	  

that	   this	   process	   would	   randomly	   eliminate	   duplicates	   (unbiased	   fractionation),	  

leaving	  essentially	  half	  of	  each	  of	  two	  copies	  of	  the	  pre-‐WGD	  genome	  (see	  Sections	  

4.4	  and	  4.6).	  One	  of	  the	  more	  striking	  results	  of	  two	  decades	  of	  polyploidy	  research	  

is	  the	  discovery	  that	  the	  trajectory	  of	  fractionation	  is	  often	  nonrandom,	  sometimes	  

in	  two	  distinct	  ways:	  biased	  fractionation	  across	  the	  genome	  and	  the	  over-‐retention	  

of	  dosage	  sensitive	  genes.	  

	  

Biased	  fractionation	  

If	   the	   polyploid	  was	   formed	   by	   the	   combination	   of	   two	   distinct	   genomes	   (e.g.,	   an	  

allopolyploid	  rather	  than	  an	  autopolyploid),	  losses	  are	  often	  more	  common	  in	  one	  of	  

the	  two	  contributing	  genomes	  than	  in	  the	  other.	  This	  pattern	  of	  biased	  fractionation	  

has	   been	   reported	   in	   both	   monocot	   and	   eudicot	   genomes	   following	   independent	  
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polyploid	   events	   [72],	   [73],	   [74]	  and	  [75].	   Similarly,	   the	   noncoding	   regulatory	  

sequences	   are	   also	   fractionated	   over	   time	   across	   homoeologous	   regions	   in	   plant	  

genomes	   [Fig.	   2A;	   [74]	  and	  [76]].	   For	   example,	   Brassica	   rapa	   (Chinese	   cabbage)	  

underwent	  a	  whole	  genome	  triplication	  event	  (i.e.	  a	  process	  involving	  a	  first	  WGD,	  a	  

hybridization	  with	   a	   diploid,	   and	   then	   a	   second	  WGD)	   that	   is	   not	   shared	  with	   its	  

relative,	   the	  model	  plant	  A.	   thaliana.	  An	  analysis	  of	   the	  B.	  rapa	  genome	  revealed	  a	  

dominant	  subgenome	  that	  has	  undergone	  the	  least	  fractionation	  (i.e.,	  has	  the	  highest	  

duplicate	   gene	   retention	   rate).	   The	   other	   two	   contributing	   subgenomes	   have	  

undergone	  more	   fractionation	  and	  are	   termed,	   in	  order	  of	   the	  number	  of	   retained	  

duplicates,	   the	   highly-‐	   and	   most-‐fractionated	   subgenomes,	   respectively	   (Fig.	   2A).	  

Thus,	   gene	   retention	   has	   been	   biased	   toward	   one	   subgenome	   (i.e.	   one	   progenitor	  

parental	   genome	   or	   ‘dominant’	   subgenome),	   with	   duplicates	   having	   been	   largely	  

lost	   from	   the	   two	   other	   subgenomes.	   The	  mechanism(s)	   underlying	   this	   genome-‐

wide	  pattern	  is	  unknown,	  although	  researchers	  have	  hypothesized	  that	  they	  involve	  

epigenetic	   phenomena	   and	   repetitive	   elements	   [76].	   Hence,	   it	   was	   recently	  

proposed	   that	   studying	   the	   fractionation	   of	   known	   cis-‐acting	   sequences	   in	   plant	  

genomes	   would	   provide	   an	   opportunity	   to	   determine	   the	   function	   of	   individual	  

conserved	  noncoding	  sequences	  [termed	  “Nature's	  Promoter	  Basher	  [76]].	  

	  

Unbiased	  fractionation	  and	  reciprocal	  gene	  loss	  

Although	  biased	  fractionation	  has	  been	  the	  more	  frequent	  outcome	  of	  allopolyploidy	  

[75],	   [77]	  and	  [78],	   it	   is	   important	   to	   note	   that	   preferential	   retention	   of	   one	   sub-‐
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genome	   is	   not	   the	   invariable	   result	   of	  WGD:	   teleost	   and	   yeast	   lineages	   generally	  

show	  more	  random	  and	  equal	  loss	  patterns	  [79]	  and	  [80].	  One	  potential	  reason	  for	  

this	  difference	  would	  be	  if	  the	  later	  two	  events	  had	  been	  true	  autopolyploidies,	  with	  

identical	   genomes	   coming	   together.	   Unfortunately,	   current	   methods	   are	   not	   yet	  

sensitive	   to	   clearly	   distinguish	   an	   ancient	   autopolyploidy	   from	   an	   ancient	  

allopolyploidy.	  

	  

Gene	  Balance	  Hypothesis:	  retention	  of	  dosage	  sensitive	  genes	  

After	  biased	  fractionation,	  the	  second	  type	  of	  bias	  seen	  in	  duplicate	  gene	  retention	  

and	   loss	   patterns	   is	   more	   general	   and	   can	   occur	   even	   in	   cases	   of	   unbiased	  

fractionation	  such	  as	  in	  yeast	  (described	  below).	  Even	  in	  those	  cases,	  gene	  retention	  

following	   WGDs	   is	   often	   biased	   toward	   dosage-‐sensitive	   genes,	   which	   includes	  

highly	  connected	  transcription	  factors,	  kinases	  and	  ribosomal	  proteins.	  These	  same	  

dosage	   sensitive	   genes,	   which	   are	   over-‐retained	   in	   duplicate	   after	   WGD,	   are	  

significantly	   under-‐represented	   among	   small-‐scale	   duplications	   [21].	   Reciprocally,	  

dosage-‐insensitive	   genes,	   which	   are	   most	   frequently	   duplicated	   via	   smaller-‐scale	  

duplications,	   tend	   to	   be	   lost	   following	  WGDs	   [21].	   These	   gene	   retention	   and	   loss	  

biases	   are	  most	   easily	   explained	   by	   events	   occurring	   at	   the	   protein	   level	   and	   are	  

likely	   due	   to	   a	   need	   to	   maintain	   proper	   stoichiometric	   balance	   in	   networks	   and	  

macromolecular	   complexes	   [81]	  and	  [82].	   For	   example,	   previous	   studies	   have	  

demonstrated	   that	   the	   over-‐expression	   of	   a	   single	   dosage-‐sensitive	   subunit	   will	  

impact	   the	   assembly	   kinetics	   of	   a	  macromolecular	   complex,	  which	  will	   result	   in	   a	  
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decrease	   in	   the	   number	   of	   fully	   assembled	   complexes	   and	   an	   increase	   in	  

intermediate	   products	   and	   unassembled	   subunits,	   which	   are	   often	   toxic	  

[73]	  and	  [74].	   The	   reduction	   in	   fully	   assembled	   complexes	   may	   also	   result	   in	   a	  

network	  imbalance	  (i.e.	  imbalance	  with	  direct	  interacting	  proteins).	  For	  example,	  it	  

is	  vital	  to	  maintain	  proper	  balance	  between	  an	  activator	  and	  repressor	  acting	  on	  a	  

common	  target	  following	  WGD	  (e.g.	  a	  kinase	  and	  a	  phosphatase).	  

Polyploid	  events	  simultaneously	  increase	  the	  dosage	  of	  all	  genes;	  thus	  proper	  

balance	   is	  retained	  in	  the	  absence	  of	  gene	   loss.	  As	  the	  process	  of	  gene	   loss	  sets	   in,	  

duplicates	   of	   interacting	   dosage-‐sensitive	   genes	   must	   be	   co-‐retained	   to	   maintain	  

stoichiometric	   balance	   in	   pathways	   (signaling	   and	   regulatory)	   and	   in	   large	  

macromolecular	   complexes.	   This	   balance	   can	   be	   critical	   for	   normal	   function	   and	  

development.	   On	   the	   other	   hand,	   smaller	   scale	   duplications	   of	   certain	   dosage-‐

sensitive	   genes	   (i.e.	   highly	   connected	   signaling	   proteins)	   would	   result	   in	   a	  

stoichiometric	   imbalance	   similar	   to	   gene	   losses	   following	   a	  polyploid	   event.	   Thus,	  

these	   same	   dosage-‐sensitive	   genes	   are	   under-‐represented	   among	   smaller-‐scale	  

duplications	  and	  seldom	  exhibit	  copy	  number	  variation.	  

These	   data	   and	   the	   associated	   model	   are	   the	   basis	   of	   the	   Gene	   Balance	  

Hypothesis	   [83],	   which	   argues	   that	   groups	   of	   genes	   that	   function	   together	   are	  

dosage	  sensitive	  because	  a	  change	  in	  expression	  of	  one	  of	  them	  has	  the	  potential	  to	  

break	   the	   subtle	   balance	   required	   for	   them	   to	   properly	   function	   together.	   This	  

hypothesis	  is	  supported	  by	  analyses	  of	  various	  eukaryotic	  genomes,	  including	  yeast,	  

Drosophila,	   Paramecium,	   and	   flowering	   plants	   [84],	   [85]	  and	  [86].	   More	   recently,	  
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our	  analysis	  of	  the	  entire	  Arabidopsis	  primary	  metabolic	  network	  [87]	  and	  certain	  

secondary	  metabolic	  pathways	  [88]	  have	  also	  supported	  specific	  predictions	  of	  the	  

hypothesis:	   in	   particular	   we	   observed	   over-‐retention	   of	   duplicates	   of	   high	  

connectivity	  from	  the	  metabolic	  network.	  In	  addition,	  evidence	  revealed	  that	  a	  small	  

subset	   of	   these	   duplicates	  were	   also	   retained	   due	   to	   selection	   for	   increased	   gene	  

product	  [87].	  

	  

Fractionation	  in	  yeast	  

As	   an	   example	   of	   the	   overall	   process	   of	   fractionation,	   the	   polyploidy	   yeasts	  

(including	   the	   model	   eukaryote	   Saccharomyces	   cerevisiae)	   are	   exceptional	   due	   to	  

their	  small,	  well-‐studied	  genomes	  and	  the	  large	  quantities	  of	  genomic	  data	  available.	  

