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As	
  a	
   likely	
   target	
  of	
  sexual	
  selection	
  via	
   female	
  mate	
  choice,	
  male	
  nuptial	
  patterns	
  
are	
   thought	
   to	
   have	
   played	
   a	
   role	
   in	
   the	
   extraordinary	
   diversification	
   of	
   Lake	
  
Malawi’s	
   rock-­‐dwelling	
   (mbuna)	
   cichlids.	
  The	
  extent	
   to	
  which	
  male	
   coloration	
   can	
  
explain	
   the	
   rapid	
   evolution	
   of	
   the	
   mbuna	
   clade,	
   however,	
   is	
   dependent	
   on	
   its	
  
underlying	
  genetic	
  architecture.	
   If	
  male	
  nuptial	
  coloration	
   is	
   found	
  to	
  be	
  mediated	
  
by	
   few	
   genes	
   of	
   large	
   effect,	
   then	
   this	
   genetic	
   architecture	
   could	
   support	
   rapid	
  
phenotypic	
  evolution	
  and	
  offers	
  a	
  potential	
  mechanism	
  explaining	
  the	
  extraordinary	
  
diversity	
   of	
   Lake	
   Malawi	
   cichlids.	
   To	
   this	
   end,	
   this	
   study	
   aims	
   to	
   quantify	
   the	
  
number	
   of	
   genetic	
   factors	
   and	
   the	
   mode	
   of	
   gene	
   action	
   influencing	
   male	
  
xanthophores	
  pigmentation	
  in	
  two	
  closely	
  related	
  sympatric	
  mbuna	
  species	
  of	
  Lake	
  
Malawi.	
   I	
  estimate	
   that	
  xanthophore	
  pigmentation	
   in	
  both	
  scales	
  and	
  pelvic	
   fins	
   is	
  
regulated	
   by	
   few	
   genes	
   of	
   large	
   effect	
   that	
   exhibit	
   epistatic	
   effects.	
   These	
   results	
  
provide	
  insight	
  into	
  the	
  genetics	
  of	
  male	
  coloration	
  and	
  add	
  to	
  a	
  body	
  of	
  literature	
  
supporting	
  pigmentation	
  patterns’	
  roles	
  in	
  cichlid	
  diversification.	
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CHAPTER	
  ONE	
  

Introduction	
  

	
  

	
   Within	
   the	
   past	
   10	
   million	
   years	
   (Genner	
   et	
   al.,	
   2007),	
   over	
   2000	
   species	
   of	
  

cichlid	
  have	
  evolved	
  in	
  the	
  three	
  East	
  African	
  Great	
  Lakes.	
  This	
  striking	
  example	
  of	
  a	
  

rapidly	
  speciating	
  clade	
  offers	
  an	
  excellent	
  opportunity	
  to	
  study	
  species	
  formation.	
  

In	
   Lake	
   Malawi	
   alone,	
   over	
   800	
   species	
   of	
   haplochromine	
   cichlids	
   (Danley	
   et	
   al.,	
  

2012)	
   are	
   thought	
   to	
   have	
   radiated	
   from	
   a	
   single	
   ancestor	
   that	
   invaded	
   the	
   lake	
  

700,000	
   years	
   ago.	
   	
   Put	
   into	
   perspective,	
   this	
   outnumbers	
   all	
   the	
   species	
   of	
   fresh	
  

water	
   fish	
   in	
  North	
  America	
  and	
  Europe	
  combined	
  and	
  raises	
   the	
  question	
  of	
  how	
  

such	
  extraordinary	
  diversity	
  was	
  generated	
  [Maitland,	
  1994;	
  Page	
  et	
  al.,	
  2011].	
  	
