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Abstract	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  
	
   Despite	
  the	
  close	
  relationship	
  humans	
  share	
  with	
  chimpanzees,	
  the	
  evolutionary	
  history	
  of	
  this	
  
species	
  is	
  relatively	
  unknown.	
  	
  Due	
  to	
  its	
  high	
  copy	
  number	
  and	
  high	
  mutation	
  rate,	
  population	
  genetic	
  
analyses	
  of	
  chimpanzees	
  have	
  focused	
  on	
  a	
  1.1	
  kilo-­‐base	
  segment	
  of	
  mitochondrial	
  DNA	
  (mtDNA)	
  known	
  
as	
  the	
  control	
  region.	
  	
  Earlier	
  work	
  based	
  on	
  analyses	
  of	
  the	
  hypervariable	
  region	
  1	
  (HVR-­‐1),	
  one	
  of	
  two	
  
fragments	
  that	
  make	
  up	
  the	
  control	
  region,	
  support	
  the	
  separation	
  of	
  Upper	
  Guinea	
  and	
  Gulf	
  of	
  Guinea	
  
chimpanzees	
  into	
  a	
  monophyletic	
  group	
  separate	
  from	
  Central	
  and	
  East	
  African	
  chimpanzees.	
  	
  I	
  aimed	
  
to	
  compare	
  and	
  contrast	
  the	
  chimpanzee	
  mtDNA	
  coding	
  region	
  phylogeny	
  to	
  the	
  mtDNA	
  complete	
  
genome	
  phylogeny	
  to	
  analyze	
  the	
  effects	
  of	
  removing	
  the	
  control	
  region.	
  	
  Through	
  this	
  investigation	
  it	
  
can	
  be	
  inferred	
  whether	
  analysis	
  of	
  the	
  coding	
  region	
  maintains	
  the	
  relationships	
  between	
  taxa	
  without	
  
losing	
  substantial	
  resolution.	
  The	
  second	
  goal	
  of	
  this	
  research	
  was	
  to	
  identify	
  fixed	
  differences	
  outside	
  
the	
  control	
  region.	
  In	
  the	
  present	
  study,	
  59	
  chimpanzee	
  and	
  bonobo	
  mtDNA	
  genomes	
  were	
  analyzed.	
  	
  
Alignments	
  were	
  generated	
  in	
  preparation	
  for	
  the	
  creation	
  of	
  four	
  phylogenies,	
  (complete	
  genome,	
  
coding	
  region,	
  entire	
  control	
  region,	
  hyper	
  variable	
  region	
  1),	
  using	
  the	
  program	
  Geneious.	
  	
  The	
  program	
  
Network	
  was	
  also	
  applied	
  to	
  examine	
  the	
  patterns	
  of	
  diversity	
  within	
  each	
  subspecies	
  and	
  to	
  identify	
  
fixed	
  differences.	
  The	
  mtDNA	
  coding	
  region	
  tree	
  inferred	
  the	
  same	
  general	
  relationships	
  between	
  taxa	
  
as	
  that	
  proposed	
  by	
  the	
  mtDNA	
  complete	
  genome.	
  	
  The	
  branches	
  of	
  the	
  mtDNA	
  complete	
  genome	
  tree,	
  
however,	
  are	
  slightly	
  better	
  resolved	
  due	
  to	
  the	
  high	
  mutation	
  rate	
  of	
  the	
  control	
  region.	
  	
  Although	
  
previous	
  and	
  current	
  analysis	
  of	
  mtDNA	
  yields	
  informative	
  phylogenies,	
  the	
  conclusions	
  drawn	
  from	
  this	
  
research	
  and	
  past	
  investigations	
  is	
  limited	
  to	
  the	
  relationship	
  between	
  females	
  of	
  this	
  species	
  as	
  mtDNA	
  
is	
  maternally	
  inherited.	
  	
  Through	
  subsequent	
  studies	
  of	
  several	
  types	
  of	
  molecular	
  data,	
  a	
  better	
  
understanding	
  of	
  the	
  chimpanzee	
  lineage	
  can	
  be	
  achieved.	
  In	
  addition	
  143	
  fixed	
  differences	
  were	
  
identified	
  that	
  could	
  aid	
  in	
  subspecies	
  classification	
  in	
  future	
  investigations	
  of	
  chimpanzee	
  fecal	
  samples.	
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Introduction	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  

	
   In	
  recent	
  years	
  the	
  evolutionary	
  history	
  and	
  population	
  structure	
  of	
  Pan	
  troglodytes	
  

(chimpanzee)	
  has	
  been	
  heavily	
  debated.	
  	
  Previous	
  evolutionary	
  studies	
  have	
  mainly	
  centered	
  on	
  Homo	
  

sapiens	
  (human)	
  nuclear	
  and	
  mtDNA	
  sequences	
  differences,	
  with	
  the	
  aim	
  of	
  discerning	
  our	
  origins	
  

(Gonder	
  et	
  al.	
  2007;	
  Ingman	
  et	
  al.	
  2000;	
  Mishmar	
  et	
  al.	
  2002).	
  	
  The	
  information	
  available	
  concerning	
  

nucleotide	
  diversity	
  in	
  chimpanzees	
  and	
  bonobos,	
  our	
  close	
  relatives,	
  pales	
  in	
  comparison	
  to	
  humans	
  

(Kaessmann	
  et	
  al.	
  1999).	
  	
  Studies	
  of	
  these	
  species,	
  however,	
  can	
  prove	
  to	
  be	
  integral	
  to	
  the	
  

understanding	
  of	
  our	
  own,	
  due	
  to	
  the	
  close	
  relationship	
  humans	
  share	
  with	
  chimpanzees	
  and	
  bonobos	
  

(Sarich	
  &	
  Wilson	
  1967).	
  Recent	
  research	
  of	
  ape	
  demography	
  has	
  revealed	
  that	
  chimpanzees	
  and	
  

bonobos	
  have	
  populations	
  that	
  are	
  characterized	
  by	
  deep	
  separation	
  times	
  (Bjork	
  et	
  al.	
  2010,	
  Gonder	
  et	
  

al.	
  2011,	
  Stone	
  et	
  al.	
  2010,	
  Zsurka	
  et	
  al.	
  2010).	
  	
  Genetic	
  differences	
  between	
  populations	
  of	
  

chimpanzees	
  and	
  bonobos	
  even	
  surpasses	
  that	
  separating	
  human	
  populations	
  on	
  separate	
  continents	
  

(Bowden	
  et	
  al.	
  2012).	
  	
  

Currently,	
  four	
  subspecies	
  of	
  chimpanzees	
  are	
  recognized	
  (Figure	
  1):	
  P.t.	
  verus	
  inhabits	
  Upper	
  

Guinea;	
  P.t.	
  ellioti	
  inhabits	
  Nigeria	
  and	
  adjacent	
  parts	
  of	
  Cameroon	
  (Gonder	
  et	
  al.	
  2006);	
  P.t	
  troglodytes	
  

inhabits	
  central	
  Africa;	
  and	
  P.t.	
  schweinfurthii	
  inhabits	
  eastern	
  Africa	
  (Gonder	
  et	
  al.	
  2011). At	
  present,	
  it	
  

is	
  generally	
  accepted	
  that	
  bonobos	
  are	
  distinct	
  enough	
  from	
  chimpanzees,	
  both	
  morphologically	
  and	
  

molecularly	
  to	
  be	
  considered	
  its	
  own	
  species,	
  Pan	
  paniscus	
  (Coolidge	
  1933).	
  	
  Although	
  four	
  subspecies	
  of	
  

chimpanzees	
  are	
  now	
  recognized,	
  the	
  relationships	
  between	
  them	
  are	
  still	
  debated	
  (Bjork	
  et	
  al.	
  2010,	
  

Fischer	
  et	
  al.	
  2006,Gonder	
  et	
  al.	
  2011).	
  Different	
  models	
  for	
  population	
  structure	
  can	
  be	
  inferred,	
  

depending	
  on	
  the	
  type	
  of	
  data	
  used	
  and	
  samples	
  available.	
  	
  For	
  example,	
  a	
  study	
  of	
  Y-­‐chromosome	
  

variation	
  in	
  chimpanzee	
  has	
  led	
  to	
  the	
  suggestion	
  that	
  P.t.	
  ellioti	
  are	
  not	
  a	
  distinct	
  group;	
  this	
  study,	
  

however,	
  did	
  not	
  include	
  multiple	
  individuals	
  classified	
  as	
  belonging	
  to	
  this	
  subspecies	
  (Stone	
  et	
  al.	
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2002).	
  	
  Moreover,	
  some	
  authors	
  claim	
  that	
  chimpanzees	
  across	
  Africa	
  may	
  be	
  characterized	
  by	
  clinal	
  

genetic	
  variation,	
  and	
  thus,	
  suggest	
  that	
  this	
  species	
  should	
  not	
  be	
  divided	
  into	
  subspecies	
  (Fischer	
  et	
  al.	
  

2006).	
  	
  	
  	
  

	
  
 

Figure 1) Map of the subspecies distribution of  
chimpanzees.  Range of bonobos is also included.  
[From Gonder et al. 2011.] 

