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“GE-­‐NOM-­‐ICS...	
  

It was an activity, a new way of thinking about biology.   

It encompassed sequencing, mapping, and new technologies.  

It also had the comparative aspect of genomes of various  

species, their evolution, and how they are related to each other.” 

Thomas Roderick, who coined the term.	
  

CGACATTAA--ATAGGCATAGCAGGACCAGATACCAGATCAAAGGCTTCAGGCGCA 
CGACGTTAACGATTGGC---GCAGTATCAGATACCCGATCAAAG----CAGACGCA 

Comparisons	
  inevitably	
  involve	
  alignments	
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the	
  first	
  human	
  genome	
  cost	
  ~	
  $3b	
  

http://www.genome.gov/images/content/cost_per_genome.jpg 
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Part	
  1:	
  Human	
  and	
  Mouse	
  Genomes	
  



Pre-­‐Genome	
  Sequences	
  

•  The	
  genome,	
  and	
  its	
  genes,	
  were	
  not	
  
circumscribed.	
  

•  Studies	
  could	
  never	
  be	
  comprehensive	
  
(‘genomic’).	
  

•  Rela2vely	
  li\le	
  understanding	
  about	
  the	
  
extent	
  and	
  layers	
  of	
  transcrip2onal	
  regula2on.	
  

•  Gene2cs	
  focused	
  more	
  on	
  gene	
  discovery,	
  
than	
  on	
  gene	
  evolu2on	
  or	
  mechanism.	
  

•  Compara2ve	
  Genomics	
  was	
  a	
  pipe	
  dream.	
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Joint	
  coordinator	
  of	
  the	
  
‘Proteins’	
  sec2on.	
  

Unqualified	
  to	
  do	
  so.	
  	
  
Weekly	
  teleconference	
  calls.	
  
Introduc2on	
  to	
  the	
  big	
  
ques2ons	
  in	
  genomics	
  (incl.	
  
isochores).	
  





•  Here	
  we	
  report	
  the	
  results	
  of	
  a	
  collabora2on	
  involving	
  20	
  groups	
  
from	
  the	
  United	
  States,	
  the	
  United	
  Kingdom,	
  Japan,	
  France,	
  
Germany	
  and	
  China	
  to	
  produce	
  a	
  drab	
  sequence	
  of	
  the	
  human	
  
genome.	
  	
  

•  The	
  drab	
  genome	
  sequence	
  was	
  generated	
  from	
  a	
  physical	
  map	
  
covering	
  more	
  than	
  96%	
  of	
  the	
  euchroma2c	
  part	
  of	
  the	
  human	
  
genome	
  and,	
  together	
  with	
  addi2onal	
  sequence	
  in	
  public	
  
databases,	
  it	
  covers	
  about	
  94%	
  of	
  the	
  human	
  genome.	
  	
  

•  The	
  sequence	
  was	
  produced	
  over	
  a	
  rela2vely	
  short	
  period,	
  with	
  
coverage	
  rising	
  from	
  about	
  10%	
  to	
  more	
  than	
  90%	
  over	
  roughly	
  
fibeen	
  months.	
  	
  

•  The	
  sequence	
  data	
  have	
  been	
  made	
  available	
  without	
  restric2on	
  
and	
  updated	
  daily	
  throughout	
  the	
  project.	
  	
  

•  The	
  task	
  ahead	
  is	
  to	
  produce	
  a	
  finished	
  sequence,	
  by	
  closing	
  all	
  
gaps	
  and	
  resolving	
  all	
  ambigui2es.	
  Already	
  about	
  one	
  billion	
  bases	
  
are	
  in	
  final	
  form	
  and	
  the	
  task	
  of	
  bringing	
  the	
  vast	
  majority	
  of	
  the	
  
sequence	
  to	
  this	
  standard	
  is	
  now	
  straighgorward	
  and	
  should	
  
proceed	
  rapidly.	
  



•  The	
  sequence	
  of	
  the	
  human	
  genome	
  is	
  of	
  interest	
  
in	
  several	
  respects.	
  It	
  is	
  the	
  largest	
  genome	
  to	
  be	
  
extensively	
  sequenced	
  so	
  far,	
  being	
  25	
  2mes	
  as	
  
large	
  as	
  any	
  previously	
  sequenced	
  genome	
  and	
  
eight	
  2mes	
  as	
  large	
  as	
  the	
  sum	
  of	
  all	
  such	
  
genomes.	
  It	
  is	
  the	
  first	
  vertebrate	
  genome	
  to	
  be	
  
extensively	
  sequenced.	
  And,	
  uniquely,	
  it	
  is	
  the	
  
genome	
  of	
  our	
  own	
  species.	
  

•  Much	
  work	
  remains	
  to	
  be	
  done	
  to	
  produce	
  a	
  
complete	
  finished	
  sequence,	
  but	
  the	
  vast	
  trove	
  of	
  
informa2on	
  that	
  has	
  become	
  available	
  through	
  
this	
  collabora2ve	
  effort	
  allows	
  a	
  global	
  
perspec2ve	
  on	
  the	
  human	
  genome.	
  Although	
  the	
  
details	
  will	
  change	
  as	
  the	
  sequence	
  is	
  finished,	
  
many	
  points	
  are	
  already	
  clear.	
  



Transposable	
  elements	
  dominate	
  
the	
  human	
  genome	
  

FIGURE 17. Almost all transposable elements in mammals fall 
into one of four classes. 
 

45%	
  !	
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Isochores	
  

FIGURE 13. Variation in GC content at various scales 

Bernardi et al. described the genome as being composed of a mosaic of  
compositionally homogeneous regions dubbed ‘isochores’. 



•  The	
  genomic	
  landscape	
  shows	
  marked	
  
varia2on	
  in	
  the	
  distribu2on	
  of	
  a	
  number	
  of	
  
features,	
  including	
  genes,	
  transposable	
  
elements,	
  GC	
  content,	
  CpG	
  islands	
  and	
  
recombina2on	
  rate.	
  This	
  gives	
  us	
  important	
  
clues	
  about	
  func2on.	
  For	
  example,	
  the	
  
developmentally	
  important	
  HOX	
  gene	
  clusters	
  
are	
  the	
  most	
  repeat-­‐poor	
  regions	
  of	
  the	
  
human	
  genome,	
  probably	
  reflec2ng	
  the	
  very	
  
complex	
  coordinate	
  regula2on	
  of	
  the	
  genes	
  in	
  
the	
  clusters.	
  

GC	
  
rpts	
  
SNPs	
  



•   There	
  appear	
  to	
  be	
  about	
  30,000–40,000	
  
protein-­‐coding	
  genes	
  in	
  the	
  human	
  genome—
only	
  about	
  twice	
  as	
  many	
  as	
  in	
  worm	
  or	
  fly.	
  
However,	
  the	
  genes	
  are	
  more	
  complex,	
  with	
  
more	
  alterna2ve	
  splicing	
  genera2ng	
  a	
  larger	
  
number	
  of	
  protein	
  products.	
  

20,000 protein 
coding genes 



•  The	
  full	
  set	
  of	
  proteins	
  (the	
  ‘proteome’)	
  
encoded	
  by	
  the	
  human	
  genome	
  is	
  more	
  
complex	
  than	
  those	
  of	
  invertebrates.	
  This	
  is	
  
due	
  in	
  part	
  to	
  the	
  presence	
  of	
  vertebrate-­‐
specific	
  protein	
  domains	
  and	
  mo2fs	
  (an	
  
es2mated	
  7%	
  of	
  the	
  total),	
  but	
  more	
  to	
  the	
  
fact	
  that	
  vertebrates	
  appear	
  to	
  have	
  arranged	
  
pre-­‐exis2ng	
  components	
  into	
  a	
  richer	
  
collec2on	
  of	
  domain	
  architectures.	
  