That	  a	  WGD	  had	  occurred	  in	  the	  lineage	  leading	  to	  S.	  cerevisiae	  was	  argued	  shortly	  

after	  the	  genome	  sequence	  was	  released	  [89].	  This	  hypothesis	  was	  confirmed	  with	  

the	   sequencing	   of	   several	   yeast	   species	   that	   split	   from	   the	   bakers’	   yeast	   lineage	  

prior	  to	  the	  WGD	  [90],	  [91]	  and	  [92].	  The	  pattern	  of	  post-‐WGD	  evolution	  in	  yeast	  is	  

particularly	   rewarding	   to	   study	   given	   the	   existence	   of	   a	   well-‐curated	   genome	  

browser	  that	  lays	  out	  the	  patterns	  of	  paralog	  loss	  post-‐WGD	  [Fig.	  2B,	  the	  Yeast	  Gene	  

Order	  Browser	  [93]].	  What	   is	  most	  striking	  when	  comparing	  these	  genomes	   is	   the	  

pattern	   of	   interleaved	   blocks	   of	   genes	   from	   pairs	   of	   S.	   cerevisiae	   chromosomes	  

relative	  to	  their	  homologous	  single	  copy	  genes	   in	  species	  such	  as	  Lachancea	  waltii	  

or	  Eremothecium	  gossypii	   (Fig.	   2B).	   These	   doubly	   conserved	   synteny	  blocks	   cover	  

90%	  of	  the	  genome	  in	  L.	  waltii	  [91]	  and	  96%	  of	  that	  in	  E.	  gossypii	  [90],	  giving	  clear,	  
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visual,	  evidence	  of	  WGD	  followed	  by	  fractionation.	  

	  

The	  Gene	  Balance	  Hypothesis	  and	  yeast	  

Examining	  the	  pattern	  of	  losses	  in	  the	  post-‐WGD	  yeasts,	  it	  is	  clear	  that	  several	  of	  the	  

predictions	  of	   the	  balance	  hypothesis	  are	  borne	  out.	  Thus	  several	  classes	  of	  genes	  

were	   over-‐retained	   after	   the	   WGD,	   including	   ribosomal	   proteins,	   protein	   kinases	  

and	  transcription	  factors	  [94]	  and	  [95].	  Similarly,	  genes	  that	  tend	  to	  have	  been	  fixed	  

by	  WGD	   are	   less	   likely	   to	   have	   undergone	   single-‐gene	   duplications	   in	   other	   yeast	  

species	  [96].	  However,	  WGD-‐duplicates	  produced	  by	  genome	  duplication	  have	  more	  

protein	   interactions	   [97]	  and	  [98],	  more	  phosphorylation	  sites	   [99]	  and	   tend	   to	  be	  

highly	   expressed	   [94].	   In	   interpreting	   these	   results,	   a	   certain	   caution	   is	   in	   order	  

because	   network	   patterns	   (such	   as	   interactions	   and	   phosphorylation	   sites)	   are	  

measured	  in	  the	  same	  organism	  that	  underwent	  the	  WGD.	  As	  a	  result,	  it	  is	  possible	  

that,	  rather	  than	  reflecting	  retention	  patterns,	  these	  associations	  are	  indications	  of	  

post-‐WGD	   neofunctionalization	   among	   the	   preserved	   duplicates.	   In	   other	   words,	  

WGD	  may	   have	   allowed	   the	   accumulation	   of	   new	   interactions	   in	   the	   duplicates	   it	  

produced.	   Such	   interactions	   would	   then	   be	   implicated	   in	   new	   functions	   resulting	  

from	  WGD.	  While	  such	  functional	  innovation	  has	  certainly	  occurred	  (see	  below),	  we	  

find	   it	   an	   implausible	   explanation	   for	   the	   general	   trend	   for	   two	   reasons.	   First,	   it	  

would	   require	   a	   very	   high	   proportion	   of	   WGD-‐produced	   duplicates	   to	   have	  

undergone	   the	   rare	   process	   of	   neofunctionalization,	   Second,	   while	   early	   work	   on	  

network	  evolution	   found	   that	  protein	   interaction	  and	  regulatory	  networks	   rapidly	  
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lose	   duplicate	   interactions	   [100]	  and	  [101],	  more	   recent	   analyses	   have	   found	   that	  

the	   rate	   of	   appearance	   of	   novel	   interactions	   is	   much	   lower	   [102].	   Thus,	   a	   more	  

parsimonious	   explanation	   is	   that	   high-‐resolution	   functional	   data	   from	   yeast	  

illustrate	  many	  of	  the	  Gene	  Balance	  Hypothesis’	  predictions.	  

The	  implications	  of	  the	  Gene	  Balance	  Hypothesis	  are	  many.	  In	  lineages	  with	  

multiple	   WGDs	   in	   their	   history,	   it	   is	   dangerous	   to	   speculate	   as	   to	   divergence	   in	  

function	   for	   large	   duplicated	   families	   of	   transcription	   factors,	   given	   that	   such	  

families	  are	  predicted	  to	  accumulate	  simply	  through	  duplicate	  retention	  to	  preserve	  

balance.	  However,	  we	  emphasize	  that	  maintaining	  dosage	  balance	  is	  a	  general	  trend,	  

not	   a	   universal	   requirement.	   Similarly,	   one	   might	   understand	   how	   maintaining	  

dosage	   balance	   is	   important	   for	   conserving	   pathway	   functionality	   and	   multi-‐

component	   machineries	   and	   still	   wonder	   how	   this	   conservation	   achieves	   the	  

phenotypic	  variation	  and	  functional	  innovation	  thought	  to	  be	  the	  result	  of	  WGD.	  

We	   argue	   that	   the	   key	   to	   this	   apparent	   paradox	   lies	   in	   the	   environment	   in	  

which	   the	   new	   polyploidy	   finds	   itself.	   In	   an	   unchanging	   external	   environment,	  

expression	  levels	  among	  genes	  are	  probably	  tuned	  to	  functional	  needs	  and	  balance	  

requirements	  [103]	  and	  [104].	  Under	  these	  circumstances,	  duplicate	  retention	  may	  

be	  favored	  among	  interacting	  proteins.	  However,	  as	  we	  discuss	  below	  in	  the	  case	  of	  

the	   yeast	  WGD,	   if	   the	   selective	   conditions	   have	   changed,	   altering	   dosage	   balance	  

may	   actually	   be	   beneficial.	   Similarly,	   retention	   for	   balance	   is	   likely	   a	   transitional	  

state	   after	  WGD:	   in	   both	   the	  A.	   thaliana	   metabolic	   network	   and	   among	   the	   yeast	  

ribosomal	   proteins,	   we	   have	   found	   that	   selection	   to	   maintain	   dosage	   balance	  
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eventually	   relaxes	   post-‐WGD,	   allowing	   functional	   divergence	   of	   the	   associated	  

duplicates	  [87]	  and	  [105].	  

More	   generally,	   fractionation	   can	   also	   be	   misleading	   in	   the	   search	   for	  

orthologous	   genes,	   since	   apparently	   single	   copy	   genes	   in	   two	   genomes	   sharing	   a	  

WGD	  can	  easily	  be	  paralogs	  [106].	  The	  reason	  is	  that	  reciprocal	  loss	  of	  paralogs	  long	  

after	  the	  WGD	  gives	  rise	  to	  situations	  such	  as	  that	  seen	  in	  Fig.	  2B,	  where	  genes	  such	  

as	  NUS1	  in	  S.	  cerevisiae	  and	  2000.17	  in	  Kluyueromyces	  polysporus	  are	  single	  copy	  and	  

homologous	  in	  the	  two	  genomes,	  but	  share	  a	  common	  ancestor	  at	  the	  WGD	  (e.g.,	  are	  

paralogs)	  and	  not	  at	  the	  more	  recent	  speciation	  of	  S.	  cerevisiae	  and	  K.	  polysporus	  (in	  

which	   case	   they	   would	   have	   been	   orthologs).	   Whether	   this	   fact	   is	   of	   functional,	  

rather	  than	  merely	  evolutionary,	  importance	  is	  still	  being	  investigated.	  

	  

Paleopolyploidy:	  evolution,	  complexity	  and	  WGD	  

Polyploidy	   also	   has	   the	   potential	   to	   induce	   long-‐lasting	   changes	   at	   levels	   of	  

complexity	   above	   that	   of	   the	   linear	   genome.	   For	   instance,	   there	   is	   evidence	   that	  

WGD	   dramatically	   altered	   the	   developmental	   regulatory	   network	   of	   vertebrates	  

[107]	  and	  [108].	  Because	  WGD	  duplicates	  many	  genes	   at	   the	   same	   time,	   it	   creates	  

the	  potential	   for	  correlated,	  multi-‐gene,	  alterations	  in	  cellular	  networks	  [109].	  One	  

of	  the	  most	  carefully	  worked	  out	  of	  these	  examples	  concerns	  a	  well-‐known,	  and	  yet	  

paradoxical,	  characteristic	  of	  the	  laboratory	  yeast	  S.	  cerevisiae,	  namely	  the	  Crabtree	  

effect.	   This	   effect	   describes	   this	   yeast's	   unusual	  metabolic	   preference	   for	   partially	  

oxidizing	   glucose	   into	   ethanol	   even	   when	   oxygen	   is	   available.	   Doing	   so	   at	   least	  
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initially	  forgoes	  much	  of	  the	  energy	  that	  would	  be	  realized	  if	  the	  glucose	  was	  instead	  

fully	   converted	   into	   CO2	   and	   water	   through	   the	   TCA	   cycle	   [110]	  and	  [111].	  

Intriguingly,	  there	  is	  an	  apparent	  association	  between	  a	  yeast	  species’	  possession	  of	  

the	   ancient	   WGD	   and	   the	   Crabtree	   effect	   [112].	   The	   case	   for	   this	   association	   is	  

strengthened	  by	   the	   functional	  differentiation	  of	  a	  group	  of	  duplicated	  genes	   from	  

the	  WGD,	  all	  involved	  in	  glucose	  metabolism	  (Fig.	  3A).	  These	  gene	  pairs,	  two	  glucose	  

sensors	  (SNF3	  and	  RGT2),	  two	  glucose	  transporters	  (HXT6/HXT1)	  and	  two	  duplicate	  

enzymes	   that	   catalyze	   the	   initial	   step	  of	   glycolysis,	   have	   specialized	   such	   that	  one	  

member	  of	   the	  pair	  acts	  at	   low	  glucose	   concentrations	  and	   the	  other	  at	  high	  ones	  

[113].	  

Given	  these	  observations,	  we	  and	  others	  have	  proposed	  that	  the	  yeast	  WGD	  

initiated	   a	   change	   in	   the	   patterns	   of	   glucose	   metabolism	   in	   yeast.	   This	   idea	   was	  

based	   on	   a	   proposed	   sequence	   of	   linked	   events.	   First,	   the	   increase	   in	   gene	   copy-‐

number	   from	   the	   WGD	   gave	   rise	   (after	   some	   gene	   losses	   in	   other	   parts	   of	   the	  

genome)	   to	   an	   increased	   flux	   through	   glycolysis	   [112],	   [114]	  and	  [115].	   Second,	  

because	   the	   rate	   of	   pyruvate	   use	   by	   the	  mitochondrion	   is	   constrained	   by	   oxygen	  

concentrations	   and	   surface	   area	   to	   volume	   rules,	   the	   WGD-‐possessing	   cells	  

redirected	   some	   of	   this	   increased	   glycolytic	   flux	   to	   the	   (previously	   anaerobic)	  

fermentative	   pathways	   [115].	   [Artificial	   yeast	   polyploids	   are	   larger	   than	   diploid	  

cells,	  and	  as	  a	  result	  differ	  in	  their	  surface	  area	  to	  volume	  relationships	  [116].]	  Thus,	  

the	   end	   result	   was	   to	   set	   the	   new	   polyploidy	   yeast	   on	   a	   path	   toward	   increased	  

Crabtree	  effect.	  