  
 
 
 
 
  
 
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
     

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Given	
  that	
  different	
  loci	
  and	
  molecular	
  data	
  can	
  lead	
  to	
  the	
  suggestion	
  of	
  different	
  evolutionary	
  

histories,	
  several	
  chimpanzee	
  phylogenies	
  have	
  been	
  proposed.	
  	
  Of	
  particular	
  interest	
  has	
  been	
  the	
  use	
  

of	
  mtDNA	
  control	
  region	
  sequences	
  (a	
  rapidly	
  evolving	
  non-­‐coding	
  1.1	
  kilo-­‐base	
  (Kb)	
  fragment	
  of	
  the	
  

mtDNA	
  genome	
  that	
  is	
  prone	
  to	
  mutational	
  saturation	
  and	
  homoplasy)	
  and	
  microsatellites	
  (areas	
  of	
  

nuclear	
  DNA	
  that	
  contain	
  short	
  repeats)	
  in	
  chimpanzee	
  studies	
  (Gagneux	
  et	
  al.	
  2001;	
  Gonder	
  et	
  al.	
  2006;	
  

Goldberg	
  &	
  Ruvolo	
  1997;	
  Gonder	
  et	
  al.	
  2011,	
  Morin	
  et	
  al.	
  1994).	
  In	
  many	
  population	
  genetic	
  studies,	
  

mtDNA	
  has	
  been	
  analyzed	
  due	
  to	
  such	
  traits	
  as	
  its	
  high	
  copy	
  number,	
  lack	
  of	
  recombination,	
  rapid	
  

mutation	
  rate	
  compared	
  to	
  nuclear	
  DNA,	
  and	
  maternal	
  mode	
  of	
  inheritance	
  (Ballard	
  and	
  Whitlock	
  

2004).	
  	
  Until	
  recently,	
  population	
  genetic	
  research	
  on	
  ape	
  mtDNA	
  has	
  focused	
  on	
  a	
  segment	
  of	
  the	
  

control	
  region	
  known	
  as	
  hypervariable	
  region	
  1	
  (HVR-­‐1)	
  (Gagneux	
  et	
  al.	
  2001,	
  Gonder	
  et	
  al.	
  2006.,	
  

Goldberg	
  &	
  Ruvolo	
  1997,	
  Morin	
  et	
  al.	
  1994).	
  	
  Current	
  research	
  has	
  focused	
  more	
  often	
  on	
  studying	
  

chimpanzee	
  and	
  bonobo	
  mtDNA	
  complete	
  genomes	
  (Bjork	
  et	
  al.	
  2010,	
  Gonder	
  et	
  al.	
  2011,	
  Stone	
  et	
  al.	
  

2010,	
  Zsurka	
  et	
  al.	
  2010).	
  	
  	
  The	
  mtDNA	
  HVR-­‐1	
  phylogeny	
  of	
  chimpanzees	
  and	
  bonobos	
  is	
  given	
  in	
  figure	
  2	
  

(modified	
  from	
  Gonder	
  et	
  al.	
  2011).	
  	
  Complete	
  mtDNA	
  genomes	
  and	
  hypervariable	
  control	
  region	
  

mtDNA	
  data	
  have	
  yielded	
  a	
  discontinuous	
  population	
  structure	
  for	
  the	
  four	
  chimpanzee	
  subspecies.	
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According	
  to	
  the	
  mtDNA	
  phylogeny,	
  P.t.	
  verus	
  and	
  P.t.	
  ellioti	
  share	
  a	
  monophyletic	
  relationship	
  (Bjork	
  et	
  

al.	
  2010,	
  Gagneux	
  2001,	
  Gonder	
  et	
  al.	
  2006,	
  Stone	
  et	
  al.	
  2010).	
  	
  Additionally,	
  East	
  African	
  chimpanzees	
  

and	
  Central	
  African	
  chimpanzees	
  form	
  a	
  monophyletic	
  group	
  (Gagneux	
  2001,	
  Gonder	
  et	
  al.	
  2006,	
  Stone	
  

et	
  al.	
  2010).	
  	
  

	
   	
  

	
  

	
  

	
  

	
   	
  Recently,	
  autosomal	
  microsatellites	
  that	
  are	
  informative	
  for	
  examining	
  chimpanzee	
  population	
  

structure	
  have	
  been	
  analyzed	
  by	
  Gonder	
  et	
  al.	
  2011.	
  This	
  type	
  of	
  molecular	
  data	
  suggests	
  a	
  history	
  of	
  

chimpanzee	
  populations	
  that	
  is	
  different	
  from	
  that	
  proposed	
  from	
  analysis	
  of	
  mtDNA	
  data	
  (Figure	
  3).	
  	
  

Analysis	
  of	
  the	
  microsatellite	
  data	
  suggests	
  a	
  more	
  distant	
  relationship	
  between	
  P.t.	
  ellioti	
  and	
  P.t.	
  verus	
  

than	
  suggested	
  by	
  mtDNA	
  (Figure	
  2).	
  	
  Furthermore,	
  P.t.	
  ellioti	
  and	
  P.t.	
  troglodytes	
  form	
  a	
  hybrid	
  area	
  

surrounding	
  the	
  upper	
  Sanaga	
  River	
  	
  (Gonder	
  et	
  al.	
  2011),	
  which	
  complements	
  earlier	
  data	
  from	
  the	
  

mtDNA	
  HVRI	
  suggesting	
  that	
  a	
  zone	
  of	
  overlap	
  between	
  subspecies	
  may	
  exist	
  in	
  central	
  Cameroon	
  

(Gagneux	
  et	
  al.	
  2001;	
  Gonder	
  et	
  al.	
  2006).	
  	
  Similarly,	
  P.t.	
  troglodytes	
  and	
  P.t.	
  schweinfurthii	
  do	
  not	
  form	
  

two	
  distinctive	
  monophyletic	
  groups,	
  but	
  instead	
  show	
  evidence	
  of	
  clinal	
  variation	
  (Gonder	
  et	
  al.	
  2011),	
  

as	
  suggested	
  previously	
  (Gagneux	
  et	
  al.	
  2001;	
  Gonder	
  et	
  al.	
  2006).	
  	
  	
   	
  

	
  

Figure	
  3)	
  	
  Map	
  and	
  phylogeny	
  
displaying	
  the	
  subspecies	
  divisions	
  as	
  
suggested	
  by	
  analysis	
  of	
  
microsatellites	
  of	
  chimpanzees	
  and	
  
bonobos	
  (from	
  Gonder	
  et	
  al.	
  2011)	
  
	
  
	
  

Figure	
  2)	
  	
  Map	
  and	
  phylogeny	
  
displaying	
  the	
  subspecies	
  divisions	
  
suggested	
  by	
  analysis	
  of	
  	
  	
  
chimpanzee	
  and	
  bonobo	
  mtDNA	
  
[modified	
  from	
  Gonder	
  et	
  al.	
  2011].	
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Two	
  issues	
  I	
  sought	
  to	
  address	
  in	
  this	
  investigation	
  were	
  the	
  following:	
  	
  (1)	
  to	
  investigate	
  if	
  the	
  

chimpanzee	
  mtDNA	
  coding	
  region	
  contains	
  the	
  necessary	
  phylogenetic	
  resolution	
  to	
  discern	
  the	
  

evolutionary	
  history	
  of	
  the	
  chimpanzee	
  entire	
  mtDNA	
  genome;	
  and	
  (2)	
  to	
  identify	
  informative	
  single	
  

nucleotide	
  polymorphisms	
  (SNPs)	
  outside	
  the	
  control	
  region	
  that	
  might	
  be	
  useful	
  for	
  future	
  population	
  

genetic	
  studies.	
  In	
  this	
  research,	
  54	
  chimpanzee	
  and	
  bonobo	
  mtDNA	
  genomes	
  were	
  retrieved	
  from	
  

GenBank	
  that	
  were	
  previously	
  reported	
  in	
  three	
  different	
  studies	
  (Bjork	
  et	
  al.	
  2010;	
  Stone	
  et	
  al.	
  2010;	
  

Zsurka	
  et	
  al.	
  2010).	
  	
  These	
  published	
  sequences	
  were	
  aligned	
  to	
  5	
  newly	
  sequenced	
  mtDNA	
  genomes	
  

that	
  were	
  produced	
  in	
  the	
  Gonder	
  lab	
  using	
  standard	
  protocols.	
  	
  Neighbor	
  joining	
  (NJ)	
  phylogenetic	
  

trees	
  —	
  a	
  type	
  of	
  tree	
  that	
  uses	
  distance	
  information	
  to	
  create	
  branches	
  with	
  a	
  minimal	
  total	
  length	
  

(Saitou	
  &	
  Nei	
  1987)	
  —	
  were	
  subsequently	
  formed	
  using	
  the	
  program	
  Geneious	
  (Drummond	
  et	
  al.,	
  2010),	
  

in	
  order	
  to	
  compare	
  and	
  contrast	
  the	
  mtDNA	
  complete	
  genome	
  phylogeny	
  to	
  the	
  phylogeny	
  created	
  

using	
  only	
  coding	
  region	
  sequences.	
  	