•  Hundreds	
  of	
  human	
  genes	
  appear	
  likely	
  to	
  have	
  
resulted	
  from	
  horizontal	
  transfer	
  from	
  bacteria	
  at	
  
some	
  point	
  in	
  the	
  vertebrate	
  lineage.	
  Dozens	
  of	
  genes	
  
appear	
  to	
  have	
  been	
  derived	
  from	
  transposable	
  
elements.	
  

•  Although	
  about	
  half	
  of	
  the	
  human	
  genome	
  derives	
  
from	
  transposable	
  elements,	
  there	
  has	
  been	
  a	
  marked	
  
decline	
  in	
  the	
  overall	
  ac2vity	
  of	
  such	
  elements	
  in	
  the	
  
hominid	
  lineage.	
  DNA	
  transposons	
  appear	
  to	
  have	
  
become	
  completely	
  inac2ve	
  and	
  long-­‐terminal	
  repeat	
  
(LTR)	
  retroposons	
  may	
  also	
  have	
  done	
  so.	
  

•  The	
  pericentromeric	
  and	
  subtelomeric	
  regions	
  of	
  
chromosomes	
  are	
  filled	
  with	
  large	
  recent	
  segmental	
  
duplica2ons	
  of	
  sequence	
  from	
  elsewhere	
  in	
  the	
  
genome.	
  Segmental	
  duplica2on	
  is	
  much	
  more	
  frequent	
  
in	
  humans	
  than	
  in	
  yeast,	
  fly	
  or	
  worm.	
  



•  Analysis	
  of	
  the	
  organiza2on	
  of	
  Alu	
  elements	
  
explains	
  the	
  longstanding	
  mystery	
  of	
  their	
  
surprising	
  genomic	
  distribu2on,	
  and	
  suggests	
  
that	
  there	
  may	
  be	
  strong	
  selec2on	
  in	
  favour	
  of	
  
preferen2al	
  reten2on	
  of	
  Alu	
  elements	
  in	
  GC-­‐rich	
  
regions	
  and	
  that	
  these	
  ‘selfish’	
  elements	
  may	
  
benefit	
  their	
  human	
  hosts.	
  

•  The	
  muta2on	
  (subs2tu2on)	
  rate	
  is	
  about	
  twice	
  as	
  
high	
  in	
  male	
  as	
  in	
  female	
  meiosis,	
  showing	
  that	
  
most	
  muta2on	
  occurs	
  in	
  males.	
  

•  Cytogene2c	
  analysis	
  of	
  the	
  sequenced	
  clones	
  
confirms	
  sugges2ons	
  that	
  large	
  GC-­‐poor	
  regions	
  
are	
  strongly	
  correlated	
  with	
  ‘dark	
  G-­‐bands’	
  in	
  
karyotypes.	
  



•   Recombina2on	
  rates	
  tend	
  to	
  be	
  much	
  higher	
  in	
  distal	
  
regions	
  (around	
  20	
  megabases	
  (Mb))	
  of	
  chromosomes	
  
and	
  on	
  shorter	
  chromosome	
  arms	
  in	
  general,	
  in	
  a	
  
pa\ern	
  that	
  promotes	
  the	
  occurrence	
  of	
  at	
  least	
  one	
  
crossover	
  per	
  chromosome	
  arm	
  in	
  each	
  meiosis.	
  

•  More	
  than	
  1.4	
  million	
  single	
  nucleo2de	
  polymorphisms	
  
(SNPs)	
  in	
  the	
  human	
  genome	
  have	
  been	
  iden2fied.	
  
This	
  collec2on	
  should	
  allow	
  the	
  ini2a2on	
  of	
  genome-­‐
wide	
  linkage	
  disequilibrium	
  mapping	
  of	
  the	
  genes	
  in	
  
the	
  human	
  popula2on.	
  



•  “The	
  current	
  genome	
  sequence	
  (Build	
  35)	
  contains	
  
2.85	
  billion	
  nucleo2des	
  interrupted	
  by	
  only	
  341	
  gaps.	
  

•  	
  It	
  covers	
  99%	
  of	
  the	
  euchroma2c	
  genome	
  and	
  is	
  
accurate	
  to	
  an	
  error	
  rate	
  of	
  1	
  event	
  per	
  100,000	
  
bases.	
  	
  

•  Notably,	
  the	
  human	
  genome	
  seems	
  to	
  encode	
  only	
  
20,000–25,000	
  protein-­‐coding	
  genes.”	
  

2004 

GRCh37, the Genome Reference Consortium human genome (build 37) is 
derived from thirteen anonymous volunteers from Buffalo, New York 



The	
  human	
  genome:	
  	
  
More	
  ques2ons	
  than	
  answers	
  

•  How	
  many	
  genes?	
  How	
  much	
  func2onal	
  DNA?	
  
•  Are	
  transposon-­‐derived	
  sequences	
  func2onal?	
  
•  How	
  did	
  the	
  heterogeneity	
  in	
  GC	
  (‘isochores’)	
  
arise	
  and	
  how	
  is	
  it	
  sustained?	
  

•  How	
  is	
  recombina2on	
  controlled?	
  
•  How	
  does	
  the	
  human	
  genome,	
  and	
  its	
  genes,	
  
differ	
  from	
  those	
  of	
  more	
  closely-­‐related	
  
genomes?	
  Is	
  it	
  at	
  all	
  unusual?	
  

•  How	
  is	
  transcrip2on	
  regulated?	
  



How Useful is 
a Human  
Genome? 

Human	
  
and	
  Mouse	
  
Genomes	
  



Evolu2onary	
  
yards2cks	
  

c 2008 

mammalian & invertebrate 
noncoding sequences do  
not align 



Mouse	
  vs	
  Human	
  



Cenancestor 

SP1 

SP2 
DP2 

A1 B1 C1 C2 

C1 and C2 are paralogues 
A1 and B1 and (C1 and C2) are orthologues 

Orthologues and  
Paralogues 



Human and mouse  
“local synteny”  

“Syntenic” regions contain orthologues! 



Human	
  and	
  mouse	
  chromosomes:	
  
global	
  orthology	
  

Only 40% of the human genome aligns to the mouse genome. 
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Three-­‐state	
  model	
  of	
  a	
  mammalian	
  genome	
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The	
  dynamics	
  of	
  a	
  mammalian	
  genome	
  are	
  
dominated	
  by	
  transposable	
  elements	
  



Conserva2on,	
  Constraint	
  and	
  Func2on	
  

1.  Conserved	
  sequence	
  is	
  not	
  necessarily	
  constrained:	
  
e.g.	
  human-­‐chimpanzee	
  sequence	
  

2.  Constrained	
  sequence	
  is	
  not	
  necessarily	
  conserved:	
  
e.g.	
  lineage-­‐specific	
  func2on	
  or	
  high	
  local	
  muta2on	
  
rates	
  

3.  Sequence	
  evolving	
  adap2vely	
  is	
  func2onal	
  but	
  not	
  
constrained.	
  

4.  Posi2ve	
  selec2on	
  does	
  not	
  necessarily	
  imply	
  
adap2ve	
  evolu2on:	
  e.g.	
  clonal	
  selec2on	
  for	
  germ-­‐
line	
  cells	
  



Gene sequence conservation 

Figure 25. Sequence conservation between mouse and human genes 
Mouse genome paper Nature 420, 520-562  

The exonic structures of essentially all human genes  
(major transcripts) are conserved in mouse. 
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A	
  model	
  of	
  neutral	
  evolu2on	
  

•  dS – the number of synonymous substitutions per 
 synonymous site 

•  takes advantage of the redundant genetic code 
•  4D sites  GCx (ALA), CCx (PRO), TCx (SER),  

  ACx (THR), CGx (ARG), GGx (GLY),   
 CTx (LEU),  GTx (VAL) 

•  “how much would a gene’s sequence  
 have changed if selection had not  
 acted upon it?” 