	   29	  

Because	  several	  post-‐WGD	  yeast	  genomes	  have	  been	  sequenced,	  it	  is	  possible	  

to	  follow	  these	  events	  in	  some	  detail.	  We	  can,	  at	  each	  node	  in	  the	  phylogeny	  at	  the	  

bottom	  of	  Fig.	  3B,	  infer	  the	  status	  of	  every	  WGD-‐created	  duplicate	  pair	  [e.g.,	  whether	  

it	  remains	  duplicated	  or	  has	  been	  converted	  to	  single	  copy	  [117]].	  As	  expected,	  the	  

fraction	   of	   duplicated	   genes	   declines	   over	   time	   (blue	   line,	   right	   axis),	   with	  

approximately	   10%	  of	   the	   genes	   surviving	   in	   duplicate	   in	   the	   extant	   S.	   cerevisiae	  

genome.	  We	  can	  then	  use	  the	  complete	  yeast	  metabolic	  network	  to	  predict	  the	  flux	  

through	   each	   enzyme	   under	   a	   variety	   of	   nutrient	   conditions	   [118].	   For	   each	   time	  

point	  (blue	  dots	  in	  the	  phylogeny	  of	  Fig.	  3B),	  we	  can	  calculate	  the	  average	  flux	  both	  

of	   the	  enzymes	  coded	   for	  by	  genes	  retained	   in	  duplicate	  (right	  axis,	  dark	  red	   line)	  

and	  that	  of	  those	  returned	  to	  single	  copy	  (pink).	  Over	  time,	  the	  number	  of	  surviving	  

duplicates	  falls,	  but	  those	  duplicates	  are	  increasingly	  enriched	  for	  enzymes	  of	  high	  

flux	  reactions.	   In	  contrast,	   the	  remainder	  of	   the	  enzymes	   is	  generally	  of	   lower	   flux	  

and	   is	   returned	   to	   single	   copy.	  Thus,	   the	  pattern	  of	  duplicate	   retention	  across	   the	  

genome	  and	  through	  time	  supports	  the	  notion	  of	  a	  metabolic	  adaptation	  driving	  the	  

resolution	  of	   the	  yeast	  WGD.	  This	  premise	  was	  also	   supported	  by	  an	   independent	  

analysis	  by	  van	  Hoek	  and	  Hogeweg	  [119],	  who	  were	  able	  to	  show	  computationally	  

that	  similar	  WGD	  events	  modeled	  in	  modern	  S.	  cerevisiae	  could	  also	  be	  expected	  to	  

result	  in	  over-‐retention	  of	  glycolytic	  enzymes	  and	  increased	  glycolytic	  flux.	  

These	   ideas	  do	  not	   address	   the	   apparent	  difficulty	   of	  why	   evolution	  would	  

deliberately	   “choose”	   to	  make	  metabolism	   less	  efficient.	  The	  reason	   they	  do	  not	   is	  

surprisingly	  simple:	  increased	  metabolic	  efficiency	  does	  not	  always	  increase	  fitness.	  

Theoretical	  work	  on	  resource	  competition	  among	  organisms	  inhabiting	  a	  large	  but	  
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ephemeral	   environmental	   resource	   shows	   that	   such	   competition	   among	   cells	   can	  

actually	  favor	  “wasteful”	  lineages	  if	  their	  more	  efficient	  competitors	  are	  also	  slower-‐

growing	   [120],	   [121]	  and	  [122].	  The	  phenomenon	   is	   referred	   to	  as	   the	   “tragedy	  of	  

the	   commons”	   [123]	   and	  occurs	  when	   the	   efficient	   cells	   are	   able	   to	   convert	  more	  

glucose	  into	  energy	  but	  pay	  for	  this	  efficiency	  in	   lower	  growth	  rates,	  meaning	  that	  

the	  fast,	  wasteful,	  cells	  come	  to	  dominate	  the	  local	  environment.	  

If	  the	  WGD	  in	  fact	  was	  a	  trigger	  that	  allowed	  S.	  cerevisiae	  to	  move	  toward	  an	  

increasing	   Crabtree	   effect,	   it	   most	   likely	   would	   have	   been	   followed	   by	   later,	  

reinforcing	  changes.	  And	  at	  least	  two	  such	  changes	  are	  known.	  First,	  in	  WGD	  yeasts,	  

there	  was	  a	   loss	  of	  cis-‐regulatory	  elements	  among	  the	  genes	  for	  the	  mitochondrial	  

ribosomal	   proteins	   that	   has	   effectively	   de-‐coupled	   the	   expression	   of	   the	   cytosolic	  

and	  mitochondrial	  ribosomal	  proteins	  [124].	  This	  decoupling	  allows	  S.	  cerevisiae	  to	  

up-‐regulate	  production	  of	  cytosolic	  ribosomes	  independently	  of	  mitochondrial	  ones,	  

increasing	   fermentative	   efficiency	   by	   avoiding	   unnecessary	   ribosome	   synthesis	   in	  

the	   quiescent	   mitochondria.	   The	   second	   example	   is	   a	   post-‐WGD	   single	   gene	  

duplication	   of	   an	   alcohol	   dehydrogenase.	   The	   result	   of	   this	   event	  was	   specialized	  

ADH	   loci,	   one	   for	   ethanol	   synthesis	   and	   a	   second	   one	   responsible	   for	   the	   back-‐

conversion	  of	  ethanol	  to	  pyruvate	  [once	  glucose	  is	  exhausted	  Crabtree	  yeasts	  can	  re-‐

import	   and	   respire	   the	   ethanol	   they	   previously	   produced	   [125]].	   Such	   later	  

evolutionary	   refinements	   provide	   further	   evidence	   for	   a	   WGD-‐produced	   shift	   in	  

metabolism	   and	   remind	   us	   again	   how	   an	   evolutionary	   perspective	   can	   greatly	  

enlighten	  our	  understanding	  of	  complex	  biological	  processes.	  
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Polyploidy	  and	  cancer	  

Surprisingly,	  evolutionary	  histories	  of	  WGD	  can	  also	  shed	  light	  on	  more	  immediate	  

events:	   for	   instance	   cancer	   progression.	   That	   tetraploidy	   and	   particularly	  

aneuploidy	  occurring	  in	  tumor	  lineages	  has	  long	  been	  known.	  However,	  they	  were	  

often	  thought	  to	  be	  only	  incidental	  phenomena	  in	  the	  tumors’	  evolution	  [126].	  This	  

minor	  role	  for	  WGD	  in	  cancer	  was	  challenged	  nearly	  25	  years	  ago	  with	  a	  conceptual	  

model	   for	   the	   role	   of	   polyploidy	   in	   cancers	   that	   suggested	   that	   tetraploidy	  

represents	   an	   intermediate	   stage	   during	   carcinogenesis	   of	   many	   human	   solid	  

tumors	  [127].	  More	  recent	  evidence	  supports	  a	  pattern	  of	  polyploidy-‐to-‐aneuploidy	  

transition	   in	   at	   least	   some	   cancers.	   Generally,	   similar	   chromosomal	   observations	  

regarding	  mitotic	  pairing	  and	  genomic	  instability	  have	  been	  made	  of	  cells	  following	  

a	   polyploidy	   event	   in	   both	   normal	   and	   pathological	   states	   [11].	   Large-‐scale	  

chromosomal	   amplifications,	   deletions,	   inversions,	   and	   translocations	   have	   been	  

detected	   in	   cancers	   [128]	  and	  [129];	   similar	   chromosomal	   behavior	   has	   been	  

observed	   in	   both	   recent	   natural	   and	   resynthesized	   polyploid	   plants	   [Fig.	   1;	  

[130]	  and	  [131]].	  In	  addition	  to	  similar	  early	  effects	  on	  chromosome	  behavior,	  most	  

aneuploid	   tumors	   are	   indeed	   found	   to	   have	   genomes	   in	   the	   triploid	   to	   tetraploid	  

range	  [132].	  Most	  convincingly,	  actual	  tetraploid	  intermediates	  have	  been	  found	  in	  

both	   murine	   and	   human	   carcinogenesis	   (e.g.,	   human	   cervical	   carcinoma	   and	  

Barrett's	   esophagus)	   [133],	   [134],	   [135],	   [136]	  and	  [137].	  Others	  have	  encouraged	  

research	  on	  manipulating	  ploidy	  in	  animal	  models	  of	  cancer	  to	  directly	  test	  whether	  
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tetraploidy	  can	  lead	  to	  aneuploidy	  similar	  to	  those	  observed	  in	  many	  cancers	  [11].	  

While	  evidence	  contradicts	  the	  requirement	  for	  a	  polyploid-‐to-‐aneuploid	  transition	  

in	  some	  cancers	  [138],	  many	  of	  the	  same	  biological	   implications	  regarding	  cellular	  

adaptation	   apply	   to	   both	   conditions	   where	   multi-‐gene	   duplications	   potentially	  

result	  in	  the	  genetic	  novelty	  that	  is	  the	  fodder	  for	  selection	  [139].	  

Because	  of	  the	  complexity	  of	  cancer	  and	  the	  difficulty	  of	  distinguishing	  causal	  

from	   merely	   associative	   events,	   it	   is	   still	   an	   open	   question	   the	   degree	   to	   which	  

polyploidy	  causes	  cancer	  phenotypes.	  This	  difficulty	  is	  compounded	  by	  the	  fact	  that	  

“causal”	  is	  used	  both	  in	  an	  immediate	  molecular	  sense	  (absence	  of	  protein	  X	  causes	  

uncontrolled	  division)	  and	  in	  a	  more	  remote	  process	  sense	  (selection	  is	  favoring	  cell	  

lineages	   with	   faster	   growth	   properties).	   For	   the	   purposes	   of	   understanding	  

polyploidy	  and	  cancer,	  we	  strongly	  believe	  that	  this	  later	  view	  of	  causality	  is	  more	  

illuminating	   [140].	   This	   view	   is	   complicated	   by	   several	   factors,	   unfortunately:	  

mutation	   patterns	   and	   rates	   in	   cancer	   cells	   are	   not	   well	   understood	   [141],	   most	  

cancers	  are	  either	  removed	  or	  treated	  immediately	  following	  detection,	  and	  cancers	  

are	   not	   homogeneous	   but	   rather	   the	   product	   of	   local	   adaptation	   to	  

microenvironments	   [133],	   [142],	   [143]	  and	  [144].	   The	   inability	   to	   assess	   the	  

evolution	   of	   these	   cancers	   prohibits	   study	   of	   the	   effects	   of	   ploidy	   changes	   on	   the	  

development	   and	   maintenance	   of	   cancer	   cells	   in	   vivo.	   However,	   some	   slow	  

developing	   premalignant	   neoplasms	   have	   become	   models	   for	   understanding	   the	  

temporal	   events	   of	   neoplastic	   progression	   in	   solid	   tumors	   including	   the	   Barrett's	  

esophagus	   just	  mentioned.	  With	   the	  advent	  of	   single	   cell	   sequencing,	   studying	   the	  

landscape	   of	   affected	   cells	  will	   hopefully	   provide	   insight	   into	   how	   cancers	   evolve	  
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and	  adapt	  across	  heterogeneous	  environments	  [145].	  