  Through	
  this	
  investigation	
  it	
  can	
  be	
  inferred	
  whether	
  analysis	
  of	
  the	
  

coding	
  region	
  alone	
  recapitulates	
  the	
  relationships	
  between	
  taxa	
  without	
  losing	
  substantial	
  resolution	
  

from	
  the	
  more	
  quickly	
  evolving	
  HVR-­‐I.	
  	
  NJ	
  trees	
  were	
  additionally	
  generated	
  for	
  the	
  control	
  region	
  and	
  

the	
  HVR-­‐1.	
  	
  A	
  median	
  joining	
  tree	
  —	
  a	
  network	
  that	
  utilizes	
  median	
  vectors	
  (hypothetical	
  ancestors)	
  to	
  

reduce	
  tree	
  length	
  (Bandelt	
  et	
  al.	
  1999)	
  —	
  was	
  additionally	
  generated	
  in	
  the	
  program	
  Network	
  (Fluxus	
  

Technology	
  Ltd	
  2010)	
  for	
  SNP	
  (a	
  single	
  base	
  differences	
  between	
  taxa)	
  identification.	
  These	
  

phylogenetically	
  informative	
  SNPs	
  will	
  allow	
  the	
  mtDNA	
  genotyping	
  of	
  wild	
  chimpanzees	
  without	
  full	
  

mtDNA	
  sequencing.	
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Methods	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  

mtDNA	
  Samples	
  from	
  Genbank	
  

	
  MtDNA	
  genomic	
  sequences	
  were	
  retrieved	
  from	
  GenBank	
  for	
  54	
  chimpanzees	
  and	
  bonobos.	
  

The	
  group	
  of	
  sequences	
  was	
  comprised	
  of	
  7	
  from	
  P.t.	
  schweinfurthii,	
  14	
  from	
  P.t.	
  troglodytes,	
  5	
  from	
  P.t.	
  

ellioti	
  ,	
  6	
  from	
  P.t	
  verus,	
  and	
  22	
  from	
  P.	
  paniscus	
  genomes.	
  	
  These	
  genome	
  sequences	
  can	
  be	
  found	
  

under	
  the	
  accession	
  numbers	
  GU112738-­‐GU112745	
  (Stone	
  et	
  al.	
  2010),	
  GU18957-­‐GU189677,	
  

HM015213	
  (Zsurka	
  et	
  al.	
  2010),	
  and	
  HM068570-­‐HM068593	
  (Bjork	
  et	
  al.	
  2010).	
  

Selection	
  of	
  Samples	
  for	
  Further	
  Sequencing	
  

Primary	
  mtDNA	
  sequence	
  data	
  in	
  the	
  form	
  of	
  chromatograms	
  from	
  25	
  individuals	
  previously	
  

partially	
  sequenced	
  in	
  the	
  Gonder	
  lab	
  were	
  assembled	
  using	
  the	
  software	
  Sequencher	
  version	
  4.9	
  

(GeneCodes	
  Corp.,	
  Ann	
  Arbor,	
  MI,	
  USA).	
  	
  	
  Sequencing	
  had	
  been	
  carried	
  out	
  by	
  splitting	
  the	
  genome	
  into	
  

24	
  different	
  regions	
  for	
  sequencing	
  in	
  the	
  reverse	
  and	
  forward	
  direction.	
  	
  The	
  primers	
  used	
  are	
  listed	
  in	
  

Appendix	
  II.	
  	
  All	
  available	
  sequenced	
  regions	
  were	
  aligned	
  to	
  a	
  reference	
  chimpanzee	
  mtDNA	
  genome,	
  

accession	
  number	
  GU112739	
  (Stone	
  et	
  al.	
  2010),	
  for	
  sequence	
  assembly.	
  	
  Subsequently,	
  base	
  calls	
  were	
  

manually	
  edited	
  through	
  analysis	
  of	
  chromatograms	
  of	
  overlapping	
  sequences.	
  	
  Regions	
  where	
  further	
  

sequencing	
  was	
  needed	
  due	
  to	
  missing	
  areas	
  in	
  the	
  sequenced	
  genome	
  or	
  due	
  to	
  low	
  quality	
  base	
  calls	
  

were	
  annotated.	
  	
  From	
  this	
  annotation,	
  the	
  five	
  most	
  complete	
  genomes	
  were	
  selected	
  for	
  further	
  

analysis.	
  	
  Four	
  of	
  these	
  five	
  individuals	
  were	
  selected	
  for	
  further	
  mtDNA	
  sequencing.	
  	
  	
  

Touchdown	
  Long-­‐range	
  PCR	
  

Four	
  mtDNA	
  P.	
  troglodytes	
  genomes	
  were	
  selected	
  from	
  the	
  25	
  partially	
  sequenced	
  individuals	
  

previously	
  assembled	
  in	
  the	
  Gonder	
  lab	
  for	
  amplification:	
  	
  P.	
  t.	
  troglodytes	
  (2),	
  P.	
  t.	
  ellioti	
  (1),	
  and	
  

transition	
  zone	
  P.	
  troglodytes	
  (1).	
  This	
  individual	
  was	
  included	
  because	
  it	
  likely	
  came	
  from	
  a	
  chimpanzee	
  

hybrid	
  zone	
  between	
  the	
  confluence	
  of	
  the	
  Sanaga	
  and	
  Mbam	
  Rivers	
  in	
  central	
  Cameroon.	
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Hifi	
  long-­‐range	
  Platinum	
  Taq	
  kits	
  [Invitrogen,	
  Corp.]	
  were	
  used	
  to	
  complete	
  PCR,	
  following	
  the	
  

manufacturer’s	
  protocol.	
  	
  Completing	
  PCR	
  reactions	
  involved	
  making	
  a	
  master	
  mix	
  of	
  18.75	
  microliters	
  

(μl)	
  of	
  water,	
  2.5	
  μl	
  of	
  10x	
  standard	
  PCR	
  buffer,	
  1	
  μl	
  of	
  MgSO4,	
  0.5	
  μl	
  of	
  10	
  M	
  dNTPs,	
  0.5	
  μl	
  of	
  10μM/μL	
  

each	
  primer,	
  and	
  0.25	
  μl	
  Taq	
  polymerase	
  for	
  each	
  1μl	
  of	
  50ng/ml	
  mtDNA	
  sample	
  amplified.	
  	
  Two	
  

primers	
  (PCR	
  region	
  1	
  primer	
  and	
  PCR	
  region	
  2	
  primer)	
  were	
  used	
  to	
  amplify	
  the	
  genome	
  into	
  2	
  long	
  

fragments	
  (Appendix	
  II).	
  	
  The	
  temperature	
  conditions	
  of	
  the	
  touchdown	
  PCR	
  amplification	
  were:	
  	
  

initialization	
  at	
  94	
  C°	
  for	
  2	
  minutes	
  (min);	
  20	
  cycles	
  of	
  denaturation	
  at	
  94	
  C°	
  for	
  30	
  seconds	
  (s),	
  annealing	
  

at	
  53	
  C°	
  for	
  45	
  s,	
  and	
  elongation	
  at	
  68	
  C°	
  for	
  10	
  min	
  30	
  s;	
  followed	
  by	
  another	
  20	
  cycles	
  of	
  denaturation	
  

at	
  94	
  °C	
  for	
  30	
  s,	
  annealing	
  at	
  47.9	
  °C	
  for	
  45	
  s,	
  and	
  elongation	
  at	
  68	
  °C	
  for	
  10	
  min	
  30	
  s;	
  and	
  final	
  

extension	
  at	
  68	
  C°	
  for	
  11	
  min.	
  The	
  PCR	
  reaction	
  products	
  were	
  electrophoresed	
  through	
  1%	
  agarose	
  gels	
  

to	
  estimate	
  their	
  sizes	
  and	
  qualities.	
  	
  

SAP/EXO	
  1	
  mtDNA	
  Cleanup	
  

	
   The	
  resulting	
  PCR	
  products	
  were	
  treated	
  with	
  SAP	
  and	
  EXO	
  1	
  enzymes	
  to	
  purify	
  them	
  from	
  

excess	
  dNTPs	
  and	
  primers.	
  A	
  master	
  mix	
  was	
  made	
  with	
  0.25	
  μl	
  SAP	
  enzyme,	
  0.25	
  μl	
  EXO	
  enzyme	
  	
  and	
  

0.5μl	
  dilution	
  buffer	
  [reagents	
  from	
  USB	
  Co./Amersham]	
  for	
  each	
  5	
  μl	
  sample	
  of	
  PCR	
  product	
  used.	
  The	
  

temperature	
  conditions	
  of	
  the	
  digestion	
  of	
  the	
  surplus	
  nucleotides	
  were:	
  37	
  °C	
  for	
  30	
  min;	
  80	
  °C	
  for	
  15	
  

min;	
  12	
  °C	
  for	
  5	
  min;	
  and	
  4	
  °C	
  for	
  10	
  min.	
  

Sanger	
  Sequencing	
  

	
   The	
  purified	
  amplified	
  PCR	
  products	
  were	
  sequenced	
  using	
  the	
  48	
  primers	
  listed	
  in	
  Appendix	
  II.	
  	