Nature	
  Reviews	
  Gene9cs	
  	
  7,	
  98	
  



Ancestral sequence 
Ala Pro Ser Thr 
GCT CCA TCC ACG 

Mouse sequence 
Ala Pro Ser Thr 
GCT CCC TCG ACG 

Human sequence 
Ala Pro Ser Thr 
GCT CCA TCC ACA 

Single nucleotide change Single nucleotide changes 

3 nucleotide substitutions at 4 synonymous sites 
dS = ¾ or 0.75 



“Ancestral	
  repeats”	
  

•  Transposable	
  element-­‐derived	
  sequence	
  that	
  
inserted	
  prior	
  to	
  the	
  last	
  common	
  ancestor	
  of	
  human	
  
and	
  mouse.	
  

+ 

•  It	
  is	
  commonly	
  assumed	
  that	
  evolu2on	
  of	
  Ancestral	
  
Repeats	
  (ARs)	
  has	
  been	
  neutral.	
  



Neutral	
  Rates	
  Vary	
  According	
  to	
  Loca2on	
  

see also 
Hardison et al. 
Genome Res. 2003  
13: 13-26.  
 



Varia2on	
  in	
  rates	
  of	
  muta2on	
  	
  
and/or	
  rates	
  of	
  repair?	
  

•  Transcrip2on-­‐associated	
  muta2onal	
  strand	
  
asymmetry	
  (Phil	
  Green	
  et	
  al.	
  Nature	
  Gene2cs	
  33:	
  514-­‐7)	
  

•  Associated	
  with	
  transcrip2on-­‐coupled	
  repair	
  
processes	
  (Majewski,	
  Am	
  J	
  Human	
  Genet	
  73,	
  688-­‐692)	
  

•  Genes	
  transcribed	
  in	
  the	
  germline	
  at	
  high	
  levels,	
  
when	
  mutated,	
  are	
  repaired	
  more	
  readily,	
  than	
  
those	
  not	
  transcribed	
  in	
  the	
  germline.	
  

•  Majewski	
  es2mates	
  that	
  71%-­‐91%	
  of	
  genes	
  are	
  
transcribed	
  in	
  the	
  germline!	
  



Tissue-specific genes’ ds 

Winter et al. Genome Research 14:54-61, 2004  



dS	
  varia2on	
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ψ	

•   Pseudogenisation 

•   De novo creation 

•   Rapid sequence change 

•   Gene duplication 

•   Gene fusion / fission 

•   Gene conversion 

Modes	
  of	
  Protein	
  Evolu2on	
  



A	
  model	
  for	
  non-­‐neutral	
  evolu2on	
  

•  dN	
  –	
  the	
  number	
  of	
  non-­‐synonymous	
  (amino	
  acid	
  changing)	
  
subs2tu2ons	
  per	
  non-­‐synonymous	
  site	
  

	
  
•  What	
  propor2on	
  of	
  possible	
  amino	
  acid-­‐changing	
  

subs2tu2ons	
  has	
  occurred?	
  
	
  
•  dN/dS,	
  ω ―  

A	
  model	
  of	
  selec2ve	
  pressure	
  

0.0 1.0 

←conserving diversifying→ 



Slowly	
  &	
  rapidly-­‐evolving	
  proteins	
  

Slow	
  (dN/dS	
  is	
  small	
  ~0.1)	
  
•  Developmental	
  genes	
  
•  Brain-­‐expressed	
  genes	
  
•  Big	
  genes	
  with	
  many	
  

regulatory	
  elements	
  
•  Genes	
  that	
  have	
  escaped	
  

being	
  duplicated	
  over	
  many	
  
tens	
  of	
  millions	
  of	
  years	
  

•  Domain	
  structures	
  
•  Cataly2c	
  domains	
  
•  Intracellular	
  proteins	
  

Rapid	
  (dN/dS	
  is	
  larger	
  >	
  0.25)	
  
•  Environmental	
  genes	
  
•  Tes2s-­‐expressed	
  genes	
  
•  Single	
  exon	
  genes	
  
•  Genes	
  frequently	
  duplicated	
  

or	
  deleted	
  over	
  
evolu2onary	
  2me	
  

•  Unstructured	
  regions	
  
•  Non-­‐enzymes	
  
•  Extracellular	
  proteins	
  



deleterious advantageous 

Fixation probability of a deleterious allele: effect of Ne 

Ne = 105 ; 7% 

Ne = 104 ; 81% 

s = -10-5 



Posi2ve	
  Selec2on,	
  dN/dS	
  >	
  1	
  



Mouse	
  &	
  Human:	
  Protein	
  Coding	
  Gene	
  
Census	
  

Human 

Mouse 

X 

•  Mouse	
  gene	
  count	
  =	
  20,210;	
  Human	
  gene	
  count	
  =	
  19,042.	
  
• 	
  Captures	
  only	
  genes	
  that	
  have	
  homologues	
  in	
  one	
  or	
  the	
  other	
  genome.	
  
• 	
  Captures	
  duplicates	
  (that	
  preserve	
  exon	
  structure).	
  
• 	
  Misses	
  fast	
  evolvers.	
  
• 	
  Doesn’t	
  consider	
  copy	
  number	
  variable	
  genes.	
  

PloS Biology

May 2009




75%	
  (80%)	
  of	
  Mouse	
  (Human)	
  Genes	
  have	
  a	
  single	
  
orthologue	
  in	
  Human	
  (Mouse)	
  





Lineage-­‐specific	
  paralogues	
  



Consecu2ve	
  highly-­‐similar	
  gene	
  sequences	
  hinder	
  
genome	
  assembly	
  



Mouse	
  Segmental	
  Duplica2ons	
  are	
  mainly	
  in	
  cis	
  

Segmental duplications: >1 kb fragments of genomic sequence with 
high sequence identity (>90%) that map to multiple locations 



Copy	
  Number	
  Variants	
  (CNVs)	
  

More bases differ in CNVs between individual  
genomes than they do in SNPs. 
 
Segmental duplications and CNVs often coincide.  



Immunity,	
  defence,	
  chemosensa2on	
  genes	
  

Little evidence that common CNVs are either adaptive or are associated with disease. 



Evolutionary questions without 
adequate answers 



(Non-­‐)Conserva2on	
  of	
  Isochores	
  –	
  Why?	
  



Why rapid variations in karyotypes? 



Mammalian Karyotypes 

Ancestral chromosomes 



Why do birds & lizards have small 
(micro) chromosomes? 

Large (macro-)  
chromosomes: 
 
more DNA but 
lower gene 
density; 
 
lower mutation 
rate; lower G+C 
 

Small (micro-)  
chromosomes: 
 
25% of the DNA  
but half the  
genes; 
 
higher mutation 
rate; higher G+C 
 



Part	
  2:	
  func2onal	
  DNA	
  &	
  transcript	
  maps	
  



f 

How much of our genome is biologically 
functional?  

My view: 10% ... 

f 

f 

f 

f 300Mb	
  
100Mb	
  

100Mb	
  
200Mb	
  

200Mb	
  

3 Gb 



Mouse	
  Genome	
  Paper	
  2002	
  
Nucleo2de	
  Subs2tu2on	
  Model	
  

By comparing the extent of genome-wide sequence 
conservation to the neutral rate, the proportion of small 
(50–100 bp) segments in the mammalian genome that is 
under (purifying) selection can be estimated to be about 5%  

%id in 
Ancestral 
Repeats 

%id in 
aligned 
sequence 

vs 

50bp windows 



Nature 420, 520-562 (5 December 2002)  

By comparing the extent of genome-wide sequence 
conservation to the neutral rate, the proportion of small 
(50–100 bp) segments in the mammalian genome that is 
under (purifying) selection can be estimated to be about 5%  







Gerton Lunter’s indel model: Insertions/
Deletions 

•  Consider lengths of inter-gap segments 
•  Do they follow a geometric distribution? 