	  

Polyploidy	  and	  cancer:	  insights	  from	  the	  Warburg	  and	  Crabtree	  effects	  

In	  the	  meantime,	  there	  are	  intriguing	  suggestions	  of	  a	  link	  between	  polyploidy	  and	  a	  

well	   known	   but	   poorly	   understood	   cancer	   phenotype:	   the	   Warburg	   effect.	   This	  

effect	   refers	   to	   the	  prevalence	  of	   glucose	   fermentation	  over	  glucose	   respiration	   in	  

cancer	   cells	   and	   is	   often	   explained	   by	   reference	   to	   the	   hypoxic	   environment	   that	  

many	   tumors	   experience.	   In	   such	   circumstances,	   energy	   production	   by	   the	   citric	  

acid	  cycle	  is	  infeasible.	  However,	  there	  is	  some	  evidence	  that	  the	  Warburg	  effect	  is	  

observed	  in	  circumstances	  where	   lack	  of	  oxygen	  is	  not	  a	   factor	  [146].	   Instead,	  one	  

part	  of	  the	  Warburg	  effect	  seems	  to	  stem	  from	  a	  similar	  type	  of	  glucose	  repression	  

of	  oxidative	  phosphorylation	  as	  is	  seen	  in	  the	  yeast	  Crabtree	  effect	  [147]	  and	  [148].	  

Thus,	  while	  the	  Warburg	  effect	  is	  no	  doubt	  complex	  and	  due	  to	  a	  variety	  of	  factors,	  it	  

is	   possible	   that	   the	   same	   type	   of	   selection	   for	   fast,	   inefficient	   growth	   is	   acting	   to	  

favor	   its	   appearance	   [120]	  and	  [121].	   Polyploidy	   or	   aneuploidy	   followed	   by	   gene	  

losses	   could	   alter	   relative	   enzyme	   dosages	   so	   as	   to	   favor	   glycolysis,	   as	   we	   have	  

suggested	  occurred	  in	  yeasts.	  Our	  new	  ability	  to	  easily	  resequence	  tumor	  genomes	  

[149]	  provides	  an	  attractive	  method	   for	   testing	   this	  hypothesis:	   the	  difficulty	  with	  

this	   approach	   lies	   in	   accounting	   for	   the	   changes	   in	   gene	   expression	   that	   could	  

similarly	  drive	  a	  Warburg	  phenotype.	  If	  the	  hypothesis	  is	  in	  fact	  confirmed,	  it	  would	  

be	   striking	   that	   the	   same	   type	  of	  mutations	   (WGD	   followed	  by	  duplicate	   loss)	  has	  

been	  employed	  in	  both	  systems	  in	  order	  to	  achieve	  the	  same	  end:	  rapid	  cell	  division	  
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in	  environments	  where	  resources	  are	  effectively	  unlimited.	  

	  

Conclusions	  

Polyploidy	   has	   revealed	   several	   interesting	   facets	   of	   cell	   biology.	   Some	   of	  

them	  involve	  direct	  responses	  to	  polyploidy	  in	  certain	  cells	  (e.g.,	  the	  yeast	  WGD	  and	  

ethanol	  fermentation).	  More	  often,	  polyploidy	  incidentally	  illuminates	  other	  aspects	  

of	  biology,	  such	  as	  the	  nature	  of	  chromosome	  pairing	  in	  meiosis	  or	  the	  structure	  of	  

duplicated	   genes	   in	   cellular	   networks.	   On	   this	   latter	   point,	   the	   Gene	   Balance	  

Hypothesis	   allows	   for	   a	   relaxation	  of	   epistatic	   constraints	   between	   genes	   through	  

the	  process	  of	  post-‐WGD	  subfunctionalization	  [150]:	  such	  processes	  may	  be	  another	  

slow	  and	  mysterious	  part	  of	  the	  influence	  of	  WGD	  on	  extant	  organisms.	  But	  there	  is	  

also	   an	   even	   more	   general	   principle	   that	   polyploidy	   illustrates:	   the	   necessity	   of	  

seeking	   an	   integrative	   understanding	   of	   the	   machinery	   of	   the	   cell.	   The	   global	  

changes	   that	   result	   from	   polyploidy	   remind	   us	   of	   the	   interconnected	   nature	   of	  

biology,	  a	  connectedness	  that	  even	  includes	  cats	  from	  Cheshire	  [107].	  
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Figures	  

	  

Figure	  1.	  Simplified	  illustration	  of	  meiosis	  I	  in	  allohexaploid	  wheat	  with	  and	  

without	  the	  Ph1	  gene.	  The	  figure	  shows	  only	  one	  chromosome	  set	  (three	  

chromosome	  pairs)	  and	  does	  not	  show	  crossing	  over	  or	  meiosis	  II.	  (A)	  An	  example	  

of	  homologous	  chromosomes	  in	  a	  diploid	  individual	  and	  those	  same	  chromosomes	  

in	  a	  hexaploid	  individual	  after	  divergence.	  (B)	  In	  the	  presence	  of	  the	  Ph1	  gene,	  

homologous	  chromosomes	  pair	  to	  the	  exclusion	  of	  their	  homoeologs	  in	  diploid-‐like	  

fashion	  and	  eventually	  form	  balanced	  gametes.	  (C)	  In	  the	  absence	  of	  Ph1,	  diploid-‐

like	  pairing	  breaks	  down	  and	  many	  pairing	  combinations	  may	  result	  (only	  one	  
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hypothetical	  combination	  is	  shown	  here)	  possibly	  leading	  to	  unbalanced	  gametes	  

and	  infertility.	  
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Figure	  2.	  Whole	  genome	  duplication	  and	  fractionation	  patterns	  in	  Brassica	  

and	  yeast.	  (A)	  The	  Brassica	  whole	  genome	  triplication	  event	  and	  fractionation	  

patterns	  are	  clearly	  observed	  by	  comparing	  orthologous	  regions	  between	  

Arabidopsis	  thaliana	  and	  Brassica	  rapa.	  This	  figure	  was	  constructed	  using	  CoGe	  

(genomevolution.org).	  A	  140	  Kb	  genomic	  region	  centered	  on	  locus	  AT3G01390	  is	  

shown	  in	  the	  middle,	  with	  gene	  models	  (green	  are	  exons	  and	  blue	  are	  introns)	  on	  

the	  +/−	  strands.	  The	  three	  orthologous	  regions	  in	  Brassica	  rapa	  are	  shown	  above	  

(light	  brown	  –	  ‘dominant	  sub-‐genome’)	  and	  below	  (dark	  brown	  –	  ‘most	  fractionated	  

sub-‐genome’;	  pink	  –	  ‘highly	  fractionated	  sub-‐genome’)	  the	  Arabidopsis	  region.	  The	  

dominant	  sub-‐genome	  is	  consistently	  the	  least	  fractionated	  homoeologous	  region	  in	  
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Brassica	  rapa	  (i.e.	  showing	  the	  highest	  rate	  of	  gene	  retention).	  Sequence	  

conservation	  of	  each	  Brassica	  region	  against	  the	  orthologous	  Arabidopsis	  region	  is	  

depicted	  by	  the	  presence	  of	  a	  colored	  block.	  (B)	  Little	  evidence	  of	  biased	  

fractionation	  in	  yeast.	  Shown	  is	  a	  screen	  shot	  from	  the	  Yeast	  Genome	  Order	  Browser	  

[YGOB	  [93]]:	  in	  the	  center	  are	  gene	  orders	  for	  three	  yeasts	  lacking	  the	  WGD	  (K.	  

latics,	  E.	  gossypii,	  and	  L.	  waltii)	  and	  the	  presumed	  ancestor	  of	  the	  WGD	  yeasts	  [151].	  

Above	  and	  below	  are	  the	  corresponding	  pairs	  of	  chromosomes	  from	  three	  yeasts	  

with	  the	  WGD	  (from	  inner	  to	  outer	  S.	  cerevisiae,	  N.	  castellii	  and	  K.	  polysporus).	  The	  

interleaved	  pattern	  among	  the	  post-‐WGD	  yeasts	  relative	  to	  the	  others	  is	  clear.	  The	  

region	  of	  the	  genome	  shown	  corresponds	  to	  the	  SNF3/RTG2	  gene	  pair	  discussed	  in	  

the	  text.	  
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Figure	  3.	  New	  evolutionary	  trajectories	  opened	  by	  the	  yeast	  WGD.	  (A)	  

Subspecialization	  of	  genes	  for	  glucose	  metabolism	  in	  yeast	  after	  the	  WGD.	  Shown	  

are	  a	  pair	  of	  duplicated	  glucose	  sensors	  (SNF3/RGT2),	  a	  pair	  of	  duplicated	  glucose	  
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transporters	  (HXT6/HXT1)	  and	  a	  pair	  of	  duplicated	  enzymes	  for	  the	  first	  step	  of	  

glycolysis	  (HXK1/HXK2).	  In	  all	  three	  cases,	  the	  first	  member	  of	  the	  pair	  is	  active	  at	  

low	  glucose	  concentrations	  and	  the	  second	  at	  higher	  ones	  (see	  main	  text).	  (B)	  

Timing	  of	  events	  after	  WGD.	  In	  the	  boxes	  are	  examples	  of	  the	  types	  of	  event	  

occurring	  at	  each	  stage	  of	  WGD	  resolution.	  (Obviously,	  there	  are	  no	  fixed	  boundaries	  

between	  the	  timeframes	  and	  we	  have	  illustrated	  this	  fact	  with	  overlapping	  boxes).	  