  

	
   Phylogenetic	
  analyses	
  suggest	
  that	
  the	
  diversification	
  of	
  Lake	
  Malawian	
  cichlids	
  

occurred	
   in	
   three	
   distinct	
   stages	
   (Danley	
   and	
   Kocher,	
   2001).	
   The	
   first	
   of	
   these	
  

radiations	
   split	
   the	
   diverging	
   lineages	
   among	
   the	
   major	
   habitats	
   in	
   the	
   lake	
   and	
  

produced	
   two	
   large	
   benthic	
   clades:	
   the	
   sand-­‐dwellers	
   and	
   the	
   rock-­‐dwellers	
   (or	
  

mbuna).	
   A	
   second	
   radiation	
   characterized	
   by	
   a	
   diversification	
   of	
   trophic	
  

morphology	
   followed	
   (Danley	
   and	
  Kocher,	
   2001).	
   During	
   the	
   ongoing	
   third	
   stage,	
  

male	
   secondary	
   sexual	
   characteristics	
   diverged	
   in	
   apparent	
   response	
   to	
   sexual	
  

selection	
  via	
  female	
  choice	
  (Holzberg	
  1978;	
  Ribbink	
  et	
  al.	
  1983;	
  Dominey	
  1984;	
  Hert	
  

1991;	
  McKaye	
  1991).	
  

	
   As	
  a	
  trait	
  likely	
  under	
  sexual	
  selection	
  (Deutsch,	
  1997;	
  Seehausen	
  &	
  van	
  Alphen,	
  

1998;	
   Danley	
   &	
   Kocher,	
   2001),	
   male	
   pigmentation	
   patterns	
   might	
   have	
   played	
   a	
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defining	
   role	
   in	
   the	
   evolutionary	
   history	
   of	
   cichlid	
   diversification.	
   The	
   speed	
  with	
  

which	
   male	
   pigmentation	
   has	
   evolved,	
   and	
   the	
   resulting	
   rapid	
   evolution	
   of	
   the	
  

mbuna	
   clade,	
  may	
   have	
   been	
   facilitated	
   by	
   the	
   underlying	
   genetic	
   architecture	
   of	
  

this	
   phenotype	
   (Chenoweth	
   and	
   McGuigan,	
   2010).	
   If	
   male	
   nuptial	
   coloration	
   is	
  

mediated	
  by	
  few	
  genes	
  of	
  large	
  effect,	
  this	
  genetic	
  architecture	
  could	
  facilitate	
  rapid	
  

phenotypic	
   evolution	
   (Dobzhansky	
   and	
   Dobzhansky	
   1937,	
   Ayala	
   et	
   al.	
   1997,	
  

Kronforst	
   et	
   al.	
   2006)	
   and	
   offers	
   a	
   potential	
   mechanism	
   explaining	
   the	
  

extraordinary	
  diversity	
  of	
  Lake	
  Malawian	
  cichlids.	
  

	
   In	
   the	
   interest	
   of	
   elucidating	
   male	
   nuptial	
   colorations	
   role	
   in	
   cichlid	
  

diversification,	
   the	
   goal	
   of	
   this	
   study	
   was	
   to	
   elucidate	
   the	
   genetic	
   factors	
   that	
  

underlie	
  male	
   xanthophore	
  pigmentation.	
  To	
   this	
   end,	
   the	
  density	
   of	
   xanthophore	
  

cells,	
   pigmentation	
   cell	
   types	
   responsible	
   for	
   yellow-­‐orange	
   coloration,	
   was	
  

measured	
   in	
   two	
   closely	
   related	
   sympatric	
   mbuna	
   species	
   and	
   their	
   line-­‐cross	
  

derivatives	
   to	
  estimate	
  mode	
  of	
  gene	
  action	
  and	
   the	
  number	
  of	
   factors	
  underlying	
  

the	
  trait.	
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CHAPTER	
  TWO	
  

Materials	
  and	
  Methods	
  

	
  

Study	
  Animals	
  

	
  	
   This	
  study	
  focused	
  on	
  the	
  difference	
  in	
  xanthophore	
  pigmentation	
  in	
  Maylandia	
  

benetos	
   and	
   Maylandia	
   zebra.	
   These	
   species	
   are	
   closely	
   related	
   members	
   of	
   the	
  

mbuna	
  clade	
  and	
  are	
  sympatric	
  at	
  Mazinzi	
  Reef	
  in	
  the	
  southeast	
  arm	
  of	
  Lake	
  Malawi,	
  