CGACATTAA--ATAGGCATAGCAGGACCAGATACCAGATCAAAGGCTTCAGGCGCA 
CGACGTTAACGATTGGC---GCAGTATCAGATACCCGATCAAAG----CAGACGCA 



Inter-­‐gap	
  distances	
  within	
  ancestral	
  
repeats	
  

Inter-gap distance    (nucleotides) 

Weighted regression:  
R2 > 0.9995 

Lo
g 1

0 c
ou

nt
s 

At	
  most,	
  only	
  0.09%	
  of	
  all	
  	
  
ARs	
  are	
  under	
  selecNon.	
  





Lo
g 1

0 c
ou

nt
s 

Inter-gap distance    (nucleotides) 

Overrepresentation of long inter-gap distances: 
Reduced indel rate due to 
indel-purifying selection 

Inter-­‐gap	
  distances:	
  whole	
  genome	
  



False Positives  
  (10% of total) 

   True Positives 
(sensitivity ~75%) 

Lo
g 1

0 c
ou

nt
s 

Inter-gap distance    (nucleotides) 

Iden2fying	
  sequence	
  under	
  indel	
  purifying	
  
selec2on	
  



Frac2on	
  of	
  conserved	
  DNA	
  

Lower bound:   ~79 Mb,  or  ~2.56 %    under indel 
purifying selection   (human/mouse/dog) 

 
Upper bound:    ~100 Mb,  or  ~3.25 % 
 
So: functional non-coding sequence represents 

over 1.56-2.25% of the human genome. 
 

+ +



~10% 

‘TEs are 
predominantly 

neutral’ 
much ‘turn-over’ in 

functional sequence 

“the functional portion of the genome may exceed 20%” 



So:	
  is	
  the	
  amount	
  of	
  func2onal	
  material	
  
shared	
  at	
  different	
  divergences?	
  

For	
  example,	
  
Ø  human	
  –	
  mouse	
  (75	
  My)	
  
Ø  human	
  –	
  macaque	
  (25	
  My)	
  
Ø  mouse	
  –	
  rat	
  (15	
  My)?	
  



10% 

No	
  



* 



10%  ( e-2.3 ) 

Data: 
 
1.8 Mb non-exonic 
sequence 
(CFTR + 9 other genes) 
 
8 mammals 
(human, baboon, cat,  
dog, pig, cow, rat, mouse) 







Ephemerality of lowly constrained functional 
elements 

Time → 

Lineage #1 

Lineage #1 

Lineage #2 

Lineage #2 



Our	
  View	
  of	
  the	
  Human/Mouse	
  Genome	
  

CODING:	
  1.06	
  %	
  DARK	
  MATTER:	
  ~7-­‐9%	
  

King	
  &	
  Wilson:	
  Human	
  and	
  Chimpanzee	
  “macromolecules	
  are	
  so	
  alike	
  
that	
  regulatory	
  muta9ons	
  may	
  account	
  for	
  their	
  biological	
  differences”	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Science	
  (1975)	
  188,	
  107-­‐116	
  

proteins	
  
dark	
  ma\er	
  



ENCODE’s 80% 

According to ENCODE’s analysis, 80 
percent of the genome has a 
“biochemical function”. “Almost 
every nucleotide is associated with 
a function of some sort or another, 
and we now know where they are, 
what binds to them, what their 
associations are, and more,” says 
Tom Gingeras, one of the study’s 
many senior scientists. 



The	
  Func2onal	
  Por2on	
  

Approximately	
  10%	
  of	
  the	
  human	
  genome	
  appears	
  to	
  
be	
  constrained	
  with	
  respect	
  to	
  inser2ons	
  &	
  
dele2ons.	
  

This	
  compares	
  with	
  1.2%	
  that	
  encodes	
  protein	
  
sequences.	
  

The	
  amount	
  of	
  constrained	
  but	
  non-­‐coding	
  sequence	
  is	
  
thus	
  considerably	
  larger	
  (8-­‐fold)	
  than	
  constrained	
  
coding	
  sequence.	
  

90%	
  of	
  the	
  human	
  genome,	
  therefore,	
  is	
  likely	
  to	
  lack	
  
constraint	
  and	
  truly	
  is	
  junk.	
  

	
  



The	
  Future:	
  Func2onal,	
  unconserved,	
  
sequence	
  

Func2onal,	
  unconserved,	
  human	
  sequence	
  is	
  
TWICE	
  the	
  amount	
  of	
  func2onal	
  sequence	
  
that	
  is	
  conserved	
  to	
  mouse.	
  	
  

Deducing	
  the	
  func2ons	
  of	
  such	
  lineage-­‐specific	
  
sequence	
  will	
  require:	
  
comparisons	
  to	
  many	
  primate	
  genomes;	
  and,	
  
diverse	
  experimental	
  approaches.	
  



ENCODE 2012 



2001 

2012 



Experimental assays 
ChIP-seq (~150) 
RNA-seq (~100) 
DNase-seq (~100) 



ENCODE Dimensions 

Methods/Factors 

C
el

ls 

18
2 

C
el

l L
in

es
/ T

is
su

es
 

164 Assays (114 different ChIP) 

3,010 Experiments 
5 TeraBases 
1716x of the Human Genome 



“The vast majority (80.4%) of the human genome participates in at 
least one biochemical RNA- and/or chromatin-associated event in at 

least one cell type.” 

Element Type Coverage Cumulative 
Coverage 

Exons 3% 3% 
ChIP-seq bound motifs 4.5% 5% 
DNaseI Footprints 5.7% 9% 
ChIP-seq bound regions 8.1% 12% 
DNaseI HS regions 15.2% 19.4% 
Histone Modifications (*) 44% 49% 
RNA 62% 80% 
(* excluding broad marks) 

Region 

Bound Motif/ 
Footprint 

(Union over all experiments and cell types) 



Elements are evenly spaced over the genome 

99% of the genome is within 1.7 kb of a biochemical event 
 
95% of the genome is within 8 kb of a bound motif or footprint 



Published GWA Reports, 2005 – 6/2012 
To
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Through 6/30/12 postings 

0 

200 

400 

600 

800 

1000 

1200 

1400 

2005 2006 2007 2008 2009 2010 2011 2012 

1350 

Can ENCODE data explain 
disease-associated variants? 



Published Genome-Wide Associations through 6/2010 
NHGRI GWA Catalog 
www.genome.gov/GWAStudies 



Published	
  Genome-­‐Wide	
  AssociaNons	
  through	
  07/2012	
  
Published	
  GWA	
  at	
  p≤5X10-­‐8	
  for	
  18	
  trait	
  categories	
  

NHGRI	
  GWA	
  Catalog	
  
www.genome.gov/GWAStudies	
  
www.ebi.ac.uk/fgpt/gwas/	
  	
  



95% of GWAS risk-associated SNPs  
lie outside of coding sequence 



96 

Reported SNP  
 
Statistically associated 
with the phenotype 

fSNP 
 
✔ Associated with the phenotype  
✔ In a functional region 

Genome Wide Association 
Studies (GWAS) Results 

Linkage 
Disequilibrium  

ENCODE Functional 
Region 

Functional SNPs (fSNPs) Belinda Giardine, Marc Shaub, Ross Hardison, Mike Snyder, John Stam.  