We	  show	  a	  speculative	  sequence	  of	  events	  leading	  from	  the	  yeast	  WGD	  to	  the	  

modern	  bakers’	  yeast	  as	  an	  example	  of	  these	  phenomena.	  What	  is	  clear	  is	  that	  

metabolism	  has	  played	  a	  key	  role	  in	  the	  evolution	  of	  the	  yeast	  WGD.	  To	  illustrate	  

this	  point,	  we	  have	  inferred	  whether	  each	  yeast	  WGD-‐produced	  duplicate	  gene	  pair	  

was	  still	  duplicated	  at	  five	  points	  in	  the	  phylogeny	  of	  the	  post-‐WGD	  yeasts	  (blue	  

dots;	  bottom).	  To	  do	  so,	  we	  used	  our	  existing	  likelihood	  model	  of	  WGD	  resolution	  

[117]:	  branch	  lengths	  indicate	  the	  relative	  rate	  of	  gene	  loss	  and	  duplication	  fixation	  

along	  that	  branch.	  The	  result	  is	  the	  curve	  of	  the	  proportion	  of	  surviving	  duplicates	  at	  

each	  point	  (blue	  line,	  left	  axis).	  We	  then	  computed	  the	  maximal	  flux	  through	  each	  

yeast	  metabolic	  reaction	  under	  a	  variety	  of	  conditions	  [152].	  We	  then	  took	  the	  

average	  of	  the	  flux	  of	  the	  genes	  likely	  to	  have	  been	  present	  in	  duplicate	  and	  of	  those	  

likely	  to	  have	  been	  in	  single	  copy	  at	  the	  five	  points	  mentioned.	  As	  we	  had	  seen	  

previously	  [153],	  even	  immediately	  after	  WGD,	  there	  was	  a	  bias	  between	  the	  

enzymes	  carrying	  low	  flux,	  which	  are	  relatively	  likely	  to	  have	  been	  returned	  to	  

single-‐copy	  and	  those	  of	  higher	  flux,	  which	  tended	  to	  remain	  duplicated.	  Here	  we	  

extend	  this	  result	  and	  now	  see	  that,	  as	  duplicates	  are	  lost	  over	  time,	  there	  is	  an	  

increasing	  distinction	  between	  the	  retained	  duplicates	  (right	  axis,	  dark	  red)	  which	  
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are	  over-‐represented	  among	  the	  high	  flux	  enzymes,	  and	  the	  remaining	  single-‐copy	  

genes	  (pink).	  
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Boxes	  

Allopolyploid	  –	  having	  multiple	  chromosome	  sets	  derived	  from	  different	  species	  as	  a	  

result	  of	  WGD.	  

Autopolyploid	  –	  having	  multiple	  chromosome	  sets	  derived	  from	  a	  single	  genome	  or	  

single	  species	  as	  a	  result	  of	  WGD.	  

(We	  note	  that	  the	  meanings	  of	  auto-‐	  and	  allo-‐polyploid	  have	  changed	  with	  advances	  

in	  technology.	  Early	  in	  the	  study	  of	  polyploidy,	  the	  terms	  referred	  to	  the	  cytological	  

modes	   of	   inheritance,	   where	   auto-‐	   and	   allo-‐polyploids	   exhibited	   polysomic	   and	  

disomic	   inheritance,	   respectively.	   With	   the	   advent	   of	   genome	   sequencing	   and	  

improved	  cytological	  methods,	  auto-‐	  and	  allo-‐polyploids	  have	  come	  to	  refer	   to	   the	  

nature	  of	  the	  two	  progenitor	  genomes.)	  

Crabtree	   effect	   –	   the	   observation	   that	   some	   species	   of	   yeast	   use	   the	   less	  

energetically	  efficient	  partial	  oxidization	  of	  glucose	   into	  ethanol	   in	   the	  presence	  of	  

oxygen	  rather	  than	  its	  full	  conversion	  to	  CO2	  and	  water	  through	  the	  TCA	  cycle.	  

Diploidization	  –	   the	  process	  of	   transition	   from	  a	  polysomic	  state	   (with	   incomplete	  

chromosome	   pairing)	   back	   to	   a	   more	   stable	   diploid-‐like	   state	   with	   homologous	  

chromosome	  pairing	  in	  meiosis.	  

Disomic	  –	  chromosomes	  faithfully	  pair	  with	  their	  homolog	  forming	  bivalents	  during	  

meiosis.	  

Fractionation	   –	   the	   process	   of	   post-‐WGD	   gene	   loss	   through	   nonfunctionalizing	  

mutations	  and	  deletions.	  If	  one	  of	  the	  two	  parental	  genomes	  that	  served	  to	  form	  the	  
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polyploidy	  population	  experiences	  more	   losses,	   the	  processes	   is	   said	   to	  be	  biased.	  

Otherwise,	  it	  is	  termed	  unbiased	  fractionation.	  

Genome	  Balance	  Hypothesis	  –	  this	  hypothesis	  argues	  for	  the	  existence	  of	  reasonably	  

strong	  purifying	  selection	  acting	  on	  changes	  in	  relative	  gene	  dosage	  between	  genes	  

whose	   products	   interact	   physically	   or	   in	   regulatory	   cascades.	   A	   key	   mechanism	  

thought	   to	   drive	   this	   selection	   is	   the	   formation	   of	   non-‐functional	   or	   even	   toxic	  

complexes	   when	   interaction	   balance	   is	   lost.	   The	   hypothesis	   thus	   predicts	   that	  

dosage	  changes,	  like	  single	  gene	  duplications,	  will	  be	  disfavored	  if	  they	  possess	  such	  

interactions.	   Complementarily,	   such	   interacting	   genes	   should	   be	   preserved	   in	  

duplicate	   after	   polyploidy,	   because	   the	   loss	   of	   one	   member	   will	   also	   introduce	  

dosage	  imbalances.	  

Homoeolog	   –	   homologous	   genes,	   genomic	   regions,	   or	   entire	   chromosomes	   in	   a	  

polyploidy	  genome	  that	  derive	  from	  the	  two	  diploid	  parental	  genomes.	  

Homolog	  –	  two	  or	  more	  genes,	  genomic	  regions,	  or	  entire	  chromosomes	  that	  share	  

descent	  from	  a	  common	  ancestral	  DNA	  sequence.	  

Introgression	  –	  the	  transfer	  of	  genomic	  elements	   from	  one	  species	  to	  another	  as	  a	  

result	  of	  their	  hybridization	  and	  repeated	  backcrossing.	  

Polyploidy	   event/whole	   genome	  duplication	   (WGD)	   –	   an	   event	   that	   results	   in	   the	  

formation	  of	  a	  new	  organism	  with	  an	  extra	  complete	  copy	  of	  its	  genome.	  Section	  2	  

gives	  an	  overview	  of	  the	  mechanisms	  leading	  to	  WGD	  formation.	  

Polysomic	  –	   chromosomes	   that	  are	  completely	  homologous	  and	  segregate	   to	   form	  
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multivalents	  or	  random	  bivalents	  in	  meiosis.	  

Reciprocal	  gene	   loss	  –	  WGD	  followed	  by	  speciation	  and	  fractionation	  can	   lead	  to	  a	  

situation	   where	   species	   sharing	   the	   WGD	   have	   lost	   alternative	   copies	   of	   certain	  

genes	   through	   independent	   fractionation.	   It	   has	   been	   argued	   that	   reciprocal	   gene	  

loss	   may	   have	   contributed	   to	   reproductive	   isolation	   among	   post-‐WGD	   yeasts	  

because	   hybrids	   would	   produce	   a	   high	   proportion	   of	   non-‐viable	   offspring	   due	   to	  

double-‐null	  loci	  [79].	  

Segmental	   allopolyploids	   –	   refers	   to	   polyploids	   that	   exhibit	   both	   polysomic	   and	  

disomic	  modes	  of	  inheritance.	  

Smaller-‐scale	  duplication	  –	  the	  duplication	  of	  a	  small	  part	  of	  a	  genome,	  often	  that	  of	  

a	   single	   gene.	   Small-‐scale	   duplications	   are	   often	   contrasted	   to	   larger	   scale	   events	  

such	  as	  duplications	  of	  whole	  chromosome	  arms	  or	  even	  genomes	  (WGD).	  

Subgenome	  –	  one	  of	  the	  contributing	  parental	  genomes	  in	  an	  allopolyploid.	  

Warburg	  effect	  –	  the	  observation	  that,	  unlike	  most	  cells	  that	  prefer	  to	  use	  glucose	  

respiratorily	  when	  oxygen	  is	  present,	  cancer	  cells	  often	  use	  fermentation	  to	  

metabolize	  that	  glucose	  (see	  Crabtree	  effect).	  

Box	  1:	  Definitions	  
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Abstract	  	  

Polyploidy	  plays	  a	  significant	  role	  in	  the	  evolution	  of	  flowering	  plants.	  

Understanding	  the	  effects	  of	  polyploidy	  on	  the	  epigenetic	  regulation	  of	  adaptive	  

traits	  may	  resolve	  questions	  about	  the	  success	  of	  polyploids.	  One	  such	  trait,	  

flowering	  time,	  has	  been	  the	  subject	  of	  several	  gene	  expression	  studies	  because	  it	  

has	  one	  of	  the	  best	  characterized	  genetic	  networks	  and	  because	  polyploidy	  has	  a	  

significant	  impact	  on	  generating	  variation	  in	  flowering	  time.	  Future	  research	  on	  the	  

epigenetic	  consequences	  of	  polyploidy	  on	  flowering	  time	  should	  begin	  to	  examine	  

natural	  variation	  in	  an	  ecological	  context,	  while	  continuing	  to	  make	  use	  of	  

resynthesized	  polyploids.	  

	  

Introduction	  

Polyploidy	  is	  an	  important	  cause	  of	  plant	  speciation	  and	  diversification	  [1,	  2•,	  3•,	  4,	  

5•,	  6•,	  7•,	  8,	  9	  and	  10].	  The	  estimated	  frequency	  of	  speciation	  events	  accompanied	  by	  

ploidy	   increase	   in	   angiosperms	   and	   ferns,	   has	   been	   reported	   as	   15%	   and	   31%,	  
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respectively	   [11].	   Many	   important	   crop	   species	   show	   evidence	   of	   genome	  

duplication.	  Both	  potato	  and	  alfalfa	  are	  derived	   from	  autopolyploidy,	  while	  wheat,	  

oat,	  cotton,	  coffee,	  and	  canola	  have	  allopolyploidy	  in	  their	  past	  evolutionary	  history	  

[12].	   Other	   crops,	   such	   as	   cabbage,	   soybean,	   and	   maize,	   are	   considered	  

paleopolyploids	   due	   to	   their	   more	   recent	   diploidization.	   Genome	   duplication	   in	  

angiosperms	   may	   be	   cyclic,	   with	   repeated	   rounds	   of	   polyploidy	   followed	   by	  

diploidization,	  which	  can	  begin	  immediately	  after	  polyploidization	  [4].	  