Africa	
  (Stauffer	
  et	
  al.,	
  1997).	
  Maylandia	
  benetos	
  and	
  M.	
  zebra	
  are	
  similar	
  ecologically,	
  

morphologically,	
   and	
   behaviorally,	
   yet	
   they	
   can	
   be	
   distinguished	
   by	
   adult	
  

pigmentation	
  patterns	
   (Stauffer	
  et	
  al.,	
   (1997).	
  Territorial	
  M.	
  zebra	
  males	
  possess	
  a	
  

bright,	
  blue	
  background	
  interrupted	
  by	
  five	
  to	
  seven	
  dorso-­‐ventral	
  black	
  body	
  bars	
  

and	
  prominently	
  black-­‐pigmented	
  pelvic	
   fins.	
  Dominant	
  M.	
  benetos	
  share	
  the	
  same	
  

blue	
   background,	
   lack	
   the	
   melanistic	
   body	
   bars	
   and	
   pelvic	
   fin	
   pigmentation,	
   and	
  

possess	
  yellow-­‐pigmented	
  regions	
  located	
  on	
  the	
  breast	
  and	
  caudal,	
  dorsal,	
  pectoral,	
  

and	
  pelvic	
  fins	
  [Fig.1].	
  Females	
  of	
  both	
  species	
  are	
  drab	
  olive	
  to	
  brown	
  in	
  coloration	
  

with	
  less	
  conspicuous	
  vertical	
  bars.	
  	
  

	
  

Pigmentation	
  Phenotype	
  

	
   Pigmentation	
  patterns	
  of	
  the	
  mbuna	
  cichlids	
  are	
  the	
  product	
  of	
  three	
  cell	
  types:	
  

black	
  melanophores,	
  iridescent	
  iridophores,	
  and	
  the	
  yellow-­‐orange	
  xanthophores	
  

(Mills	
  and	
  Patterson,	
  2009).	
  The	
  pigments	
  of	
  the	
  melanophores	
  and	
  xanthophores	
  

are	
   under	
   physiological	
   control	
   and	
   are	
   associated	
   with	
   a	
   microtubule	
   system	
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Fig	
  1:	
  M.	
  zebra	
  male	
  (A),	
  female	
  (C)	
  &	
  M.	
  benetos	
  male	
  (B)	
  female	
  (D)	
  and	
  their	
  scales	
  and	
  fins.	
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capable	
  of	
  aggregating	
  and	
  dispersing	
  intracellular	
  pigments	
  to	
  and	
  away	
  from	
  the	
  

cell’s	
   center	
   (Matsumoto	
   et	
   al.,	
   1977;	
   Obika,	
   1986).	
   Identifying	
   individual	
   cells	
   is	
  

difficult	
  when	
  the	
  pigment	
  is	
  dispersed	
  throughout	
  the	
  cell’s	
  cytoplasm.	
  Stimulating	
  

pigment	
  contraction	
  with	
  an	
  aggregating	
  solution	
  (Ohta,	
  1974),	
  however,	
  facilitates	
  

the	
   identification	
   and	
   quantification	
   of	
   chromatophore	
   cells.	
   Xanthophores	
   in	
  

particular	
  are	
  rendered	
  easily	
  visible	
  and	
  quantifiable	
  under	
  a	
  light	
  microscope	
  due	
  

to	
   intracellular	
  pteridine	
  and	
  carotenoid	
  pigments	
   (Matsumoto	
  et	
  al.,	
  1977;	
  Obika,	
  

1986).	
  	
  

	
  

Producing	
  Hybrids	
  

	
   To	
  generate	
  hybrids	
  from	
  the	
  two	
  reproductively	
  isolated	
  study	
  species,	
  artificial	
  

fertilization	
   was	
   required.	
   The	
   abdomens	
   of	
   male	
   and	
   female	
   fish	
   were	
   gently	
  

compressed	
  to	
  release	
  sperm	
  and	
  eggs	
  into	
  a	
  petri	
  dish.	
  The	
  eggs	
  were	
  mixed	
  with	
  

the	
   sperm	
   for	
   five	
   minutes	
   and	
   the	
   fertilized	
   eggs	
   were	
   incubated	
   at	
   28	
  °C	
   until	
  

hatched	
  larvae	
  were	
  capable	
  of	
  swimming	
  independently.	
  Both	
  the	
  M.	
  zebra	
  (♀)	
  x	
  M.	
  