97 

fSNP Direct Hit 
 
✔ Association reported in a GWAS  
✔ In a functional region 

Genome Wide Association 
Studies (GWAS) Results 

ENCODE Functional 
Region 

Functional SNP - Direct Hit 



(noncoding SNPs only) 

76.5% of GWAS SNPs are either within or in perfect 
LD with DHSs. 

88.1% GWAS SNPs lie within DHSs active in fetal  
cells and tissues 

When you extend to SNPs in 
high LD, GWAS SNPs overlap 

by 75-80% 
 



Objective identification of disease relevant cells 

Electrocardiogram 



Diseases/traits 
associated with VDR binding  



Pa2ents’	
  
Variants	
  
DNase	
  HSs	
  

Disease-­‐associated	
  interval	
  

Regulatory	
  variant	
  

Expression	
  level	
  or	
  
alterna2ve	
  transcript	
  

RNA	
  Seq	
  Data	
  

Causal Variant Identification using 
a Disease-relevant cell type 

Ex
pr
es
sio

n	
  
le
ve
l	
  



Long noncoding RNA genes 
Ex
pr
es
sio

n	
  
le
ve
l	
  

Expressed	
  
protein-­‐coding	
  
gene	
  

Expressed	
  
non-­‐coding	
  
gene	
  

Non-­‐expressed	
  
protein-­‐coding	
  
genes	
  



“we annotated 9,640 manually curated long non-
coding RNA (lncRNA) loci” 

“80% of the detected lncRNAs are present in our 
samples in 1 or fewer copies per cell” 

“62% of genomic bases are reproducibly 
represented in sequenced long (>200 nucleotides) 
RNA molecules or GENCODE exons. Of these 
bases, only 5.5% are explained by GENCODE 
exons. The majority of transcribed bases are 
within or overlapping annotated genes boundaries 
(i.e. intronic) and only 31% of bases in sequenced 
transcripts were intergenic” 





Intergenic	
  lncRNAs:	
  objec2ons	
  to	
  their	
  
func2onality	
  

Sequence	
  not	
  
conserved	
  

Li\le	
  evidence	
  for	
  
phenotypes	
  

Low	
  expression	
  levels	
  
Transcrip2on	
  not	
  
conserved?	
  

	
  
	
  
	
  
	
  
	
  

?	
  



Loss of transcription but not of 
genomic sequence. 

Conserved  
Rodents 

Specific 
Mus 

Specific 
Mmus 

Some mammalian lincRNAs 
are transcribed only fleetingly. 



LincRNA and protein-coding transcriptional 
turnover 

Ana Marques 



Type 1: enhancer (e)RNAs – 
Compensatory gains 

Coding 
Gene 

Expression 

Ana Marques 



Type 2: ribonucleoprotein (rnp)RNAs 

CHART 

Vlada Chalei 



 BCAS4

BCAS4
1

0

chr2:

1 kb mm9

167996500 167997000 167997500 167998000 167998500 167999000

Pbcas4

Mammal Cons
_

_

Type 3: competitive endogenous (decoy) RNAs 
(ceRNAs) 

Bcl2 
Il17rd 

Pnpla3 

Shisa7 

Tapbp 
mir-185 

Mouse Pbcas4, a pseudogene of human BCAS4, is a conserved miRNA decoy	
  

Ana	
  Marques	
  et	
  al.	
  “ConservaNon	
  of	
  post-­‐transcripNonal	
  roles	
  of	
  unitary	
  pseudogenes	
  suggests	
  	
  
	
   	
  that	
  mRNAs	
  are	
  o]en	
  bifuncNonal”	
  Genome	
  Biology,	
  2012,	
  13:R102.	
  

	
  



Part	
  3:	
  The	
  future	
  



Different, but not that different 

Humans are one of the least diverse 
organisms 

Species Diversity (percent) 