The	  widespread	  occurrence,	  and	  re-‐occurrence,	  of	  polyploidy	  is	  thought	  to	  

reflect	  the	  greater	  ability	  of	  neopolyploids	  to	  adapt	  to	  new	  environments	  compared	  

to	  their	  parental	  taxa.	  Further	  study	  into	  changing	  life	  history	  traits	  resulting	  from	  

epigenetic	  modification	  via	  neopolyploidy	  will	  help	  explain	  how	  this	  phenomenon	  

has	  been	  a	  major	  force	  in	  the	  evolution	  and	  speciation	  of	  plants.	  Mechanisms	  that	  

may	  contribute	  to	  the	  phenotypic	  changes	  associated	  with	  polyploidy	  have	  been	  

extensively	  reviewed	  [1,	  2•,	  3•,	  4,	  5•,	  6•,	  7•,	  8,	  9	  and	  10].	  Altered	  regulatory	  interactions,	  

increased	  variation	  of	  dosage-‐regulated	  gene	  effects	  and	  expression,	  genetic	  

changes	  (e.g.	  insertions,	  deletions,	  translocations,	  and	  gene	  conversions),	  and	  

epigenetic	  changes	  (repression	  or	  derepression	  of	  gene	  expression)	  have	  been	  

suggested	  to	  contribute	  to	  phenotypic	  changes	  resulting	  from	  the	  interaction	  

between	  genomes	  that	  have	  undergone	  either	  autopolyploid	  or	  allopolyploid	  events.	  

Owing	  to	  the	  rarity	  of	  these	  events,	  polyploidy	  must	  sometimes	  confer	  an	  immediate	  

advantage	  to	  ensure	  the	  establishment	  of	  polyploids	  among	  their	  diploid	  parents.	  

Although	  mechanisms	  affecting	  functional	  divergence	  of	  duplicate	  genes	  may	  confer	  

a	  selective	  advantage	  to	  new	  polyploids	  over	  time,	  those	  that	  confer	  novel	  forms	  of	  
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gene	  expression	  resulting	  in	  immediate	  phenotypic	  effects	  have	  been	  suggested	  as	  

interesting	  avenues	  for	  further	  investigation	  into	  the	  success	  of	  polyploids	  [7•	  and	  8].	  

	  

The	  flowering	  time	  pathway	  

Plants	  rely	  on	  environmental	  and	  endogenous	  cues	  to	  initiate	  flowering.	  Seasonal	  

shifts	  in	  temperature	  and	  day	  length	  are	  perceived	  by	  plants	  through	  the	  

vernalization	  and	  photoperiod	  pathways,	  respectively.	  Together,	  along	  with	  the	  

endogenous	  changes	  that	  permit	  or	  cause	  flowering	  (sometimes	  referred	  to	  as	  

autonomous	  pathways),	  these	  pathways	  are	  often	  referred	  to	  as	  flowering	  

pathways.	  Much	  of	  the	  current	  understanding	  of	  flowering	  has	  come	  from	  

Arabidopsis	  research	  [13••].	  Many	  recent	  reviews	  highlight	  specific	  aspects	  of	  

flowering	  [14•,	  15,	  16,	  17,	  18•,	  19•	  and	  20].	  Extensive	  research	  has	  contributed	  to	  

making	  the	  flowering	  time	  network	  one	  of	  the	  most	  well-‐characterized	  networks	  in	  

plants.	  Genetically	  and	  epigenetically	  altered	  regulatory	  interactions	  of	  pathways,	  

such	  as	  the	  flowering	  time	  pathway,	  are	  likely	  responsible	  for	  the	  increased	  

phenotypic	  variation	  observed	  in	  polyploids	  (see	  Figure	  1).	  Here,	  we	  focus	  on	  how	  

polyploidy	  uniquely	  contributes	  to	  the	  evolution	  of	  flowering	  time	  via	  epigenetic	  

change.	  

In	   Arabidopsis	   and	   Brassica,	   late	   flowering	   is	   a	   dominant	   trait	   probably	  

because	   flowering	   time	   is	   mainly	   dependent	   on	   the	   expression	   of	   a	   flowering	  

repressor,	  FLC,	  in	  the	  autonomous	  pathway.	  Consequently,	  the	  interspecific	  hybrids	  

and	   allotetraploids	   between	   an	   early-‐flowering	   and	   a	   late-‐flowering	   parent	   in	  

Arabidopsis	   or	   Brassica	   are	   often	   late	   flowering.	   Data	   support	   a	   role	   of	   antisense	  
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and	   noncoding	   RNAs	   in	   FLC	   expression	   [21].	   Lui	   et	   al.	   found	   that	   a	   transposable	  

element	   inserted	   in	  an	   intron	  of	  FLC	   in	   the	  commonly	  used	  Arabidopsis	  accession	  

Landsberg	   erecta	   (Ler)	   is	   associated	   with	   repressive	   chromatin	   modifications	   to	  

FLC-‐Ler	   that	   are	   mediated	   by	   siRNAs	   generated	   from	   homologous	   transposable	  

elements	  in	  the	  genome	  [22].	  It	  may	  be	  that	  different	  antisense	  and	  noncoding	  RNAs	  

originating	   from	   different	   species	   regulate	   expression	   of	   flowering	   time	   genes.	   In	  

plants	  such	  as	  corn	  and	  wheat	  that	  do	  not	  have	  FLC,	  the	  hybrids	  between	  an	  early-‐

flowering	  and	  a	  late-‐flowering	  parent	  usually	  flower	  early.	  This	  is	  because	  flowering	  

time	   is	   controlled	  by	   the	  FLOWERING	  LOCUS	  T	   (FT)-‐like	  gene	   that	  promotes	  early	  

flowering	  in	  these	  plants.	  

The	  photoperiod	  pathway	  consists	  of	  photoreceptor,	  circadian	  clock,	  and	  

circadian	  clock-‐regulated	  genes	  and	  promotes	  the	  floral	  transition	  in	  response	  to	  a	  

long	  photoperiod	  [23].	  In	  Arabidopsis,	  this	  pathway	  includes	  downstream	  circadian	  

clock	  genes,	  including	  FT	  and	  CONSTANS	  (CO).	  CO	  transcription	  is	  mediated	  by	  

circadian	  clock	  regulators	  such	  as	  GIGANTEA	  (GI)	  [24].	  In	  long-‐day	  (LD)	  conditions,	  

CO	  expression	  peaks	  during	  the	  light	  period,	  resulting	  in	  the	  activation	  of	  FT	  

expression,	  leading	  to	  early	  flowering	  [25	  and	  26].	  LD	  plants	  respond	  to	  lengthening	  

days	  and	  flower	  in	  the	  spring	  or	  early	  summer,	  whereas	  short-‐day	  (SD)	  plants	  

flower	  in	  late	  summer	  or	  autumn	  in	  response	  to	  shortening	  days	  and	  lengthening	  

nights	  [27].	  Several	  flowering	  genes	  were	  identified	  in	  temperate	  cereals	  such	  as	  

wheat	  that	  has	  vernalization	  response	  and	  LD	  flowering	  behaviors.	  Bread	  wheat	  

(Triticum	  aestivum	  L.,	  2n	  =	  6x	  =	  42)	  is	  an	  allohexaploid	  and	  quantitative	  LD	  plant,	  

and	  SD	  conditions	  delay	  the	  heading	  time	  [28].	  Although	  the	  same	  names	  are	  used,	  
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the	  VRN	  genes	  in	  wheat	  are	  completely	  different	  from	  those	  in	  Arabidopsis.	  

Although	  both	  winter	  and	  spring	  wheat	  are	  allohexaploid,	  winter	  wheat	  requires	  

winter	  vernalization	  to	  flower	  and	  is	  sown	  in	  the	  fall,	  whereas	  spring	  wheat	  does	  

not	  require	  vernalization	  and	  can	  be	  planted	  in	  the	  spring	  or	  fall.	  If	  all	  genes	  are	  

present,	  as	  shown	  in	  genetic	  mapping	  studies,	  the	  expression	  of	  VRN	  genes	  and	  

other	  genes	  in	  photoperiod	  and	  GA	  pathways	  is	  likely	  to	  be	  altered	  in	  winter	  and	  

spring	  wheat	  through	  genetic	  and	  epigenetic	  mechanisms	  [10].	  It	  will	  be	  interesting	  

to	  understand	  how	  these	  genes	  are	  regulated	  in	  allohexaploid	  wheat	  in	  response	  to	  

vernalization	  and	  to	  the	  domestication	  of	  winter	  and	  spring	  wheat.	  

	  

Polyploidy	  and	  flowering	  time	  

Allopolyploids	  are	   formed	  through	  the	  combination	  of	   two	  or	  more	  genomes	   from	  

related	  species,	  giving	  rise	  to	  the	  effects	  of	  genome	  doubling	  as	  well	  as	  hybridization	  

[1,	   2•,	   3•,	   4,	   5•,	   6•,	   7•,	   8,	   9	  and	  10].	   Hybridization	   can	   induce	   allelic	   interactions	   and	  

epigenetic	   modifications	   of	   homoeologous	   loci	   in	   the	   same	   nuclei,	   leading	   to	  

nonadditive	   gene	   regulation	   [9	  and	  10].	   In	   addition,	   the	   hybridization	   effects	  may	  

also	  be	  amplified	  through	  genome	  doubling	  as	  a	  consequence	  of	  dosage	  regulation.	  

Thus,	  allopolyploidy	  has	  larger	  effects	  on	  gene	  expression	  and	  phenotypic	  variation	  

than	   autopolyploidy	   [6•,	   29	  and	  30••].	   At	   gene	   expression	   levels,	   the	   regulatory	  

networks	  are	  altered	  by	  the	  addition	  of	  genes	  that	  possess	  diverged	  cis-‐regulatory	  

elements	   and/or	   trans-‐acting	   factors.	  Many	   genes	   in	   various	   biological	   pathways,	  

including	  flowering	  time,	  are	  expressed	  nonadditively.	  

Two	   epistatically	   acting	   loci,	   namely	   FRI	   and	   FLC,	   largely	   control	   natural	  
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variation	  of	  flowering	  time	  in	  Arabidopsis.	  Current	  data	  suggest	  a	  model	  for	  genetic	  

and	   epigenetic	   interactions	   between	  homoeologous	   loci	   in	   a	   genetic	   pathway	   that	  

mediates	   flowering	   time	   variation	   in	   Arabidopsis	   allotetraploids,	   which	   explains	  

how	  new	  allopolyploid	  species	  combine	  compatible	  biological	  pathways	  by	  selecting	  

and	  modifying	  the	  expression	  of	  orthologous	  loci	  originating	  from	  divergent	  species	  

[	  10	  and	  30••].	  