benetos	
   (♂)	
  cross	
  and	
  its	
  reciprocal	
  were	
  performed,	
  however	
  the	
  reciprocal	
  cross	
  

failed	
  to	
  generate	
  any	
  male	
  offspring.	
  Thus	
  all	
  subsequent	
  hybrid	
  generations	
  were	
  

created	
   using	
   offspring	
   of	
   the	
  M.	
  zebra	
  (♀)	
   x	
  M.	
  benetos	
   (♂)	
  cross.	
   Upon	
   reaching	
  

sexual	
  maturity,	
  F1	
  hybrids	
  were	
  randomly	
  selected	
  to	
  produce	
  the	
  F2	
  generation	
  as	
  

well	
   as	
   backcrosses	
   to	
   M.	
   benetos	
   (BCB)	
   and	
   M.	
   zebra	
   (BCZ)	
   lines.	
   Water	
  

temperature	
  was	
  kept	
  between	
  26°	
  and	
  28°C.	
  Light	
  cycles	
  within	
  the	
  lab	
  were	
  kept	
  

at	
  diurnal	
  12-­‐hour	
  light/dark	
  cycles.	
  Fish	
  were	
  fed	
  commercial	
  fish	
  food	
  twice	
  daily.	
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Phenotyping	
  Color	
  Pattern	
  

	
   Scales	
  and	
  pelvic	
  fins	
  were	
  collected	
  from	
  >	
  1	
  year	
  old	
  fish	
  in	
  order	
  to	
  quantify	
  

xanthophore	
   density	
   of	
   the	
   parental	
   species	
   and	
   resulting	
   hybrid	
   generations.	
  

Because	
   observed	
   sexual	
   dimorphisms	
   in	
   pigmentation	
   at	
   the	
   gross	
   level	
   do	
   not	
  

necessarily	
   imply	
   differences	
   at	
   the	
   cellular	
   level,	
   scales	
   and	
   fins	
   were	
   removed	
  

from	
  both	
  males	
  and	
  females.	
  Pelvic	
  fins	
  and	
  scales	
  sampled	
  from	
  the	
  first	
  body	
  bar	
  

directly	
   below	
   the	
   lateral	
   line	
  were	
   treated	
  with	
   a	
   K+	
  rich	
   aggregating	
   fluid	
   (Ohta	
  

1974)	
   to	
   aggregate	
   the	
   chromatophores.	
   After	
   photographing	
   the	
   tissues	
   at	
   30x	
  

magnification	
   with	
   a	
   Nikon	
   SMZ1500	
   stereomicroscope,	
   xanthophores	
   were	
  

quantified	
   by	
   counting	
   individual	
   xanthophores	
   in	
   a	
   0.25mm2	
   area	
   of	
   highest	
  

xanthophore	
  density	
  on	
  each	
  tissue.	
  

	
  

Statistical	
  Analyses	
  

	
   In	
  total,	
  377	
  fish	
  were	
  phenotyped	
  [Table:	
  1].	
  Of	
  these,	
  there	
  were	
  44	
  M.	
  benetos	
  

(25	
  ♂,	
  19	
  ♀),	
  39	
  M.	
  zebra	
  (20	
  ♂,	
  19	
  ♀),	
  33	
  F1	
  hybrids	
  (17	
  ♂,	
  16	
  ♀)	
  produced	
  with	
  

(♀	
  M.	
   zebra	
  x	
  ♂	
  M.	
  benetos),	
   218	
   F2	
   hybrids	
   (58	
  ♂,	
   160	
  ♀)	
   produced	
   from	
   three	
  

independent	
   crosses,	
   13	
   backcrossed	
   progeny	
   (10	
  ♂,	
   3	
  ♀)	
   of	
   an	
   (F1	
   hybrid	
   x	
  M.	
  