Humans 0.08 - 0.1 

Chimpanzees 0.12 - 0.17 

Drosophila simulans 2 

E. coli 5 

HIV1 30 

Photos from UN photo gallery www.un.org/av/photo 



     TTACATTTTTATACAATCTGACAATCTTTGCCTGTATTTCTATTTAATGTGATTACTGATATTGATTTTTCAATATCAATATATTGACCATTTATATTTAATGTGATTATTGCTACTATTTTTTCTAATCCTCTTTATGAAAAAAACTCTAAAAAGAATTATATACACTCACAGTCTCCAAATCCTCTTCTCCCATTCTA 
     CTTTGAACCTGTTTAAGTCTGGTTTCCATTCCTACTATTCTATTGAAACAAGTCTTTGTCAAGGCCACTGACTTCCTCTATCTTGCTAAATCCAAAGGTAAATTCTCAATTTTCATTAAACTTGACCTCTCTGCAGCATTTGACATATGTGATCACTGTCTCCTTAAAGCATATTTCTTTCCCTGGCTTGTAGGGCACCA 
     TACCCTCCTTGCAATCAATCAGCAACACTAACTACTCCTTCTCTGAGATCTTTGCTTTTTCCATCTTATTACTTCAACTTCATAACTTAATAATGCCGTAGGGCTCAGGGCTCAGCCCTTGGGCATCTTGTCTAAGCACACTCATTTCTTTAGTGATCTCATCCTTCTTGTGGATTTAAATACTACTGCAGTGTATGCTG 
     GGTGTACCACTCAAATGCCTGCCCTTTAGGACTGAACCACTCATTACCCCCACTGCTGAGAATGTTAATGGTTGATTTCTCAAAACTTATTCCCCATCTTCACCAAGCAACTGCCATCAGCTGAAGAAAGTTGACTCACTCAAGGTCACAAGCTTGGGCATCAAGTAACTGACTGATGTAGGGGGTATAAATTATGACAA 
     TTCTGCGAGGTTTTTCCAGCTCTAGAGCTCTCCATGAGATTGGTGGAAGGACTTACTTCTGATCTTATGGCAGCCCAACTTTTCCCTCTGTCCATTCCTACTTCCTTTACTCCTCACAGTTATTAATCTCAAAAGTCCTTGCCAATACATGTCTGAGTGCAAATCTTCATCTCAGTTTCTGCTTCCTGGGAAAACTGATC 
     TGAGACATCATTTACATGCTGACATTGAGAGGTGAAGCCAGCTAGACTTCCTGGGTTGAGTGGGGACTTGGAGAACTTTTCTGTCTAGCTAAAGTTTTGCAAACGCACCAATCAGCACTCTGTAAAAATGCACCAATCAGCGCTCTGCGTCTAGCTAAAGGTTTGTAAACACATCAATCGGCACTCTGTAAAAATGCACC 
     AATCAGCACTCTGTGTCTAGCTAAAGGTTTGTAAATGCACCAATCAGCACTCTGTAAAAATGGACCAATCAGCACTCTGTAAAATGGACCAATCAGCAGGACATGCGCAGGATCAAATAAGGGAAGAAAAACTGGTTATCCAAGCCAGCAGCGGCAACCTGCTCAGGTCCCCTTCCACGCTGTTCAAGCTTTGTTCTTTC 
     ACTCTTCACAATAAATCTTGCTGCTGCTCACTCTTTGGGTCTGCACTACCTTTATGAGCTGTAATACCCACTGCAAAGGTCTGCAGCTTCACTCCTGAAGTCAGAGAGACCACAAACCCACTGGGAGGAAAAAACAACTCCAGACACGCCACCTTTAAGAGCTATAACACTCACTGGGAAGGTCTGCTGCTTCACTCCTG 
     AAGTCAGCAAGACCACGAACCCACCAGAAGGAAGAAACTCTGGACACATCTGAACATCTGAAGGAACAAACTCCGGGCACACCATCTTTAAGAACTGTAACACTCACTGCGAAGGTCAGCGGCTTCATTCCTGAAGTCAGCAAGACTACAAACCTACCAGAAGGAAGAAACTCCAGACACATCTGAACATCTGAAGGAAC 
     AAACTCCAGACACACCATCTTTAAGAACTGTAACACTCACCGCCAGGGTCCACGGCTTCATTCTTGAAGTCAGCGAGACCAAGAACCCACTGGAAGGAACCAATTCTGAACACAACACCTACAAACTCATACTTCCAGCACATACCTTTTGTCTGAATCCCAAGACTGAAATATCCATTGTTCTTCTCAACCTTCCAACT 
     TTTCTTATTACTTTGATGTCTAATGGAAATCTCAAACTTAACATATCTGAAACTGAATACTTGATCAATACCACTCCCTCACTTAAAAAACTACCCACACACTGTCTTCTCCATCTAAGTTGATGAGAACTCCAAATTCTCATTGTTTATTACATAAGCCAAAAGCCCTGTAGAATTTGTGGGGGGGGGGGGCTTCCTCT 
     CATATTCCACATCAAATTTGTCAGCAAACCTGTTTGTTCTATTTTAAAAATATTTAACCATTTCTCACCACCCAGCTATCACTCCAGCCCAAGTCACCCTTATCTCTCACCTGGCTTAACTGCAATCCCTCCCATTTTTTTTTCCTTGTGTCTGTCCCTACCCCCTGCTATGGTCTGAATGTGTGCCCCAAAATTCAGGT 
     GTTGAAACTGAATCTCCATTGTGGTGGTATTAAGACGTGGGGCCTTTTGAGAAATGATTAAATTAAGGGGGCTCCACCTTCATGAATAGATTAGTGCCTTATAAAAGGGCTGGAAGGAACCCAGCTTGGGTCCCTTTTACCCTTCTGTCCCTTGCACCACGTGAGGACATCTAGATGAATGAGTCTGTACCAGACACCTA 
     ACCTGCCAGCGCCTTGATTTTGGACTTCCCAGCCTCCAACTGTGAGGAAATGAGTTTCTTTTATTTCAAAATTACCAGTCTGTGGTATTTTGTTATAACAGCACAAATAATTTAAGACACATCCAATACAGTCTTTTTAAACCAGTGGCAAGAGTGATTCTATTAAAACATAAGGCAGATCACTTTACACTGTGCTCAGA 
     CTTTATAATGGCTTTCCCCTCTGTCCATTCCCTCCCTCTTCACTCCTGTCTCTGACCTCACATTCTACACATGCTACCTTCCCTGCTGTCTCCCCTCAATGCCTCTGCATGGGCTCATCCCTTGGCCTGAAATGCTCCCCTCCTCTGCAGGGTTCAACCTCTCTCCCTTCCTCTGCAGGGTCCACCCCCTCTCCTATGTC 
     ATCTTTGTTCAAATCTCACTCTCGATTAGGTCTTCCTCAACTGCCCCATTAAAATTGCAACCCACCTCCATCCCAGGCAGTTCTTGTTTCCTTTCCTGGCTGTATAAGTTTTTCCTTCCTTTGCACTTAGTATCTTTCAATGTGCTTTATGATTTACTTAAAAAAAATTGTTTCTCCCTCCTCCCACTCCACTCCCAAAA 
     TGTAAGCCCCACAAATTCAGATATTTTTATCAGTTTTATTTATTGATGTTTCTGTAGGACCTAGAACACTGCCTACCACATAATAAGTAGCCAATACATGGTCATTGAATCAATTAAT----CAGTCAATCAATCTATCACTGAACTGATGACTAAACATTTTTGTTATACCCCAATTTTATGGCTGAAGTATAGAATAC 
     ATACCTTGTTAATATGAAAACAAATACCAAAACAGAAAATAAATTATTTTCAAGTTATCCTCCTATGAGGCTAAGAAATACATATGCAAAAATCCATTCAAGCTATCCAGTCACTAGATCTTGCCTTCTGATGCTAAAATCAACAGATTGGAGCCTTATGCCAATTT--AGAGGTAGGAGAACTAAGCTGGCCAGCTAAG 
     CTCTTCTACCTCTAAATTGTTATAAGGCTCTGATAATTAAGTATCTATCAGTGAGTTGTTAAGAAACAACTAATTTGGTGAGTAATGCTTTTTTTTCTAAATAGCACCTAACTTTCACCATGATGTATATTTAACTCTAGCAAACAAGTCAACCAATCAACTAAAAAATAAAACAAAAGAAATTCTAACAAAGCTAAGTA 
     CTGGAAGTGACTGGCATTTTTTGGGGATCAAGAGCTTTATAACTTATATGATAGATGCACATGTGCAATTCTATCTTTAATACACTTTATATAAAGTAAAGAGCATGTAACACACATAATCCTTTGATGATCCATCATGTTGAGGAGTGCTTAATAAATATCAAAAAGCACCGATTAAGCCAGAGGAAACTCCTGACAAG 
     GTTGCAGACATCTGGACATGTACATCTGTTCAAAGTCAGTGATCTGTACAGAAGACCCCAGAGAAAGAATTAGTGTCAATCTGATATTCAGTGATAAACAATTATTACCAAGAATCCAATATGACACTGGAAATAATAATAAAACTGGCAAGTTAAGTATAAATTGAGTGACCTCAGATGTTGTGGAAATTTGAAGCCCT 
     TGATTGCTGCTCAAAGCTGTCATGTTGGCAAGAAAATTCTTATTCAGCCTAAAAGTATAAGAATTCCTATCCATCCCACCCTGGCCCTGTAAACCAGCTCTCTCAGCCAAGAAGTTTGAATAATCCAGCAGTCACCAGGAGCCTCCTTTGGGATGAAATTTGTTTCCTCTACTCCCTTCAACCCATCGATTTCCTGCTCC 
     TGTTTCCCTGGCTCTCTGGGAGAGGATAGCAAAGAGCCTGCTATCTGTGACCCTCTTTCTGTTTTGATGACTCTTACAGACTCTTGTATCAGGCTTTTGGATTCCTATTTTTCTTCCCACCTCCTGCAACCACATCTACCAATGGATTCTTTGATTTGCATGCTCAGAGGCAGCATGGGTCTAGATAAGAGACCTCTTGG 
     CCCCAGCCCTTGATTTGGGGAGATCTTTTCTCATTAATAAAAATATAATAGCTTCTAGTTAAGGAAGACCTACTACATGTTGGGTACTATATCAGGCACTTTCCACATAGTCTTGTTTTGCCTTTACAACATCTTTGTAAGAAAATATATTATTGACATTTTACAGAAGAAGAATGGGAAATTAAATGACTTGTCCAAAG 
     TCATACAGCTAATAAGCATGCAAAGAAGGCAGCAGAATTCTAACCCCAGAATCCATGTTTTCTGCTCTGATGCTGTTTCTCTATCAAGCATTTGCAACATGAGTGATTCTAATTTCATTTTTTCCTTTGCATATTATATATGTTATAGATGTTATAAAACAATCTCAAATTGTTATAAATATGTCAATCATTTTGGTGCC 