  

A	
  master	
  mix	
  was	
  made	
  containing	
  3	
  μl	
  of	
  standard	
  sequencing	
  buffer,	
  3.67	
  μl	
  water,	
  0.33	
  μl	
  of	
  1μM/μL	
  

primer,	
  2	
  μl	
  Big	
  Dye,	
  and	
  5	
  μl	
  SAP/EXO	
  [Applied	
  Biosystems].	
  	
  	
  Prior	
  to	
  the	
  addition	
  of	
  primers	
  to	
  the	
  mix,	
  

primers	
  were	
  diluted	
  from	
  10	
  μM	
  to	
  1	
  μM	
  for	
  cycle	
  sequencing.	
  The	
  temperature	
  conditions	
  of	
  the	
  

sequencing	
  reactions	
  were:	
  96	
  °C	
  for	
  1	
  min;	
  30	
  cycles	
  at	
  96	
  °C	
  for	
  10	
  s;	
  50	
  °C	
  for	
  5	
  s;	
  and	
  4	
  °C	
  for	
  55	
  min.	
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  The	
  sequencing	
  reactions	
  were	
  subsequently	
  prepared	
  for	
  analysis	
  on	
  an	
  ABI	
  3730	
  using	
  a	
  standard	
  

isopropanol	
  precipitation	
  protocol	
  to	
  remove	
  sequencing	
  primers	
  and	
  unincorporated	
  nucleotides.	
  	
  

Assembly	
  of	
  Sample	
  Sequences	
  

	
   	
  The	
  newly-­‐generated	
  mtDNA	
  sequences	
  were	
  added	
  to	
  the	
  previously	
  assembled	
  genomes	
  

using	
  Sequencher	
  version	
  4.9	
  (GeneCodes	
  Corp.,	
  Ann	
  Arbor,	
  MI,	
  USA).	
  	
  Areas	
  sequenced	
  in	
  this	
  

investigation	
  are	
  indicated	
  in	
  Table	
  I.	
  	
  	
  Areas	
  that	
  remain	
  to	
  be	
  sequenced	
  for	
  all	
  25	
  individuals	
  present	
  

in	
  the	
  Gonder	
  lab	
  were	
  annotated	
  in	
  Table	
  II.	
  

	
  

Table	
  I:	
  Table	
  I	
  displays	
  a	
  summary	
  of	
  the	
  mtDNA	
  sequencing	
  of	
  4	
  individuals.	
  	
  Column	
  one	
  indicates	
  the	
  

names	
  of	
  the	
  chimpanzees	
  whose	
  mtDNA	
  were	
  sequenced.	
  	
  Column	
  II	
  indicates	
  the	
  regions	
  of	
  the	
  

mtDNA	
  genomes	
  that	
  were	
  sequenced	
  from	
  each	
  individual.	
  

Alignment	
  Generation	
  

An	
  alignment	
  was	
  generated	
  using	
  the	
  program	
  Geneious	
  version	
  4.7	
  (Drummond	
  et	
  al.	
  2010)	
  

that	
  contained	
  the	
  54	
  retrieved	
  mtDNA	
  genomes,	
  the	
  4	
  newly	
  assembled	
  genomes	
  and	
  1	
  additional	
  P.t.	
  

ellioti	
  previously	
  sequenced	
  in	
  the	
  Gonder	
  Lab.	
  	
  Manual	
  editing	
  was	
  completed	
  in	
  MacClade	
  version	
  4.07	
  

(Maddison	
  &	
  Maddison	
  2005).	
  	
  

Phylogenetic	
  Analysis	
  

	
   Four	
  roote	
  NJ	
  trees	
  were	
  inferred	
  using	
  the	
  program	
  Geneious	
  version	
  4.7	
  (Drummond	
  et	
  al.	
  

2010).	
  	
  One	
  tree	
  included	
  54	
  complete	
  P.	
  troglodytes	
  and	
  P.	
  paniscus	
  mtDNA	
  sequences,	
  plus	
  the	
  5	
  

sequenced	
  individuals	
  from	
  the	
  Gonder	
  lab.	
  	
  The	
  second	
  tree	
  included	
  these	
  same	
  59	
  genomes,	
  minus	
  

their	
  control	
  regions.	
  	
  The	
  third	
  phylogeny	
  generated	
  analyzed	
  these	
  same	
  sequences	
  using	
  only	
  the	
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control	
  region.	
  	
  	
  The	
  final	
  phylogeny	
  produced	
  included	
  only	
  the	
  HVR-­‐1	
  region	
  of	
  all	
  59	
  sequences.	
  These	
  

analyses	
  were	
  carried	
  out	
  in	
  order	
  to	
  determine	
  if	
  the	
  coding	
  region	
  phylogeny	
  displays	
  accurately	
  the	
  

taxon	
  relationships	
  within	
  the	
  mtDNA	
  genome	
  phylogeny	
  without	
  losing	
  significant	
  resolution.	
  Geneious	
  

does	
  not	
  conduct	
  pairwise	
  comparisons	
  at	
  nucleotide	
  positions	
  where	
  one	
  of	
  the	
  two	
  sequences	
  

contains	
  missing	
  data.	
  Pairwise	
  comparisons	
  in	
  the	
  same	
  column	
  are	
  still	
  performed	
  as	
  long	
  as	
  the	
  pair	
  

of	
  sequences	
  contains	
  no	
  missing	
  data	
  (Drummond	
  et	
  al.	
  2010).	
  

Network	
  and	
  SNP	
  annotation	
  

	
   In	
  order	
  to	
  proceed	
  with	
  SNP	
  identification,	
  the	
  previous	
  manually	
  edited	
  alignment	
  containing	
  

complete	
  genomes	
  was	
  reduced	
  to	
  contain	
  only	
  coding	
  region	
  sequences.	
  Further	
  reduction	
  was	
  carried	
  

out	
  by	
  editing	
  the	
  alignment	
  so	
  that	
  only	
  variable	
  sites	
  were	
  displayed,	
  again	
  using	
  MacClade	
  version	
  

4.07	
  (Maddison	
  &	
  Maddison	
  2005).	
  	
  This	
  edited	
  alignment	
  data	
  was	
  then	
  used	
  to	
  generate	
  a	
  median	
  

joining	
  tree	
  in	
  the	
  program	
  Network	
  (Fluxus	
  Technology	
  Ltd,	
  2010).	
  	
  Patterns	
  of	
  diversity	
  were	
  analyzed	
  

within	
  each	
  subspecies	
  and	
  informative	
  SNPs	
  were	
  then	
  identified	
  along	
  major	
  branches.	
  	
  Characteristics	
  

of	
  these	
  polymorphisms	
  were	
  annotated	
  and	
  summarized	
  in	
  Appendix	
  III.	
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Results	
  	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  

	
   This	
  study	
  involved	
  the	
  compilation	
  of	
  54	
  mtDNA	
  genomes	
  from	
  the	
  species	
  P	
  troglodytes	
  and	
  P.	
  

paniscus	
  and	
  5	
  newly-­‐assembled	
  P.	
  troglodytes	
  mtDNA	
  genomes	
  that	
  were	
  generated	
  in	
  the	
  Gonder	
  

laboratory.	
  	
  Genomes	
  published	
  by	
  Bjork	
  and	
  colleagues	
  (Bjork	
  et	
  al.	
  2010)	
  have	
  several	
  bases	
  that	
  are	
  

represented	
  by	
  the	
  letters	
  W	
  (A	
  or	
  T),	
  R	
  (A	
  or	
  G),	
  Y	
  (C	
  or	
  T),	
  S	
  (C	
  or	
  G),	
  K	
  (G	
  or	
  T),	
  M	
  (A	
  or	
  C)	
  and	
  N	
  

(unknown).	
  	
  These	
  ambiguous	
  regions	
  were	
  infrequent	
  and	
  were	
  ignored	
  in	
  pairwise	
  comparisons	
  when	
  

forming	
  NJ	
  phylogenies	
  (Drummond	
  et	
  al.	
  2010).	
  	
  Ambiguous	
  base	
  calls	
  were	
  manually	
  converted	
  to	
  N’s	
  

for	
  network	
  generation;	
  Network	
  converts	
  ambiguities	
  to	
  the	
  most	
  common	
  base	
  state	
  (Fluxus	
  

Technology	
  Ltd,	
  2010).	
  	
  	
  	
  

	
   In	
  addition	
  to	
  the	
  previously	
  published	
  mtDNA	
  genome	
  sequences,	
  four	
  newly	
  sequenced	
  and	
  

one	
  individual	
  previously	
  sequenced	
  by	
  members	
  of	
  the	
  Gonder	
  Laboratory	
  were	
  also	
  included	
  in	
  this	
  

analysis.	
  	
  Areas	
  that	
  were	
  sequenced	
  in	
  this	
  study	
  are	
  indicated	
  in	
  Table	
  I.	
  	
  Due	
  to	
  this	
  new	
  sequencing,	
  

these	
  4	
  genomes	
  are	
  mostly	
  complete.	
  	
  These	
  new	
  data,	
  along	
  with	
  annotations	
  concerning	
  previously	
  

analyzed	
  data,	
  are	
  summarized	
  in	
  Table	
  II.	
  	