benetos)	
  and	
  30	
  backcrossed	
  progeny	
  (16	
  ♂,	
  14	
  ♀)	
  of	
  an	
  (F1	
  hybrid	
  x	
  M.	
  zebra).	
  All	
  

xanthophore	
   counts	
   were	
   square	
   root	
   transformed	
   before	
   statistical	
   analysis	
   to	
  

increase	
   the	
  normality	
  of	
   the	
  data.	
  A	
  Shapiro-­‐Wilk	
   test	
  of	
  normality	
   indicated	
   that	
  

the	
   square-­‐root	
   transformation	
   normalized	
   all	
   data	
   sets	
   except	
   for	
   the	
   following:	
  

male	
  M.	
  zebra	
   scales	
   (p	
   <	
   0.005)	
   and	
   fins	
   (p	
   <	
   0.005),	
   F2	
   hybrid	
   fins	
   (p	
   <	
   0.005),	
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backcrossed	
  M.	
  zebra	
  scales	
  (p	
  =	
  0.046)	
  and	
  female	
  F2	
  hybrid	
  scales	
  (p	
  <	
  0.005)	
  [Fig	
  

2].	
  

	
   A	
   one-­‐way	
   ANOVA	
   was	
   run	
   for	
   both	
   parental	
   lines	
   to	
   determine	
   whether	
  

xanthophore	
   counts	
   differed	
   between	
   males	
   and	
   females.	
   An	
   ANOVA	
   and	
  

subsequent	
   Tukey	
   Comparison	
   tests	
   were	
   then	
   conducted	
   to	
   determine	
   the	
  

differences	
  in	
  counts	
  between	
  the	
  parental	
  species	
  and	
  the	
  various	
  hybrid	
  lines.	
  This	
  

and	
   all	
   subsequent	
   statistical	
   tests	
  were	
   performed	
  with	
  R	
   Statistical	
   Software	
   (R	
  

Development	
  Core	
  Team,	
  2012).	
  

	
   To	
   explore	
   the	
   genetic	
   architecture	
   of	
   xanthophore	
   pigmentation,	
   quantitative	
  

genetic	
  analysis	
  was	
  used	
  to	
  estimate	
  the	
  mode	
  of	
  gene	
  action	
  and	
  the	
  number	
  of	
  

genetic	
   factors.	
   Mode	
   of	
   gene	
   action,	
   which	
   describes	
   the	
   influence	
   of	
   additive,	
  

dominance,	
   and	
   epistatic	
   effects	
   on	
   a	
   phenotype,	
   was	
   calculated	
   using	
   the	
   joint-­‐

scaling	
   test	
   (Cavalli	
   1952;	
   Hayman	
   1960).	
   This	
   test	
   evaluates	
   a	
   genetic	
   model’s	
  

adequacy	
  of	
  fit	
  by	
  estimating	
  the	
  model	
  parameters	
  and	
  then	
  comparing	
  them	
  to	
  the	
  

observed	
  line	
  means	
  via	
  least	
  squares	
  regression:	
  

𝑧! =   𝜇! + 𝜃!"𝛼!! + 𝜃!"𝛿!! + 𝑒! 	
  

where	
  𝑧  	
  is	
  a	
  matrix	
  output	
  of	
  line	
  means’	
  parameter	
  estimates,	
  𝜇!	
  is	
  the	
  matrix	
  of	
  all	
  

line	
   means,	
  𝜃!"𝛼!! 	
  and	
  𝜃!"𝛿!! 	
  are	
   the	
   genetic	
   effects	
   of	
   additivity	
   and	
   dominance	
  

respectively,	
  and	
  𝑒! 	
  denotes	
  the	
  line	
  means’	
  deviations	
  from	
  the	
  model’s	
  prediction.	
  	
  

Though	
   insufficient	
   line	
  means	
  were	
   available	
   for	
   analysis	
   of	
   epistatic	
   effects,	
   the	
  

above	
  model	
  includes	
  the	
  effects	
  of	
  epistasis	
  in	
  its	
  error	
  calculation.	
  	