     AAGTTAAATTGTTTTTAAACTTGCTTTCATAGTAACATTGCAATGTTACTACCCATTTTCACCAAGCTGACATCCTCACTGATGGCCCAAATGAAATGGTGGGTTAAATTGCCTGGACTTTAGCATGAGTCATGGTTGCAGCACCAAACTGTACTACTCCTGGCCATGTAGACTTCACCTCCACGCTTGCAATAAAAAAA 
     TGCCAATGTTACTTAAGAATATCCTTGATAAAGAAGTAAATCAGGCTGGGCGCGGTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCCGAGGCGGGTGGATCATGAGGTCAGGAGATTGAGACCATCCTGGCTAACAAGGTGAAACCCCGTCTCTACTAAAAATACAAAAAATTAGCCGGGCGCGGTGGCGGGCGCC 
     TGTAGTCCCAGCTACTCGGGAGGCTGAGGCAGGAGAATGGCGTGAACCCAGGAAGTGGAGCTTGCAGTGAGCCGAGATTGCGCCACTGCAGTCCGCAGTCCGACCTGGGCGACAGAGCGAGACTCCGTCTCAAAAAAAAAAAAAAAAAAAAAAAAAGAAGTAAATCAACCTCAGCACATATCTTTTTCATATTCTGTGAC 
     AAAATGAGAAATATGCACATAGAAAGATGATGGCTATCTTGAGATACAGCACTTGTGTAATGAGTTTTTGGGTTTCAAGCCAAATTAACCTTTTTTT-AATGAAAATATTTCACTTGAAACAACAGATGACAAAGTATTGTTGTCCAGACTTGAGCATTGGGCTAACGTTTTATCCAAGAGGAAAGTGAACCCACATTGA 
     CAGTTGCCATTGTTGCCAATGGTAAAATTTGAGCTTTCAAGCAAATATAAGAATTTTGGAAGATTTGTTTCTGTCACAGTATGCTTGGCAGCTTCTCAATACTTAAAGACCTTTAGATGAGGTCATTAGTGGTATTAATAAATACCATATTTTCTATGTTATAAAGTAAAATGTATCAACATTTAGAAGTTCTATATAAT 
     TCAGAATGTTATTTTCCAAATGACTAATGTACAATGTTACAGAATTATGCGTGAGTAAATTCTCCATTGAAAATGCAAGACAGGATGGTGGATTTAATACATACATATGTATATACTACATACATAGACAGCGAAATACGAAGAACTCATGGATTCCACATTTCCACCAACCTTTAGAAACAATTACCTGTCAAGTTTTG 
     GTGTGACATCAAAGAAGAATATTCAAAATTATCTCAAAATGCTATTAAAATACCACTTTAATAACTACATATTTGTATGAACCTGTATTTTCTTCATATTTTCAATCAAAACAACCTATTGAAACAGGTCATATGCATACATATGAGAACTTATTAACTATTTTCTATTAAACCAGTCACTAAAGAAGTGATGTTCACAA 
     AAAACTGGAAAACAATGTCACTCTTAACTATTCTTTTGTTCTGGAAAATATATTTATTTATATTAACATGTATTAGGTTTAATATTATTTTTAAATTAATAAATATATAAATATGTTAAGCTTTTCTCAGTTTTAATTTTTACTAAGGTAAATATCAATAGTATAAACCAGAATCCTTTGGAGTCCTCAACAATTGTTAA 
     GCATGTAAAGAAAGGGGTCCTGAGGCCAAATCATTTGAAAACCAGTAATATAAGAAAATTTTGTGCAGCCACTGAATATTCTAGAGGAGTACATGCAGAAAGATCCCAAAATAAAATATAACATGCAGAGAAAAATAGCTGAAGAAAGATGTACTTCAATGTCAACTATATCAGTAAAGTTGTGAAATTATGAGTAATAT 
     AATTTTTATTTTTGATGTCCTGTTAAAATTTTTTAAATGAGCATAGCTTGCTTAAATAAAAAGTAACAAGTTAACAAACAAATGAATAACTGAATTATATCATACATGACAGCAGCTTTAGTCTAGAGAAACATCTCTTCCTTTTTCATTGCCCTATTCATATTTATTCAATCCCTTCCTTTCTTCCTGCTCTGATGGCA 
     ATTCTTGAGATACATATTTCTTCTCCATAGCCCCTGTCCC--GTCAAGAGTTTTTAACCTTCTAGTTCCTACCAATACTTATAAACTATACTACCTTATAAAACAACTTTTCCCCTCATCTGCAGGTTATCAACAAATATTAAATCATTGTTCTCTAAAATTATGTATTATAAAGCACAGCAATGTTATGGTTTGTGTGG 
     TCACACCTGTTGCAGGTTACACATCAATATCACATTGATCACTGTGTTTCCTGAGTTAGTGTGGCTTTTCAACATCCCAGTGTGTGCCTAACAATAGCTGTTAAATACAGCTATGGCCCCAACAATGGGAGGTGTATGTGGATCATAAGAGTGACCTACACATTGGGTCCACTCAACCACTTGATCGCACAGTAGTTAAG 
     CCACTGGAACTCAACAGACCTGTGATGAAATCCACAGCTCTAAATCCCCAGATATATTTTATAACCTGCCTAGACCTCTCCTCATTCAAAAGGTGACAAATTTTACAGACTTATTATAATATAAAAAGGCTTACATATTCTGGTAGATGGTAAGTGCTCAAAACATGTAAGCTGCTGTGCTTTTATAATCATATTATTAG 
     TATCGTTGCTATTAGTGTAATTCTAGATTTTACCTCTCCATTTAATCCTGCTTTCCTTATACATCATTATAATGGGTAATGAATATGGTTTGGATCTGACTCCCTACCCAAATATCATGTCAAATTGTAATCTCCAATGTTGGTGTTGGGGCCTGGTGGAAGGTGATTGGATCATGGGGGCAGTTTCTCATAAATGGTTT 
     AACACCATCACCCTTGGTGCTGTACTTGTGATAGTGAGTGAGTTCTCATGAGATCTGGTTGTTTAAAAGTATATAGCACCTCCCCACTCCCTCTTTTCCTCTTGCTTTGGCTATGGGAAATGCCTTTCTCCCCATTTGCCTTCACCAGGATTAAAAACTCCCTGAGGACTTCCTAGAAGCAGAAACTTCTATGCTTTCTG 
     CACAACCTGAAGAACCACGAACCAATGAAATATTTTTTCTTAATAAATTATTGAGTCTCAGGTATTTCTTTACAGCAGTGCAAGAATTAAATAGGCCAGGCGCGGTGGCTCACGCCTGTAATCCCAGCACTATGGGAGGCTGAGGCGGGCGGATCACGAGGTCAGGAGATCAAACCATCCTGGCTAACACTGTGAAACCC 
     CATCTCTACTAAAAATACAAAAAATTAGCTGGGCGTGGTGGCGGGTGCCTGTAGTCCCAGCTACTTGGGAGGCCGAGGCAGGAGAATGGCGTGAACCCAGGAGGCAGAGCTTGCAGTGAGCTGGGATTGCGCCACTGCACTCCAGCCTGGGTGACAGAGCGAGACTCCGTCTCAAAAAAAAAAAAAAGGATTAAATAATA 
     TAAAAGTTTGTACCAAGAAGAGGGACACTGCTATAAAGATACCTAAAAATGTGGAACTGGGAAACAGGTAGAGGCTAGAACCATTTGGGAGATCCAAAAGGAGACAGAAAGATGCAACAAGGTTTGGAATTTCCTAGAGACGTATTAAATTGTTGTGACCAAAATTCTGATAGTGATATAGACAGTGAAGTCCAGGCTGA 
     GGAGGTCTCAGATGGAAATCAGGACAGGAACTTATTGGAAACTGCAGTAAAGGTCACTTTTGCTACGCTTTAGCACAGCCTGGCTGCATTGTGCCCCTGCTCTAAGGATCTGTGGAATTTTGAACTTGAGACTGATGATTTAGACTGATGATTCCACTATCCAGTGGAAGAAATTTCTAAGTAGCAAAGCATTCAAGATG 
     TGACCTGGTTGCTTCTAACCACCTATGGTCATATGAGTAAATAAATGAACTGAAACTGGAACTTATATTTAAAAGGGAAACAGAGCATAAAAGTTTGGAAACTTTGCGTCTTGGCCATATGGTAGAAAAGAAAAGCCCATTTTCAGGGGAGGAATTCAACCAGGCTGTAGAAATTTGCATAAGTAAAGAGGAGCCAAGTG 
     CTAATATCCAAGACAATGAGATAAAGGCCTTGAAGGCATTTCAGAGACCTTCAAGGAAGCCCCTCCTATCACAGGCCCAGAGGCCAAGGAGGGAAGAATGGTTTGTTGGGCTAGGCCCAGGGCCTCACTGCCCTCTGCAGACTCAGAACCCTGCTTGCTGCATCCTGGCCGTTTCAGCTACAGCTGTGGTTCAAAGGGGC 
     CCAGGTAAAGCTTAGGCCACAGTTTTTGAGGGTGAAAGCCTTAAGCCTTGGCAACTTCCATATGGTATTAAACCTGCAGGTATGCAGAGTACAAGAGTTGAGGTTTGGGGGCCTCTACCTAGATTTCAGAGGATGTACAGAAAAGCCTAAATGTTCAGGTAGAAGCCTGCTGCAGGGATGGAGCCCTCATGGAGAACCTC 
     TACTAGGGCAGAGCAGAGGCAAAATGTGGGGTCGGAGCCCCCACACAGAGTCCCCACTGGGGCACTGCCTAGTGGAGCTGTGAAAAGAGGGCCACCATCCTCCAGACCCCAGAATGTTAGATCCATCAACAGCTTGCACCATGTGCCTGGAAAAGCCACAAAGACTCAATGGCAAACCTTGAGAGCAGCCAAGGGGGCTG 
     AACCCTGCAAAGCCTCAGGGGTGGAATGGCCCAAGGCTTTGGGAGCCCACCCATTGCACCAGTGTGCCCTGGATGTGAGACATGCAGTCAAAGGAGATTATTTTGGAGCTTTAAGATGTAATGATTGCCCTGCTGGGTGCAGGACTTGCCTTTATCCCCCTTCTTTTGACCAATTTCTCCTTTTTAGAATAGGAGTATTT 
     ACCCAATGCCTATATCCTCATTGTATCTAGGGAGTAACTAACTTGTTTTGATTTTACAGGCTAATAGTTGGAACGGACTAGCCTTGTCTCAGATGGGACTTTAGA--TTGGATTTTTGAGTTAATGCTGGAATGAGTTGAGACTTTGGGGGACTTTTGGGAAGGCATGATTGTATTTTGCAATGTGAGGGGGACATAAGA 
     TTTGGAGGGGT 
	