  The	
  colors	
  in	
  Table	
  II	
  denote	
  successfully	
  sequenced	
  regions	
  

to	
  date	
  and	
  areas	
  that	
  should	
  be	
  sequenced	
  in	
  future	
  studies.	
  	
  Failed	
  sequences,	
  indicated	
  in	
  red,	
  

include	
  regions	
  that	
  had	
  low	
  quality	
  sequencing	
  or	
  had	
  short	
  sequences	
  and	
  therefore	
  lacked	
  coverage.	
  	
  

The	
  5	
  individuals	
  that	
  were	
  selected	
  for	
  this	
  analysis	
  are	
  additionally	
  indicated	
  in	
  pale	
  green.	
  	
  These	
  

individuals	
  were	
  chosen	
  because	
  they	
  were	
  the	
  most	
  complete	
  out	
  of	
  the	
  original	
  25	
  samples.	
  	
  

	
   Two	
  NJ	
  trees	
  [complete	
  genome	
  tree	
  (Appendix	
  I,	
  Figure	
  A1)	
  and	
  coding	
  region	
  tree	
  (Appendix	
  1,	
  

Figure	
  A2)]	
  were	
  generated	
  to	
  demonstrate	
  that	
  phylogenetic	
  analysis	
  without	
  the	
  control	
  region	
  

yielded	
  accurate	
  mtDNA	
  relationships	
  between	
  taxa	
  without	
  sacrificing	
  significant	
  resolution.	
  	
  The	
  two	
  

phylogenies	
  shown	
  in	
  Appendix	
  I	
  (Figure	
  A1	
  and	
  A2)	
  are	
  similar,	
  indicating	
  that	
  analysis	
  of	
  only	
  coding	
  

region	
  data	
  can	
  be	
  carried	
  out	
  in	
  subsequent	
  work.	
  	
  Both	
  trees	
  display	
  similar	
  divisions,	
  dividing	
  P.	
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troglodytes	
  into	
  three	
  major	
  groups:	
  	
  (1)	
  P.t.	
  verus	
  (Upper	
  Guinea);	
  (2)	
  P.t.	
  ellioti	
  (Gulf	
  of	
  Guinea);	
  and	
  	
  

(3)	
  P.t.	
  troglodytes	
  (Central	
  African)	
  plus	
  P.t.	
  schweinfurthii	
  (East	
  African).	
  	
  Bonobos	
  are	
  included	
  in	
  their	
  

own	
  monophyletic	
  outgroup.	
  	
  As	
  with	
  most	
  prior	
  studies	
  on	
  mtDNA,	
  these	
  trees	
  suggest	
  that	
  P.t.	
  ellioti	
  

and	
  P.t.	
  verus	
  are	
  sister	
  taxa.	
  	
  Additionally,	
  two	
  phylogenies	
  were	
  made	
  of	
  the	
  control	
  region	
  [entire	
  

control	
  region	
  (Appendix	
  1,	
  Figure	
  A3),	
  and	
  HRV-­‐1	
  (Appendix	
  1,	
  Figure	
  A4)].	
  	
  Analysis	
  of	
  the	
  control	
  

region	
  alone	
  yielded	
  a	
  phylogeny	
  similar	
  to	
  the	
  microsatellite	
  phylogeny.	
  	
  On	
  the	
  other	
  hand,	
  removal	
  of	
  

hypervariable	
  region	
  2	
  (HRV-­‐2)	
  resulted	
  in	
  a	
  tree	
  topology	
  the	
  relationships	
  inferred	
  were	
  similar	
  to	
  that	
  

of	
  the	
  entire	
  mtDNA	
  genome.	
  	
  	
  

Subsequent	
  to	
  phylogenetic	
  analysis,	
  a	
  median	
  joining	
  tree	
  was	
  generated	
  for	
  later	
  SNP	
  

identification.	
  The	
  phylogeny	
  generated	
  by	
  the	
  Network	
  software	
  (Appendix	
  1,	
  Figure	
  A5)	
  shows	
  the	
  

same	
  three	
  groupings	
  for	
  chimpanzees	
  as	
  indicated	
  in	
  the	
  previous	
  trees.	
  	
  Homoplasy,	
  the	
  same	
  change	
  

happening	
  independently,	
  was	
  not	
  observed	
  within	
  this	
  phylogeny;	
  this	
  can	
  be	
  seen	
  through	
  the	
  

absence	
  of	
  cubes	
  joining	
  the	
  haplotypes.	
  	
  	
  The	
  presence	
  of	
  cubes	
  in	
  the	
  control	
  region	
  network	
  supports	
  

the	
  existence	
  of	
  homoplasy	
  within	
  this	
  mtDNA	
  segment	
  (Appendix	
  1,	
  Figure	
  A6).	
  Coding	
  region	
  

informative	
  sites	
  (nucleotide	
  positions	
  in	
  a	
  genome	
  that	
  resolve	
  lineages	
  within	
  a	
  phylogeny)	
  were	
  then	
  

annotated	
  as	
  fixed	
  (all	
  of	
  the	
  individuals	
  in	
  one	
  group	
  have	
  the	
  same	
  base	
  at	
  a	
  certain	
  site,	
  while	
  

individuals	
  of	
  another	
  group	
  have	
  a	
  different	
  base	
  that	
  is	
  characteristic	
  to	
  them)	
  or	
  not	
  fixed	
  (bases	
  are	
  

not	
  specific	
  to	
  certain	
  groups).	
  	
  Whether	
  the	
  base	
  change	
  was	
  a	
  transition	
  or	
  a	
  transversion	
  was	
  also	
  

noted;	
  this	
  information	
  is	
  tabulated	
  in	
  Appendix	
  III.	
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Table&II:&Annotation&of&Assembled&Sequences

FR FR FR FR FR FR FR FR FR FR FR FR FR FR FR FR FR FR FR FR FR FR FR FR
&Alex
&Basho
&Bernadette
&Damian&(P.t.$ellioti)
&Etrange
&Eve&Tinto
&Ewake
&Gah
&George
&Jacob
&Jules&(P.t$troglodytes)
&Kopongo
&Lada&(Transition&Zone)
&Mac
&Margaret
&Maya&(P.t.$troglodytes)
&Nemo&(P.t.$ellioti)
&Nicoline
&Nikita
&Papa
&Papaie
&Paquita
&Pauldina
&Silva
&Tobi

Key
Sequenced PCR-Amplified-Region-1
Sequencing-failed PCR-Amplified-Region-2
Not-Sequenced

2413 14 15 16 17 18 232212

Names&of&Individuals&Sequenced

19 20 211 2 3 4 5 6 7 8 9 10 11

Table-II:-Summary-of-mtDNA-sequencing-from-25-chimpanzees-by-Gonder-lab-members.--The-names-in-the-first-column-
indicate-the-names-of-the-chimpanzees-from-which-the-samples-were-retrieved.--Subspecies-designaQon-of-the-individuals-
included-in-the-phylogeneQc-analyses-are-indicated-in-partentheses.--Numbers-at-the-top-of-the-table-indicate-the-number-
of-the-primers,-(see-Appendix-III-for-a-list-of-the-primers).--F-and-R-are-used-to-indicate-sequencing-in-the-forward-and-
reverse-direcQon-respecQvely.-
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Discussion	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  
Recently,	
  there	
  has	
  been	
  an	
  abundance	
  of	
  chimpanzee	
  and	
  bonobo	
  published	
  mtDNA	
  genome	
  

analyses	
  (Bjork	
  et	
  al.	
  2010,	
  Gonder	
  et	
  al.	
  2011,	
  Stone	
  et	
  al.	
  2010,	
  Zsurka	
  et	
  al.	
  2010).	
  	
  The	
  overall	
  aim	
  of	
  

this	
  research	
  was	
  to	
  gain	
  a	
  better	
  understanding	
  of	
  the	
  evolutionary	
  history	
  of	
  chimpanzee	
  

mitochondrial	
  DNA.	
  	
  Specifically,	
  the	
  first	
  goal	
  of	
  this	
  study	
  was	
  to	
  test	
  whether	
  the	
  mtDNA	
  coding	
  

region	
  phylogeny	
  was	
  consistent	
  with	
  the	
  complete	
  mtDNA	
  genome	
  phylogeny.	
  	
  Five	
  new	
  genomes	
  

sequenced	
  in	
  the	
  Gonder	
  lab	
  were	
  aligned	
  with	
  54	
  genomes	
  retrieved	
  from	
  GenBank.	
  These	
  5	
  

individuals	
  were	
  selected	
  from	
  25	
  genomes	
  previously	
  assembled	
  in	
  Sequencher	
  (GeneCodes	
  Corp.,	
  Ann	
  

Arbor,	
  MI,	
  USA).	
  	
  In	
  future	
  investigations,	
  the	
  other	
  20	
  individuals	
  I	
  assembled	
  should	
  be	
  targeted	
  for	
  

sequencing	
  so	
  that	
  a	
  larger	
  data	
  set	
  can	
  be	
  analyzed	
  to	
  facilitate	
  searching	
  for	
  rare	
  SNP	
  variants	
  and	
  

minimize	
  the	
  risk	
  of	
  ascertainment	
  biased	
  in	
  larger	
  population	
  samples.	
  