  

	
   The	
  number	
  of	
  effective	
  genetic	
  factors	
  required	
  to	
  explain	
  the	
  observed	
  means	
  

and	
   variances	
   of	
   the	
   parentals	
   and	
   subsequent	
   line	
   crosses	
   were	
   approximated	
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using	
   the	
   Castle-­‐Wright	
   estimator	
   as	
   described	
   in	
   Lynch	
   and	
  Walsh	
   (1998).	
   This	
  

biometrical	
  approach	
  uses	
  the	
  observed	
  means	
  and	
  variances	
  of	
   the	
  parentals	
  and	
  

the	
   calculated	
   segregational	
   variance	
   to	
   produce	
   a	
   biased	
   estimate	
   of	
   genetic	
  

factors:	
  

𝑛!   =   
𝑧 P! −   𝑧 P! !  –   Var 𝑧 P!   –   Var 𝑧 P!

8Var 𝑆   
  

	
  

where	
  𝑛! 	
  is	
   the	
   estimated	
   number	
   of	
   factors,	
   𝑧 P!   and  Var 𝑧 P! 	
  denotes	
   the	
  

observed	
   means	
   and	
   variances	
   of	
   the	
   parental	
   lines,	
   and	
  Var 𝑆 	
  represents	
   the	
  

estimated	
  segregational	
  variation.	
  The	
  segregational	
  variance	
  was	
  calculated	
  via	
  the	
  

weighted	
  least	
  squared	
  method.	
  	
  

	
   Pearson’s	
   test	
   of	
   correlation	
   was	
   used	
   to	
   determine	
   whether	
   scales	
   and	
   fins	
  

shared	
  a	
  common	
  genetic	
  basis.	
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Gender Differences in Broods 
One-way ANOVA: Scales 
 
             P-value  Df    F-value 
Benetos  0.954   1    0.003 
BCB     0.260   1    1.411 
F2       < 0.005   1  368.360 
F1      < 0.005   1   49.170 
BCZ      0.011  1    7.342 
Zebra    < 0.005   1  196.370 

Gender Differences in Broods 
One-way ANOVA: Fins 
 
           P-value  Df    F-value 
Benetos  0.717   1    0.717 
BCB     0.032   1    0.032 
F2       < 0.005   1  65.966 
F1      0.007   1   8.284 
BCZ      0.129  1    2.453 
Zebra    < 0.005   1  222.260 



Male M. benetos M. zebra P-value F1 hybrid   F2 hybrid  BCB BCZ  
Scales 56.95(368.39) 1.30(11.91) < 0.005 9.00(138.88) 16.67(184.29) 42.80(59.29) 17.19(385.10)  
Fins 92.68(1209.90) 1.60(20.46) < 0.005 37.47(433.14) 39.66(535.35) 84.70(932.01) 31.31(1259.30) 

Female  M. benetos M. zebra P-value F1 hybrid   F2 hybrid  BCB BCZ 
Scales 57.05(145.72) 28.47(123.26) <0.005 42.75(230.73) 53.28(165.98) 50.67(214.33) 36.00(416.15) 
Fins 80.47(507.60) 38.05(185.83) <0.005 55.13(126.38) 64.69(500.36) 79.00(193.00) 42.14(618.75) 

z 1 y 2 y
S l 56 95(368 39) 1 30(11 91) 0 005 9 00(138 88) 16 67(184 29) 42 80(59 29) 17 19(385 10)

P-value < 0.05 indicate significant difference between parental counts.

Female M. benetos M. zebra P value F1 hybrid F2 hybrid BCB BCZ
S l ( ) ( ) ( ) ( ) ( ) ( )



ple Comparison tests comparing differences between broods for both scales and fins.

Λ – 0.001 Λ – 0.375 

Table 3: Results of the joint scaling test displaying the observed and expected line means for each model for both 
scales and fins. χ2 and p values as well as the Likelihood Ratio statistic are reported directly below. 
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CHAPTER	
  FOUR	
  

Discussion	
  and	
  Conclusion	
  

	
  

	
   Salient	
   differences	
   in	
   pigmentation	
   patterns	
   within	
   dimorphic	
   species	
   and	
  

between	
   sympatric	
   congeners	
   are	
   hallmark	
   characteristic	
   of	
   the	
   rock-­‐dwelling	
  

cichlids	
  of	
  Lake	
  Malawi.	
  Coloration	
  at	
   the	
  gross	
   level	
   is	
  mediated	
  by	
  physiological	
  

color	
   change,	
   however,	
   so	
   differences	
   in	
   pigmentation	
   may	
   not	
   be	
   marginally	
  

different	
   between	
   groups	
   cytologically.	
   After	
   controlling	
   for	
   the	
   effects	
   of	
  

physiological	
   color	
   change,	
   sexual	
   dimorphisms	
   in	
   xanthophore	
   counts	
   were	
  

observed	
  in	
  M.	
  zebra	
  but	
  not	
  M.	
  benetos.	
   	