Two	  Arabidopsis	  species,	  A.	  arenosa	  and	  A.	  thaliana,	  diverged	  ∼6	  million	  

years	  ago	  and	  probably	  differ	  in	  flowering	  habits	  because	  of	  selective	  adaptation	  to	  

cold	  and	  warm	  climate	  [31],	  respectively.	  In	  the	  genetic	  pathway,	  sequence	  

evolution	  of	  FRI	  and	  FLC	  loci	  has	  led	  to	  a	  nonfunctional	  AtFRI	  in	  A.	  thaliana	  and	  cis-‐

regulatory	  changes	  in	  A.	  thaliana	  and	  A.	  arenosa	  FLC	  loci.	  In	  synthetic	  

allotetraploids,	  A.	  arenosa	  FRI	  interacts	  in	  trans	  with	  the	  downstream	  gene,	  AtFLC,	  

making	  the	  synthetic	  allotetraploids	  late	  flowering	  in	  a	  dosage-‐dependent	  manner	  

[30].	  Interestingly,	  it	  was	  trans-‐activation	  of	  AtFLC	  (instead	  of	  AaFLC)	  that	  

determined	  late	  flowering	  in	  the	  synthetic	  allotetraploids,	  which	  is	  related	  to	  a	  long	  

promoter	  segment	  of	  AtFLC	  including	  cis-‐elements	  for	  vernalization	  [32].	  On	  the	  

contrary,	  the	  promoter	  regions	  of	  AaFLC	  loci	  are	  small	  and	  contain	  a	  minimal	  

segment	  for	  FLC	  expression,	  and	  their	  expression	  levels	  are	  low.	  AtFLC1	  and	  

Arabidopsis	  suecica	  FLC1	  (AsFLC1)	  with	  intact	  cis-‐regulatory	  elements	  (promoters	  

and/or	  introns)	  are	  selectively	  associated	  with	  a	  strong	  winter-‐annual	  habit	  in	  

natural	  A.	  suecica	  strains,	  whereas	  AaFLC2	  and	  AsFLC2	  expression	  appears	  to	  be	  

dispensable.	  The	  effects	  of	  AaFRI	  on	  AtFLC	  and	  AaFLC1/AsFLC1	  upregulation	  are	  

mediated	  by	  histone	  acetylation	  and	  methylation	  [30••],	  which	  is	  likely	  affected	  by	  
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other	  genes	  in	  the	  autonomous	  and	  vernalization	  pathways.	  For	  example,	  

VERNALIZATION	  INSENSITIVE3	  (VIN3),	  a	  PHD-‐domain-‐containing	  protein,	  is	  

induced	  only	  after	  a	  prolonged	  period	  of	  cold.	  VIN3-‐induced	  silencing	  involves	  

changes	  in	  histone	  modifications	  of	  FLC	  chromatin	  [33].	  The	  stable	  silencing	  of	  FLC	  

also	  requires	  the	  DNA-‐binding	  protein	  VERNALIZATION1	  (VRN1)	  and	  the	  

polycomb-‐group	  protein	  VRN2.	  VRN2	  represses	  FLC	  expression	  through	  histone	  H3	  

K27	  dimethylation,	  and	  VRN1	  acts	  downstream	  of	  VRN2	  [34].	  The	  effects	  of	  these	  

vernalization-‐responsive	  genes	  and	  many	  genes	  in	  other	  pathways	  impacting	  

flowering	  time	  in	  polyploids	  are	  largely	  unknown.	  The	  hypothetical	  effects	  of	  

genetic	  and	  epigenetic	  loci	  duplication	  and	  network	  duplication	  on	  pathways	  such	  

as	  the	  flowering	  time	  pathway	  can	  be	  predicted	  (see	  Figure	  2).	  It	  is	  likely	  that	  

genetic	  interactions	  as	  well	  as	  epigenetic	  modifications	  of	  key	  regulatory	  genes	  in	  

flowering	  pathways	  are	  responsible	  for	  a	  wide	  range	  of	  flowering	  time	  variation	  

observed	  in	  plant	  polyploids.	  

	  

Conclusions	  and	  prospects	  

The	  genetic	  and	  genomic	  consequences	  of	  polyploidization	  have	  undergone	  much	  

more	  investigation	  in	  recent	  years	  than	  other	  important	  areas	  of	  polyploid	  evolution	  

[1,	  2•,	  3•,	  4,	  5•,	  6•,	  7•,	  8,	  9	  and	  10].	  The	  epigenetic	  consequences	  of	  genome	  merger	  may	  

reveal	  how	  polyploidy	  contributes	  to	  phenotypic	  changes,	  as	  seen	  in	  Arabidopsis	  

[10,	  35	  and	  36•],	  Brassica	  [37••	  and	  38•],	  Spartina	  [39],	  and	  wheat	  [40	  and	  41]:	  and	  

epigenetic	  phenomena	  associated	  with	  polyploidy	  will	  continue	  to	  be	  an	  active	  area	  

of	  research.	  Studying	  an	  array	  of	  natural	  and	  resynthesized	  polyploids	  in	  common	  
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garden	  experiments	  in	  a	  variety	  of	  ecological	  contexts	  is	  another	  understudied	  area	  

of	  polyploidy	  research.	  Ideally,	  a	  system	  that	  gives	  rise	  to	  extreme	  phenotypic	  

variation	  while	  maintaining	  a	  large	  degree	  of	  genome	  stability	  following	  

neopolyploidy	  would	  be	  most	  useful	  in	  studying	  the	  epigenetic	  effects	  of	  polyploidy	  

on	  flowering	  time.	  A	  potentially	  powerful	  approach	  would	  be	  to	  resynthesize	  

polyploids	  that	  generate	  a	  high	  degree	  of	  variation	  in	  flowering	  time	  while	  

originating	  from	  progenitors	  that	  previously	  underwent	  stable	  polyploid	  events	  in	  

nature.	  Selecting	  lines	  for	  polyploid	  resynthesis	  based	  on	  their	  successful	  

polyploidization	  in	  nature	  could	  result	  in	  a	  greater	  chance	  of	  finding	  instances	  

where	  whole	  genome	  duplications,	  and	  their	  consequent	  epigenetic	  changes,	  give	  

rise	  to	  adaptive	  traits	  such	  as	  changes	  in	  flowering	  time.	  	  
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Figures	  

	  

Figure	  1.	  Network	  evolution	  as	  a	  consequence	  of	  genome	  doubling.	  

Diagrammatic	  representation	  of	  networks	  with	  genetic	  and	  epigenetic	  elements	  

represented	  by	  circles	  and	  interactions	  by	  arrows.	  (a)	  Ancestral	  network	  with	  

epigenetic	  element	  (that	  may	  regulate	  transcription	  factors	  or	  target	  genes	  via,	  for	  

example,	  histone	  modification,	  chromatin	  remodeling,	  or	  DNA	  methylation),	  

transcription	  factors,	  and	  target	  genes.	  (b)	  The	  fully	  redundant	  network	  after	  

duplication	  by	  genome	  doubling.	  (c)	  The	  extant	  network	  following	  node/edge	  loss	  

and	  gain.	  Nonredundant	  and	  redundant	  ancestral	  interactions	  remain	  within	  the	  

network	  in	  addition	  to	  novel	  nonredundant	  interactions.	  Changes	  in	  gene	  

expression	  of	  epigenetically	  regulated	  loci	  may	  contribute	  to	  novel	  phenotypes	  

observed	  in	  polyploids.	  
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Figure	  2.	  Hypothetical	  effects	  of	  the	  duplication	  of	  genetic	  and	  epigenetic	  loci	  

on	  the	  regulation	  of	  flowering	  time.	  Circular	  rheostats	  (a)–(d)	  represent	  genetic	  

and	  epigenetic	  loci	  ultimately	  regulating	  phenotype.	  Rectangular	  rheostats	  (e)–(h)	  

represent	  the	  possible	  range	  of	  phenotypes	  observed	  in	  each	  hypothetical	  network.	  

White	  half	  circles	  indicate	  the	  range	  of	  signal	  variation	  for	  each	  locus.	  Upper	  and	  

lower	  case	  letters	  represent	  alternative	  alleles	  and	  epialleles.	  Black	  lines	  connect	  

loci	  in	  pathway	  from	  their	  signal	  input	  to	  their	  respective	  possible	  phenotypic	  

output.	  (a)	  Two	  alleles/epialleles	  at	  one	  locus	  regulate	  flowering	  time	  in	  a	  rheostat-‐

like	  manner.	  (b)	  Two	  alleles/epialleles	  at	  two	  loci	  regulate	  flowering	  time,	  allowing	  

for	  increased	  phenotypic	  variation	  within	  the	  range	  limits	  of	  parental	  expression.	  

(c)	  Duplication	  of	  genetic	  and	  epigenetic	  loci	  within	  the	  context	  of	  a	  network	  as	  a	  

consequence	  of	  recent	  genome	  doubling.	  Potentially,	  genetic	  and	  epigenetic	  loci	  

could	  have	  complete	  redundancy	  in	  their	  interactions,	  as	  shown	  here.	  However,	  in	  

allopolyploids	  where	  combining	  genomes	  may	  significantly	  differ	  from	  each	  other,	  

cross-‐talk	  between	  pathways	  originating	  from	  previously	  separated	  genomes	  may	  
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interact	  to	  a	  lesser	  degree.	  (d)	  Duplication	  of	  genetic	  and	  epigenetic	  loci	  within	  the	  

context	  of	  a	  network	  following	  locus	  and	  interaction	  loss	  over	  time.	  &	  represents	  a	  

locus	  or	  pathway	  that	  is	  acquired	  by	  the	  flowering	  pathway.	  In	  both	  (c)	  and	  (d),	  

phenotypic	  variation	  can	  vary	  more	  widely	  depending	  on	  allele/epiallele	  context.	  