	
   	
  Mitochondrial	
  DNA	
  genome	
  samples	
  under	
  the	
  accession	
  numbers	
  HM068570-­‐HM068593	
  

contained	
  several	
  areas	
  with	
  low	
  quality	
  sequences.	
  	
  These	
  errors	
  most	
  likely	
  emerged	
  due	
  to	
  the	
  many	
  

issues	
  that	
  arise	
  from	
  the	
  use	
  of	
  DNA	
  extracted	
  from	
  fecal	
  samples.	
  	
  These	
  difficulties	
  include	
  

degradation	
  and	
  DNA	
  contamination	
  (Taberlet	
  et	
  al.	
  1999).	
  	
  These	
  regions	
  were	
  not	
  problematic	
  in	
  

subsequent	
  genetic	
  analysis	
  since	
  these	
  ambiguous	
  base	
  call	
  areas	
  were	
  limited.	
  	
  In	
  the	
  program	
  

Network,	
  base	
  calls	
  outside	
  of	
  the	
  standard	
  A,	
  T,	
  C,	
  and	
  G	
  are	
  impossible	
  to	
  interpret;	
  consequently,	
  it	
  

was	
  necessary	
  to	
  convert	
  all	
  ambiguous	
  base	
  call	
  to	
  ‘N’s.	
  	
  	
  	
  

Two	
  rooted	
  NJ	
  trees	
  were	
  inferred	
  using	
  the	
  program	
  Geneious,	
  in	
  order	
  to	
  interpret	
  whether	
  

the	
  mtDNA	
  coding	
  region	
  tree	
  yielded	
  relationships	
  between	
  taxa	
  consistent	
  with	
  the	
  mtDNA	
  complete	
  

genome	
  phylogeny.	
  	
  Comparison	
  of	
  the	
  trees	
  in	
  Figure	
  A1	
  and	
  A2	
  shows	
  that	
  the	
  phylogeny	
  using	
  only	
  

coding	
  data	
  matches	
  closely	
  to	
  that	
  inferred	
  from	
  complete	
  mtDNA	
  genome	
  sequences.	
  	
  By	
  eliminating	
  

the	
  hypervariable	
  control	
  region,	
  homoplasy	
  is	
  eliminated.	
  	
  Evidence	
  of	
  the	
  absence	
  of	
  homoplasy	
  can	
  

be	
  seen	
  through	
  the	
  lack	
  of	
  cubes	
  on	
  the	
  median	
  joining	
  network	
  displayed	
  in	
  Figure	
  A5	
  and	
  the	
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presence	
  of	
  cubes	
  in	
  Figure	
  A6.	
  	
  The	
  removal	
  of	
  the	
  control	
  region,	
  however,	
  does	
  lead	
  to	
  a	
  reduction	
  in	
  

the	
  resolution	
  of	
  individuals	
  within	
  the	
  major	
  clades.	
  

Based	
  on	
  the	
  phylogenies	
  generated,	
  three	
  conclusions	
  can	
  be	
  made.	
  	
  Firstly,	
  the	
  Upper	
  Guinea	
  

and	
  Gulf	
  of	
  Guinea	
  chimpanzee	
  mtDNA	
  genomes	
  are	
  sister	
  groups	
  that	
  form	
  a	
  monophyletic	
  group	
  that	
  

excludes	
  Central	
  and	
  East	
  African	
  mtDNA	
  genomes.	
  	
  	
  Secondly,	
  the	
  Central	
  and	
  East	
  African	
  chimpanzee	
  

mtDNA	
  genomes	
  do	
  not	
  form	
  monophyletic	
  sister	
  groups,	
  but	
  rather	
  are	
  intermixed	
  in	
  the	
  trees,	
  

consistent	
  with	
  a	
  genetic	
  cline	
  spanning	
  central	
  Africa.	
  	
  These	
  conclusions	
  support	
  previous	
  phylogenies	
  

of	
  the	
  chimpanzee	
  hvr1	
  region	
  (Gagneux	
  et	
  al.	
  2001,	
  Gonder	
  et	
  al.	
  2006).	
  	
  Finally,	
  there	
  may	
  be	
  

unrecognized	
  reservoirs	
  of	
  genetic	
  diversity	
  amongst	
  bonobos.	
  Visual	
  analysis	
  of	
  the	
  phylogenies	
  in	
  

figure	
  A1	
  and	
  A2	
  reveals	
  several	
  deep	
  mtDNA	
  lineages	
  within	
  the	
  bonobos.	
  	
  It	
  can	
  therefore	
  be	
  

suggested	
  from	
  this	
  data	
  that	
  subspecies	
  structure	
  may	
  exist	
  for	
  this	
  species.	
  However,	
  it	
  should	
  be	
  

noted	
  that	
  the	
  geographic	
  origins	
  of	
  the	
  bonobos	
  included	
  here	
  remain	
  unknown	
  since	
  the	
  samples	
  

were	
  from	
  individuals	
  housed	
  at	
  sanctuaries.	
  Despite	
  this	
  limitation,	
  these	
  results	
  suggest	
  that	
  

additional	
  analyses	
  of	
  bonobos	
  from	
  samples	
  of	
  known	
  origin	
  might	
  be	
  beneficial	
  in	
  to	
  examine	
  if	
  these	
  

‘pockets’	
  of	
  genetic	
  diversity	
  correspond	
  to	
  geographical	
  subdivisions,	
  and	
  ultimately	
  correspond	
  to	
  

significantly	
  different	
  populations	
  and/or	
  possibly	
  subspecies.	
  

The	
  second	
  part	
  of	
  this	
  investigation	
  involved	
  the	
  identification	
  of	
  informative	
  SNPs	
  outside	
  the	
  

control	
  region	
  that	
  might	
  be	
  useful	
  for	
  studies	
  using	
  fecal	
  DNA	
  samples.	
  	
  	
  This	
  task	
  was	
  carried	
  out	
  by	
  

constructing	
  a	
  median	
  joining	
  network	
  containing	
  only	
  chimpanzee	
  sequences.	
  The	
  network	
  created,	
  

shown	
  in	
  Figure	
  A5,	
  shows	
  the	
  same	
  three	
  groupings	
  of	
  chimpanzees	
  inferred	
  from	
  the	
  previously-­‐

mentioned	
  NJ	
  trees.	
  	
  The	
  longest	
  branch	
  separates	
  P.t.	
  troglodytes	
  and	
  P.t.	
  schweinfurthii	
  from	
  P.t.	
  

ellioti	
  and	
  P.t	
  verus.	
  	
  These	
  results	
  suggest	
  that	
  equatorial	
  African	
  chimpanzees	
  diverged	
  from	
  

populations	
  located	
  west	
  of	
  the	
  Sanaga	
  River	
  a	
  long	
  time	
  ago.	
  	
  This	
  claim	
  is	
  further	
  supported	
  by	
  the	
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data	
  presented	
  in	
  Table	
  IIA,	
  which	
  indicates	
  that	
  there	
  are	
  112	
  fixed	
  differences	
  that	
  separate	
  these	
  two	
  

mtDNA	
  lineages.	
  	
  	
  

This	
  research	
  should	
  be	
  extended	
  in	
  subsequent	
  investigations.	
  	
  Twenty	
  samples	
  previously	
  

retrieved	
  from	
  the	
  Limbe	
  Wildlife	
  Centre,	
  Cameroon,	
  remain	
  to	
  be	
  included	
  in	
  this	
  analysis.	
  	
  By	
  using	
  the	
  

fixed	
  differences	
  identified	
  in	
  this	
  research,	
  these	
  partially	
  sequenced	
  samples	
  can	
  be	
  categorized.	
  	
  

Finally,	
  more	
  genetic	
  analysis	
  should	
  be	
  carried	
  out	
  analyzing	
  the	
  base	
  differences	
  between	
  bonobos.	
  	
  	
  

Bonobos	
  appear	
  to	
  be	
  more	
  greatly	
  diverged	
  within	
  their	
  own	
  lineage	
  than	
  initially	
  believed.	
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Appendix	
  I	
  

Figure	
  A1

	
  

Figure	
  A1-­‐	
  Displayed	
  in	
  figure	
  A1	
  is	
  a	
  rooted	
  neighbor	
  joining	
  tree	
  containing	
  59	
  complete	
  mtDNA	
  
genome	
  sequences.	
  Taxon	
  labels:	
  [Ppan#	
  &	
  pan#	
  sequences	
  are	
  P.paniscus;	
  Pt.e#	
  sequences	
  are	
  P.t.	
  
ellioti;	
  Pt.v#	
  sequences	
  are	
  P.t	
  verus;	
  Ptt#	
  &	
  Pt.t#	
  sequences	
  are	
  P.t.	
  troglodytes;	
  Pt.s#	
  sequences	
  are	
  P.t.	
  
scweinfurthii].	
  	