  Sexual	
  dimorphism	
  is	
  a	
  clear	
  evidence	
  of	
  

epistasis	
  with	
  sex	
  determining	
  genes.	
  To	
  reduce	
  the	
  effect	
  of	
  epistasis	
  in	
  the	
  data	
  set,	
  

only	
  male	
  counts	
  were	
  used	
  to	
  estimate	
  genetic	
  factors.	
  	
  

	
   Consideration	
   of	
   coloration	
   at	
   the	
   cytological	
   rather	
   than	
   the	
   gross	
   level	
   can	
  

increase	
  a	
  study’s	
  sample	
  size.	
  As	
  seen	
  in	
  M.	
  benetos	
  counts,	
  differences	
  between	
  the	
  

two	
   genders	
  may	
   be	
   a	
   reflection	
   of	
   variation	
   in	
   physiological	
   control	
   rather	
   than	
  

differences	
   in	
   the	
   number	
   of	
   pigment	
   cells.	
   	
   If	
   no	
   significant	
   differences	
   exist	
  

between	
  genders	
  at	
  the	
  cellular	
  level	
  for	
  both	
  lines,	
  pooling	
  male	
  and	
  female	
  counts	
  

together	
   would	
   be	
   appropriate.	
   Gender	
   dimorphisms	
   in	
   our	
   study,	
   however,	
  

precluded	
  the	
  use	
  of	
  female	
  data.	
  

	
   Multiple	
   Comparisons	
   tests	
   reported	
   that	
   significant	
   differences	
   do	
   exist	
  

between	
   the	
   parentals	
   and	
   line	
   derivatives	
   at	
   the	
   cytological	
   level.	
   This	
   evidence	
  

confirms	
  a	
  genetic	
  basis	
  for	
  differences	
  between	
  lines	
  and	
  legitimizes	
  the	
  use	
  of	
  the	
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Castle-­‐Wright	
   estimator	
   to	
   elucidate	
   the	
   number	
   of	
   genetic	
   factors	
   that	
   differ	
  

between	
  the	
  groups.	
  

	
   Utilizing	
  a	
  modified	
  version	
  of	
   the	
  Castle-­‐Wright	
  equation,	
  results	
  of	
   this	
  study	
  

suggest	
   that	
   few	
   genetic	
   factors	
   underlie	
   xanthophore	
   pigmentation	
   between	
   the	
  

closely	
  related	
  sympatric	
  species	
  pair	
  M.	
  benetos	
  and	
  M.	
  zebra.	
  This	
  conclusion,	
  that	
  

few	
   genetic	
   factors	
   underlie	
   male	
   pigmentation,	
   is	
   corroborated	
   by	
   other	
   studies	
  

reporting	
  similar	
  trends.	
  Using	
  the	
  same	
  analysis,	
  Magalhaes	
  and	
  Seehausen	
  (2010)	
  

reported	
  that	
  red	
  and	
  yellow	
  coloration	
  in	
  Lake	
  Victorian	
  cichlids	
  are	
  controlled	
  by	
  

a	
  minimum	
  of	
   2-­‐4	
   loci	
   and	
   a	
   single	
   gene	
   respectively.	
  Working	
  within	
   the	
  mbuna	
  

clade	
  of	
  Lake	
  Malawi,	
  Barson	
  et	
  al.	
  (2007)	
  reported	
  that	
  4	
  –	
  7	
  loci	
  underlie	
  blue	
  and	
  

yellow	
  body	
  pigmentation	
  and	
  O’Quin	
  (2011)	
  calculated	
  that	
  approximately	
  1	
  and	
  3	
  

genetic	
   factors	
   underlie	
   dorsal	
   and	
   caudal	
   fin	
   yellow	
   pigmentation.	
   However,	
   the	
  