Additionally	  in	  (c),	  numerous	  allele/epiallele	  combinations	  allow	  for	  the	  instant	  

optimization	  of	  flowering	  time	  for	  a	  specific	  environment	  that	  includes	  phenotypes	  

outside	  the	  range	  of	  the	  diploid	  parents.	  These	  instant	  optimizations	  and	  extreme	  

phenotypes	  may	  explain	  why	  some	  species	  that	  undergo	  genome	  doubling	  have	  

increased	  fitness	  compared	  to	  their	  diploid	  progenitors.	  (e)–(h)	  Overall	  possible	  

ranges	  of	  phenotypic	  variation	  in	  flowering	  time	  observed	  in	  situation	  (a),	  (b),	  (c),	  

and	  (d)	  shown	  as	  (e),	  (f),	  (g),	  and	  (h),	  respectively.	  
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Summary	  

Polyploidy	  is	  a	  complex	  mutational	  mechanism	  that	  provides	  not	  only	  an	  

increased	  genetic	  reservoir	  for	  evolutionary	  forces	  to	  act	  upon,	  but	  it	  involves	  a	  

unique	  amplification	  of	  the	  combinatorial	  possibilities	  between	  features	  of	  

biological	  networks.	  Only	  recently,	  scientists	  have	  begun	  the	  process	  of	  uncovering	  

biological	  networks	  on	  a	  genome-‐wide	  scale,	  such	  as	  protein-‐protein	  interaction	  

networks,	  metabolic	  networks,	  genetic	  interaction	  networks,	  co-‐expression	  

networks,	  co-‐function	  networks,	  and	  regulatory	  networks	  (reviewed	  in	  [1]).	  A	  full	  

account	  of	  the	  complex	  cellular	  networks	  that	  underlie	  function	  remains	  a	  primary	  

goal	  of	  systems	  biologists	  [2].	  	  	  

Polyploid	  cell	  lineages	  and	  entire	  polyploid	  organisms	  are	  most	  commonly	  

formed	  by	  mitotic	  and	  meiotic	  disruptions,	  respectively.	  Polyploid	  cell	  lineages	  arise	  

in	  organisms	  varied	  along	  many	  branches	  of	  the	  tree	  of	  life,	  and	  here,	  we	  highlight	  

cases	  in	  arthropods,	  mammals,	  and	  plants.	  By	  reviewing	  routes	  of	  polyploid	  cell	  

lineage	  formation	  via	  endoreduplication,	  the	  repression	  of	  telomerase,	  failures	  in	  

cytokinesis,	  or	  the	  merging	  of	  cells,	  we	  show	  how	  many	  features	  of	  cellular	  biology	  

are	  affected	  by	  multiplication	  of	  the	  genome.	  	  

The	  knowledge	  gained	  from	  studying	  whole	  genome	  duplication	  is	  of	  interest	  

to	  those	  outside	  the	  polyploidy	  research	  community	  as	  it	  invokes	  many	  cellular	  

changes	  for	  both	  normal	  and	  pathological	  states.	  In	  addition	  to	  providing	  a	  platform	  

for	  discovery	  about	  cell	  cycle,	  mitosis	  and	  meiosis,	  we	  highlight	  in	  chapter	  one	  a	  

model	  for	  the	  progression	  of	  some	  cancers	  from	  a	  polyploid	  to	  aneuploid	  state.	  

Drawing	  a	  causal	  connection	  between	  polyploidy	  and	  the	  cancer	  phenotype	  is	  
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difficult	  given	  the	  paucity	  or	  understanding	  about	  mutation	  and	  cancer	  and	  the	  

practical	  fact	  that	  virtually	  all	  cancers	  are	  removed	  following	  detection.	  However,	  

we	  discuss	  Barrett’s	  esophagus,	  a	  slow	  developing	  premalignant	  neoplasm,	  which	  

provides	  a	  safe	  opportunity	  for	  longitudinally	  observing	  neoplastic	  progression	  in	  a	  

solid	  tumor.	  	  Identifying	  additional	  cases	  in	  which	  genome-‐wide	  observations	  can	  be	  

made	  of	  lineage-‐specific	  cells	  would	  help	  address	  the	  progression	  of	  unchecked	  

growth	  canonical	  to	  cancer.	  	  	  

A	  major	  contribution	  to	  chapter	  one	  is	  the	  link	  between	  the	  metabolic	  shifts	  

to	  glucose	  fermentation	  from	  glucose	  respiration	  in	  cancer	  (Warburg	  effect)	  and	  

yeast	  (the	  Crabtree	  effect)	  (also	  see	  [3]	  for	  review).	  	  This	  shift	  in	  cancer	  may	  be	  

similarly	  attributable	  to	  polyploidy	  as	  in	  yeast.	  The	  links	  between	  these	  metabolic	  

phenomenon	  and	  polyploidy	  deserve	  further	  analysis,	  and	  a	  first	  step	  may	  be	  to	  

compare	  metabolite	  loss	  following	  polyploidy	  in	  both	  yeast	  and	  cancer	  cell	  lineages	  

that	  have	  underwent	  this	  change	  in	  the	  cellular	  processing	  of	  glucose.	  	  In	  the	  case	  of	  

Barrett’s	  esophagus	  mentioned	  previously,	  recent	  evidence	  suggests	  a	  metabolic	  

adaptation	  to	  microenvironments	  that	  may	  be	  similar	  to	  the	  changes	  typically	  

associated	  with	  cancer	  [4].	  	  

At	  the	  organismal	  level,	  we	  define	  temporal	  periods	  of	  changes	  following	  

polyploidy:	  neopolyploidy,	  mesopolyploidy,	  and	  paleopolyploidy.	  These	  terms	  are	  

useful	  in	  thinking	  about	  the	  rate	  and	  series	  of	  events	  regarding	  biological	  network	  

evolution	  following	  whole	  genome	  duplication	  in	  addition	  to	  what	  may	  be	  driving	  

nascent	  polyploids	  to	  “dead	  ends”	  while	  older	  ones	  have	  been	  a	  “success.”	  The	  

timing	  of	  events	  are	  important	  in	  light	  of	  the	  insightful	  observation	  that	  in	  several	  
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instances	  in	  plants,	  a	  whole	  genome	  duplication	  occurs,	  a	  novel	  trait	  evolves,	  and	  

after	  a	  significant	  amount	  of	  time,	  one	  of	  two	  sister	  groups	  rapidly	  radiates.	  These	  

data	  suggest	  a	  model,	  termed	  the	  Whole	  Genome	  Duplication	  Lag-‐Time	  model,	  in	  

which	  the	  novel	  trait	  alone	  does	  not	  contribute	  to	  the	  successful	  diversification	  of	  

the	  resulting	  crown	  group	  but	  rather	  subsequent	  phenomena	  such	  as	  migration	  or	  

changing	  climactic	  conditions	  [5].	  By	  recognizing	  the	  importance	  of	  differentiating	  

polyploids	  into	  this	  spectrum,	  scientists	  can	  better	  conceptualize	  what	  may	  be	  

occurring	  in	  lineages	  with	  varying	  ages	  of	  polyploidy,	  thus	  deepening	  our	  research	  

agenda.	  As	  researchers	  continue	  to	  map	  biological	  networks	  of	  polyploids,	  we	  will	  

want	  to	  compare	  the	  effects	  of	  genome	  doubling	  of	  various	  ages.	  We	  can	  then	  ask	  

questions	  about	  the	  basic	  properties	  of	  network	  evolution	  such	  as	  what	  factors	  

contribute	  the	  evolvabiltiy	  of	  genes,	  pathways,	  and	  traits.	  	  

In	  chapter	  two,	  we	  review	  the	  epigenetic	  effects	  following	  polyploidy	  on	  one	  

such	  trait,	  flowering	  time.	  Flowering	  time	  represents	  one	  of	  many	  traits	  important	  

for	  adaptation	  to	  different	  environments	  and	  has	  been	  shown	  to	  diverge	  in	  

resynthesized	  polyploids	  [6].	  Flowering	  time	  is	  regulated	  by	  a	  well-‐characterized	  set	  

of	  integrated	  pathways	  [7].	  Comparative	  analysis	  between	  related	  species	  has	  

demonstrated	  alternative	  mechanisms	  for	  inducing	  flowering	  in	  different	  plant	  

lineages.	  As	  in	  the	  case	  of	  key	  flowering	  repressors,	  major	  differences	  have	  been	  

found	  in	  the	  regulation	  of	  the	  vernalization	  pathway	  [8].	  In	  chapter	  two,	  we	  address	  

how	  polyploidy	  may	  result	  in	  genetically	  and	  epigenetically	  altered	  regulatory	  

interactions.	  	  
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Specifically,	  we	  review	  a	  model	  for	  how	  these	  interactions	  mediate	  flowering	  

time	  variation	  in	  Arabidopsis	  allotetraploids.	  The	  diploid	  progenitors,	  A.	  arenosa	  and	  

A.	  thaliana,	  are	  adapted	  to	  cold	  and	  warm	  environments,	  respectively.	  In	  the	  warm-‐

adapted	  A.	  thaliana,	  the	  ortholog	  controlling	  response	  to	  cold	  temperature	  is	  non-‐

functional.	  Interestingly,	  this	  non-‐functional	  gene	  in	  A.	  thaliana	  interacted	  with	  its	  

upstream	  floral	  regulator	  from	  the	  cold-‐adapted	  species	  in	  the	  allotetraploid	  and	  

not	  the	  ortholog	  contributed	  from	  A.	  arenosa.	  The	  interaction	  between	  the	  two	  loci	  

is	  mediated	  by	  histone	  modification.	  Indeed,	  many	  other	  epigenetic	  processes	  have	  

been	  found	  to	  control	  flowering	  time	  and	  have	  been	  reviewed	  elsewhere	  [9-‐11].	  	  

Chapter	  two	  combines	  this	  evidence	  from	  Arabidopsis	  with	  hypothetical	  

models	  for	  how	  two	  genomes,	  when	  combined	  via	  polyploidy,	  can	  result	  in	  

epigenetic	  and	  genetic	  changes	  that	  affect	  phenotype.	  We	  suggest	  factors	  for	  

selecting	  useful	  organismal	  models	  for	  further	  research	  of	  natural	  and	  

resynthesized	  polyploids	  to	  gain	  insight	  into	  the	  immediate	  effects	  of	  whole	  genome	  

duplication.	  This	  will	  aid	  in	  our	  understanding	  of	  why	  and	  how	  new	  polyploids	  are	  

established	  and	  maintained	  while	  it	  appears	  most	  go	  extinct	  in	  nature	  [12,	  13].	  	  

Together,	  these	  chapters	  synthesize	  research	  regarding	  the	  occurrence	  and	  

implications	  of	  biological	  network	  evolution	  following	  polyploidy.	  As	  I	  leave	  my	  

current	  position	  at	  the	  University	  of	  Missouri,	  I	  look	  forward	  to	  learning	  more	  about	  

the	  fruits	  of	  comparative	  genomics	  and	  interactomics	  as	  scientists	  elucidate	  the	  

molecular	  mechanisms	  controlling	  agronomically	  important	  traits,	  such	  as	  flowering	  

time.	  I	  hope	  to	  witness	  when	  systems	  biology	  contributes	  to	  the	  engineering	  of	  

better	  plants	  for	  our	  needs	  the	  way	  that	  traditional	  breeding	  and	  molecular	  genetics	  
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has	  revolutionized	  agricultural	  production.	  
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