  Gonder	
  lab	
  sequences	
  are	
  indicated	
  by	
  name:	
  [Dam=	
  Damian	
  (P.t.	
  ellioti);	
  Nemo	
  (P.t.	
  
ellioti);	
  Maya	
  (P.t.	
  troglodytes),	
  Jules	
  (P.t.	
  troglodytes)].	
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Figure	
  A2

	
  

Figure	
  A2-­‐	
  Displayed	
  in	
  figure	
  A2	
  is	
  a	
  rooted	
  neighbor	
  joining	
  tree	
  containing	
  59	
  coding	
  region	
  mtDNA	
  
sequences.	
  Taxon	
  labels:	
  [Ppan#	
  &	
  pan#	
  sequences	
  are	
  P.paniscus;	
  Pt.e#	
  sequences	
  are	
  P.t.	
  ellioti;	
  Pt.v#	
  
sequences	
  are	
  P.t	
  verus;	
  Ptt#	
  &	
  Pt.t#	
  sequences	
  are	
  P.t.	
  troglodytes;	
  Pt.s#	
  sequences	
  are	
  P.t.	
  
scweinfurthii].	
  	
  Gonder	
  lab	
  sequences	
  are	
  indicated	
  by	
  name:	
  [Dam=	
  Damian	
  (P.t.	
  ellioti);	
  Nemo	
  (P.t.	
  
ellioti);	
  Maya	
  (P.t.	
  troglodytes),	
  Jules	
  (P.t.	
  troglodytes)].	
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Figure	
  A3	
  

	
  

Figure	
  A3-­‐	
  Displayed	
  in	
  figure	
  A3	
  is	
  a	
  rooted	
  neighbor	
  joining	
  tree	
  containing	
  59	
  control	
  region	
  mtDNA	
  
sequences.	
  Taxon	
  labels:	
  [Ppan#	
  &	
  pan#	
  sequences	
  are	
  P.paniscus;	
  Pt.e#	
  sequences	
  are	
  P.t.	
  ellioti;	
  Pt.v#	
  
sequences	
  are	
  P.t	
  verus;	
  Ptt#	
  &	
  Pt.t#	
  sequences	
  are	
  P.t.	
  troglodytes;	
  Pt.s#	
  sequences	
  are	
  P.t.	
  
scweinfurthii].	
  Gonder	
  lab	
  sequences	
  are	
  indicated	
  by	
  name:	
  [Dam=	
  Damian	
  (P.t.	
  ellioti);	
  Nemo	
  (P.t.	
  
ellioti);	
  Maya	
  (P.t.	
  troglodytes),	
  Jules	
  (P.t.	
  troglodytes)].	
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Figure	
  A4

	
  

Figure	
  A4-­‐	
  Displayed	
  in	
  figure	
  A4	
  is	
  a	
  rooted	
  neighbor	
  joining	
  tree	
  containing	
  59	
  hvr1	
  mtDNA	
  sequences.	
  
Taxon	
  labels:	
  [Ppan#	
  &	
  pan#	
  sequences	
  are	
  P.paniscus;	
  Pt.e#	
  sequences	
  are	
  P.t.	
  ellioti;	
  Pt.v#	
  sequences	
  
are	
  P.t	
  verus;	
  Ptt#	
  &	
  Pt.t#	
  sequences	
  are	
  P.t.	
  troglodytes;	
  Pt.s#	
  sequences	
  are	
  P.t.	
  scweinfurthii].	
  	
  Gonder	
  
lab	
  sequences	
  are	
  indicated	
  by	
  name:	
  [Dam=	
  Damian	
  (P.t.	
  ellioti);	
  Nemo	
  (P.t.	
  ellioti);	
  Maya	
  (P.t.	
  
troglodytes),	
  Jules	
  (P.t.	
  troglodytes)].	
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Figure	
  A5	
  

	
  

Figure	
  A5-­‐	
  Median	
  joining	
  network	
  displaying	
  the	
  relationships	
  between	
  the	
  59	
  coding	
  region	
  
sequences.	
  Median	
  vectors	
  (hypothetical	
  ancestors)	
  are	
  indicated	
  as	
  red	
  dots.	
  	
  Taxa	
  are	
  indicated	
  as	
  
yellow	
  dots.	
  	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

P.t.	
  troglodytes	
  and	
  
P.t	
  schwienfurthii	
  

P.t.	
  ellioti	
  

P.t	
  verus	
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Figure	
  A6	
  

	
  

Figure	
  A6-­‐	
  Figure	
  A6	
  shows	
  a	
  section	
  of	
  the	
  median	
  joining	
  network	
  displaying	
  the	
  relationships	
  between	
  
the	
  control	
  region	
  sequences	
  of	
  the	
  59	
  mtDNA	
  samples.	
  Median	
  vectors	
  (hypothetical	
  ancestors)	
  are	
  
indicated	
  as	
  red	
  dots.	
  	
  Taxa	
  are	
  indicated	
  as	
  yellow	
  dots.	
  	
  Homoplastic	
  mutations	
  are	
  indicated	
  as	
  cubes	
  
as	
  emphasized	
  on	
  Figure	
  A6.	
  	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Example	
  of	
  homoplasy	
  

within	
  the	
  control	
  region	
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Appendix	
  II	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

!"#$%&'%()*#$) ()*#$)%+$,-$./$
01 234%455%544%522%534%225%552
06 425%333%522%322%555%432%225%534%4
71 223%253%542%553%422%253%332%552
76 443%233%223%425%352%322%34
81 253%322%225%453%225%555%42%
86 444%534%452%335%552%325%445%54%
91 235%532%234%535%534%344%232%242%
96 443%354%253%554%243%553%443%544
:1 223%323%222%325%233%433%234
:6 443%343%554%534%234%543%444%54
;1 252%255%233%525%252%532%225%545%2%
;6 434%535%425%455%443%434%435%34
<1 235%255%532%344%232%425%235%532
<6 454%453%344%454%354%345%453%44
=1 225%235%235%22%232%235%235%342%
=6 453%435%454%452%355%322%534%
>1 225%452%555%343%555%323%452%2%
>6 443%453%353%345%532%335%454%44%
0?1 255%245%254%352%245%225%335%2%
0?6 443%444%252%552%532%535%534%4%
001 234%425%353%222%534%322%333%2%
006 445%433%345%445%554%455%534%4%
071 244%425%335%255%233%252%253%2
076 435%345%544%454%455%445%454%
081 222%325%525%333%235%252%352%332
086 445%354%542%255%252%453%233%235%2
091 233%232%353%354%322%232%233%523%2
096 455%434%554%544%534%523%433%545%4%
0:1 @53%525%325%435%434%435%255%325%2
0:6 442%545%434%544%554%545%54%
0;1 234%234%534%452%534%232%532%
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Table	
  IA-­‐	
  Table	
  IA	
  displays	
  the	
  primers	
  used	
  for	
  sequencing	
  and	
  amplification.	
  	
  Column	
  1	
  shows	
  the	
  
names	
  of	
  the	
  primers	
  used	
  [sequencing	
  primers:	
  1F-­‐24R;	
  amplification	
  primers	
  PCR	
  1F-­‐PCR	
  2R].	
  	
  
Numbers	
  within	
  the	
  names	
  of	
  the	
  primers	
  indicate	
  the	
  region	
  targeted.	
  The	
  letters	
  F	
  and	
  R	
  within	
  the	
  
primer	
  names	
  indicate	
  the	
  direction	
  of	
  sequencing	
  or	
  amplification,	
  forward	
  or	
  reverse.	
  
	
  

	
  

	
  

	
  

0;6 443%543%454%543%442%453%553%54%
0<1 222%334%332%535%233%323%225%434%2%
0<6 435%543%444%353%433%443%443%544%2
0=1 225%325%232%344%355%233%235%32%
0=6 422%435%433%434%554%433%534%
0>1 233%222%333%233%222%332%525%2%
0>6% 435%435%434%452%555%443%453%4%
7?1 223%232%253%423%552%255%232%352%
7?6 435%535%444%245%544%553%453%4%
701 223%335%252%242%552%235%532%2
706 434%435%335%422%335%455%523%44%
771 253%532%325%325%232%234%324%22%
776 425%554%445%425%435%445%433%4
781 225%335%322%335%242%252%525%335%2%
786 245%533%534%445%435%343%225%454%
791 232%235%225%224%543%335%233%535%2%
796 425%344%253%342%455%554%342%54

(26%01 223%323%554%534%452%255%324%442%
(26%06 425%324%325%354%454%255%434%544
(26%71 435%332%523%555%444%533%433%422
(26%76 254%332%423%445%323%532%552%253%
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Appendix	
  III	
  