simple	
  genetic	
  basis	
  to	
  cichlid	
  pigmentation	
  has	
  not	
  been	
  universally	
  observed	
  (see	
  

for	
  example,	
  Ding	
  et	
  al.	
   in	
  prep).	
  Furthermore,	
  each	
  of	
   these	
  studies,	
   including	
  our	
  

own,	
   rejected	
   the	
   additive	
   model	
   and	
   additive-­‐dominance	
   model	
   for	
   most	
  

pigmentation	
   phenotypes	
   studied.	
   This	
   observation	
   is	
   consistent	
   with	
   the	
   notion	
  

that	
  epistatic	
  effects	
  are	
  almost	
  always	
  involved	
  in	
  differentiation	
  of	
  divergent	
  lines	
  

(Lynch	
  and	
  Walsh,	
  1998).	
  

	
   However,	
  several	
  of	
  the	
  assumptions	
  of	
  the	
  Castle-­‐Wright	
  analysis	
  were	
  violated.	
  

Specifically,	
   the	
   Castle-­‐Wright	
   estimator	
   assumes	
   additive	
   gene	
   action,	
   a	
   model	
  

inconsistent	
  with	
  results	
  of	
  the	
  joint	
  scaling	
  test	
  for	
  both	
  scales	
  and	
  fins.	
  In	
  addition,	
  

not	
  all	
  of	
  the	
  data	
  was	
  normally	
  distributed.	
  Most	
  notable	
  of	
  these	
  non-­‐normalized	
  

groups	
  was	
  the	
  M.	
  zebra	
  counts	
  for	
  both	
  scales	
  and	
  fins	
  due	
  to	
  the	
  counts	
  proximity	
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to	
   a	
   value	
   of	
   zero.	
   Since	
   violation	
   of	
   the	
   estimator’s	
   assumptions	
   can	
   lead	
   to	
  

considerable	
   underestimates	
   of	
   the	
   true	
   number	
   of	
   loci	
   (Zeng	
   et	
   al.,	
   1990),	
   the	
  

estimates	
  of	
   this	
  study	
  should	
  be	
  considered	
   lower	
  bounds	
  on	
  the	
  total	
  number	
  of	
  

actual	
  genetic	
  factors.	
  	
  

	
   Results	
   of	
   the	
   Pearson’s	
   product-­‐moment	
   correlation	
   suggest	
   that	
  

developmental	
  and	
  regulatory	
  pathways	
  are	
  shared	
  between	
  the	
  scale	
  and	
  pelvic	
  fin	
  

phenotypes.	
   This	
   result	
   is	
   consistent	
   with	
   the	
   findings	
   of	
   previous	
   work	
   on	
  

covariation	
   in	
   pigmentation.	
   O’Quinn	
   et	
   al.	
   (2011)	
   reported	
   strong	
   positive	
  

correlations	
  between	
  xanthophore	
  and	
  melanophore	
  scores	
  at	
  various	
  phenotypes.	
  

Barson	
  et	
  al.	
  (2007)	
  reported	
  linkage	
  in	
  yellow	
  pigmentation	
  between	
  the	
  belly	
  and	
  

dorsal	
   fin.	
   In	
   the	
   context	
   of	
   producing	
   diversity,	
   covariation	
   can	
   constrain	
   the	
  

independent	
   evolution	
   of	
   traits	
   and	
   imposes	
   restrictions	
   on	
   phenotypic	
   evolution	
  

(Chenoweth	
  and	
  McGuigan,	
  2010).	
  	
  

	
  

Conclusion	
  

	
   We	
   estimate	
   that	
   xanthophore	
   pigmentation	
   in	
   both	
   scales	
   and	
   pelvic	
   fins	
   is	
  

regulated	
   by	
   few	
   genes	
   of	
   large	
   effect	
   in	
   a	
   model	
   through	
   genes	
   with	
   epistatic	
  

effects.	
  These	
  results	
  provide	
  insight	
  into	
  the	
  genetics	
  of	
  male	
  coloration	
  and	
  add	
  to	
  

a	
   body	
   of	
   literature	
   supporting	
   pigmentation	
   patterns’	
   roles	
   in	
   cichlid	
  

diversification.	
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