Table	
  IIA	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

!"# $%&'()%* +, +- .)/01
2 345 67+7"
8 93: ;7<7"
3 4:= ;7<
9 :88 ;7<
: ::> 67+
5 >45 67+
> >:= 67+
?? ??2> 67+
?9 ?882 67+
?: ?38? 67+
2= ?9=8 ;7<
2? ?9?? 67+
28 ?4:4 67+
29 ?59= ;7<
8= 2?>? 67+
88 2884 ;7<
8: 25=4 67+
8> 2539 67+7;
3= 254= 67+
3? 2548 67+
33 2>?3 ;7<
39 2>24 67+
34 2>44 67+
3: 8=?= ;7<
3> 8??2 ;7<
9? 8?83 67+
98 8?:2 67+
99 82=5 67+
9: 8288 ;7<
4= 88=? 67+
4? 88?8 ;7<
48 8899 ;7<
43 88:8 67+
4: 89=9 ;7<
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4> 8985 67+
:? 895> ;7<
:2 84=? 67+
:3 849: 67+
:4 8::= ;7<
:: 8559 67+
5= 8>38 ;7<
5? 8>9? ;7<
52 3=44 67+
54 3?4? 67+
5: 3?:= 67+
55 324: 67+
5> 32:> 67+
>= 32>3 67+
>? 38?9 67+
>3 38:> 67+
>4 335> 67+
>: 33>4 ;7<
>5 39?8 67+
?=9 3488 67+
?=4 3448 ;7<
?=5 3453 ;7<
?=> 34>4 67+
??3 3:44 67+
??4 352= 67+
??: 3524 67+
??5 35:8 67+
?2= 3>29 67+
?2? 3>3: ;7<
?29 983> 67+
?24 93?= 67+
?2: 93?4 ;7<7"
?25 9352 67+
?2> 994= 67+
?8= 99>= 67+



33	
  
	
  

	
  
	
  
	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

?88 949= ;7<
?83 9494 ;7<
?89 94:3 67+
?84 9:22 ;7<
?85 9:>? ;7<
?8> 95=3 ;7<
?3= 954> ;7<
?3? 4==3 67+
?32 4=8: ;7<
?33 4?2? 67+
?39 4?53 67+7;
?34 4233 ;76
?3: 48:8 67+
?35 4859 67+
?9= 43:5 67+
?9? 435? 67+
?92 49?3 ;7<
?93 4982 67+
?99 49>5 67+
?94 4429 ;7<
?95 4452 67+
?9> 4:?5 67+
?42 45=9 67+
?48 45=> ;7<
?45 :=3: 67+
?:= :=>9 67+
?:8 :244 ;7<76
?:4 :9?2 ;7<
?5? :4>4 67+
?52 ::?2 67+
?59 :522 67+
?5> :>?? ;7<76
?>? 5==? 67+
?>2 5=?4 ;7<
?>3 5=43 67+
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?>9 5?9: ;7<
?>5 52=8 ;7<
2== 525= 67+
2=? 58=3 ;7<
2=2 58=> 67+
2=3 5899 ;7<
2=9 584? 67+
2=4 584: 67+
2=5 5852 67+
2?= 585> ;7<
2?2 53?= 67+
2?4 53>8 67+
2?: 598= ;7<
2?> 544> 67+
22= 54:2 67+
22? 54>= ;7<
222 5:?3 ;7<
223 5:3: ;7<
229 55=? ;7<
225 55:> 67+
28? 5>5: ;7<
282 >=89 ;7<
283 >=94 ;7<
289 >=45 ;7<
284 >=54 67+
285 >?9> 67+
28> >?49 67+
238 >234 67+
23: >88> 67+
23> >3?? 67+
29= >32> 67+7"
29? >334 ;7<
298 >352 ;7<
299 >925 67+7"
294 >999 67+
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29: >995 67+
24? >:3? ;7<
242 >:9= ;7<
243 >:58 67+
249 >:>= 67+
24: >529 ;7<
24> >>?9 67+
2:? >>:9 67+
2:2 ?==2> ;7<
2:8 ?==42 67+
2:9 ?=?8? 67+
2:4 ?=?43 67+
258 ?=855 67+
259 ?=3>> 67+
254 ?=93? ;7<76
2>= ?=4>: 67+
2>? ?=:23 67+
2>2 ?=:88 ;7<
2>8 ?=:34 ;7<
2>9 ?=5=2 ;7<
2>5 ?=55= ;7<
2>> ?=558 ;7<
8=2 ?=>:4 67+
8=8 ?=>>? ;7<
8=4 ???:9 67+
8=5 ??252 ;7<
8?= ??8?2 67+
8?? ??88= ;7<7"
8?8 ??89: 67+
8?9 ??3??
8?4 ??3?3 ;7<
8?5 ??32= 67+
8?> ??32> ;7<
822 ??35= ;7<
82: ??995 67+
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88= ??4:5 67+
88? ??:23 67+
882 ??:29 67+
883 ??53= ;7<
889 ??59? 67+
885 ??>9: ;7<
88> ??>:3 ;7<
839 ?2?95 67+
835 ?2253 67+
83> ?22>4 ;7<
89= ?22>> 67+
89? ?2845 67+
893 ?28>? ;7<
899 ?28>5 67+
894 ?23?8 ;7<
89: ?23?4 ;7<
89> ?2934 ;7<
84? ?249= 67+
842 ?2494 67+
843 ?2458 ;7<
849 ?2:83 67+
844 ?2:>: 67+
845 ?25?5 67+
84> ?258= 67+
8:8 ?2>=9 <76
8:9 ?2>24 ;7<
8:4 ?2>2> 67+
8:: ?2>3? 67+
85= ?8=:= ;7<
85? ?8?4? 67+
852 ?8?48 ;7<
855 ?82?: ;7<
85> ?8288 67+
8>? ?82>2 67+
8>3 ?888: 67+
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8>9 ?8885 67+
8>4 ?8834 67+
8>: ?883> 67+
8>5 ?8845 ;7<
8>> ?8859 ;7<
3=? ?832? ;7<
3=2 ?8323 67+
3=8 ?838= 67+
3=3 ?8332 67<
3=: ?83>4 67+
3=5 ?8924 ;7<
3?2 ?89>= 67+
3?3 ?8458 ;7<
3?4 ?8:3> 67+
3?5 ?8:>? 67+
32= ?852> ;7<
322 ?85>> ;76
328 ?8>49 ;7<
325 ?3=85 ;7<
38? ?3=:: 67+
382 ?3=59 67+
38> ?3828 67+
33= ?3833 67+
33? ?3894 ;7<
338 ?33?4 67+
333 ?3383 67+
334 ?3338 67+
33: 3359 67+
335 ?33>? 67+
33> ?39?2 67+
39= ?398> 67+
398 ?3485 ;7<
393 ?3433 67+
39: ?34:3 ;7<
342 ?3:34 67+
348 ?3:92 67+
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Table	
  IIA-­‐	
  Table	
  IIA	
  summarizes	
  the	
  SNPs	
  that	
  were	
  identified	
  on	
  major	
  branches	
  of	
  the	
  median	
  joining	
  
tree	
  generated	
  in	
  Network.	
  	
  Column	
  1	
  indicates	
  the	
  SNP	
  number.	
  Column	
  2	
  indicates	
  the	
  location	
  of	
  the	
  
SNP	
  according	
  to	
  the	
  human	
  Cambridge	
  reference	
  sequence	
  (Andrews	
  et	
  al.	
  2010).	
  	
  Column	
  3,	
  4	
  and	
  5	
  
show	
  if	
  the	
  polymorphism	
  is	
  a	
  transition	
  (Ts),	
  transversion	
  (Tv),	
  or	
  mixed	
  state	
  (more	
  than	
  two	
  bases).	
  	
  
Column	
  6	
  (red)	
  shows	
  polymorphisms	
  that	
  distinguish	
  P.t.	
  ellioti	
  and	
  P.t.	
  verus	
  from	
  P.t.	
  schweinfurthii	
  
and	
  P.t.	
  trogolodytes.	
  Column	
  7	
  (blue)	
  and	
  8	
  (pale	
  purple)	
  indicate	
  base	
  substitutions	
  that	
  are	
  unique	
  to	
  
P.t.	
  ellioti	
  and	
  P.t.	
  verus	
  respectively.	
  	
  The	
  final	
  column	
  (pale	
  green)	
  shows	
  base	
  changes	
  that	
  are	
  not	
  
fixed.	
  	
  	
  
	
  
Summary:	
  
	
  
Total	
  Fixed	
  Base	
  substitutions:	
  Ts=	
  250;	
  Tv	
  =	
  4;	
  Mixed=	
  13	
  
Total	
  Fixed	
  Base	
  Substitutions:	
  Ts=	
  143;	
  Tv=3;	
  Mixed	
  =	
  0	
  
Column	
  6:	
  Ts=	
  111	
  Tv=1	
  
Column	
  7:	
  Ts=	
  26	
  Tv=	
  1	
  
Column	
  8:	
  Ts=	
  6	
  Tv=	
  1	
  

34: ?3>=> ;7<
345 ?3>?: ;7<
3:= ?3>33 67+
3:? ?3>94 67+
3:2 ?3>:2 67+
3:3 ?9=2> 67+
3:9 ?9=9> 67+
3:4 ?9=4> 67+
3:: ?9=:3 ;7<7+
3:5 ?9=54 ;7<
3:> ?9=>8 ;7<
35= ?9??8 67+
352 ?9?3= 67+
358 ?9?:: ;7<
353 ?9?55 67+
355 ?9234 ;7<
3>= ?92>8 67+
3>? ?92>3 ;7<
3>8 ?92>> 67<7+
3>3 ?9824 ;7<
3>> ?93?8 ;7+
9== ?932= 67+



39	
  
	
  

	
  
	
  
	
  
	
  

	
  


	Single Nucleotide Polymorphism Identification and Phylogenetic Analysis of Pan Troglodytes Using Mitochondrial DNA Coding Region Sequences
	Recommended Citation

	Microsoft Word - faris thesis final-2-1.docx