  

10,000 bases of human chr13 vs 
chimpanzee 

Page	
  1	
  of	
  300,000	
  of	
  volume	
  1	
  

Chimpanzee:	
  ~	
  2%	
  divergence	
  

2	
  Humans:	
  ~	
  0.1%	
  diversity	
  (10	
  sites)	
  



No-one (genome) is perfect 

Any European individual’s genomes are 
expected to carry: 
100 loss-of-function variants; 
of which 18 are in a homozygous state. 
Around a quarter of disrupting variants affect 

only a subset of transcripts. 



The	
  promise	
  of	
  the	
  human	
  genome	
  is	
  only	
  being	
  
realised	
  now	
  with	
  popula2on	
  genomics	
  



Major	
  Issues	
  in	
  Popula2on	
  Genomics	
  

•  Genetic variation must underlie both pathological and non-pathological traits 
that show significant heritability 

–  How do we locate these variants, and is there clinical use when they are found? 

•  Genetic variation must also underlie species differences. 
–  How do we locate these variants? 

•  Do orthologous genes control equivalent traits in different species? 
–  Can model organisms appropriately model human traits? 

•  How often do somatic variants cause disease (outside of cancer)? 
–  How genomically mosaic is any person? 

 



Popula2on	
  genomics	
  requires	
  detailed	
  
phenotyping	
  

no yes 

Vertebrate population genomics will initially study human and rodent species. 



Genome Sequences of 17 Mouse Strains 



Molecular Nature of Sequence Variants and their 
Effect on Phenotypic Variation 

Red boxes indicate significantly large effect size variants 



Incomplete 
Lineage 
Sorting 



The	
  genomes	
  of	
  many	
  (most?)	
  animal	
  species	
  
will	
  soon	
  be	
  sequenced	
  



Porifera 
Amphimedon queenslandica, a sponge (2009[1]) 
Placozoa 
Trichoplax adhaerens, a Placozoan (2008[2]) 
Cnidaria 
Hydra magnipapillata, a model medusozoan (2010[3]) 
Nematostella vectensis, a model anemone (starlet sea anemone) (2007[4]) 
Deuterostomia 
Echinoderms 
Strongylocentrotus purpuratus, a sea urchin and model deuterostome (2006[5]) 
Hemichordates 
Saccoglossus kowalevskii, an acorn worm (2009)[6]) 
Urochordates 
Ciona intestinalis, a tunicate (2003[7]) 
Ciona savignyi, a tunicate (2007[8]) 
Cephalochordates 
Branchiostoma floridae, a lancelet (2008[9]) 
Cyclostomes 
Petromyzon marinus, a lamprey (2009[10]) 
Cartilaginous Fish 
Callorhinchus milii, an elephant shark (2007[11]) 
Bony Fish 
Danio rerio, a zebrafish (2007[12]) (order Cypriniformes) 
Gadus morhua, Atlantic cod (2011[13]) (order Gadiformes) 
Gasterosteus aculeatus, Three-spined stickleback (2006, 2012[14]) (order Gasterosteiformes) 
Latimeria chalumnae, West Indian Ocean coelacanth and oldest known living lineage of Sarcopterygii ([15]) (order Coelacanthiformes) 
Oryzias latipes, medaka (2007)[16] (order Beloniformes) 
Takifugu rubripes, a puffer fish ([17] International Fugu Genome Consortium[18] 2002[19]) (order Tetraodontiformes) 
Tetraodon nigroviridis, a puffer fish (2004[20]) (order Tetraodontiformes) 
Amphibians 
Xenopus tropicalis, Western clawed frog (2010[21]) 
Reptiles and Birds 
Anolis carolinensis JBL SC #1, Green anole lizard (2011[22]) 
Ficedula albicollis, collared flycatcher (2012[23]) 
Ficedula hypoleuca, pied flycatcher (2012[23]) 
Gallus gallus, Chicken (2004[24]) 
Meleagris gallopavo, Domesticated turkey (2011[25]) 
Taeniopygia guttata, Zebra finch (2010[26]) 
Mammals 
Ailuropoda melanoleuca, Giant panda (2010[27]) 
Bos grunniens, Yak 2012 ([28]) 
Bos primigenius taurus, Cow 2009 ([29]) 
Callithrix jacchus, Marmoset (2010[30]) 
Canis lupus familiaris, Dog (2005[31]) 
Equus ferus caballus, Horse (2009[32]) 
Erinaceus europaeus, Western European Hedgehog ([33]) 
Felis silvestris catus, Cat (2007[34]) 
Gorilla gorilla, Gorilla (2012[35]) 
Homo sapiens, Human (see also Category:Personal genome sequenced) (Draft 2001[36][37] Complete 2006[38]) 
Homo neanderthalensis, Human (Neanderthal) (Draft 2010[39]) 
Loxodonta africana, African Elephant (2009[40]) 
Macaca mulatta, Rhesus Macaque (2007[41]) 
Macropus eugenii, Tammar wallaby (2011[42]) 
Monodelphis domestica, Gray Short-tailed Opossum (2007[43]) 
Mus musculus Strain: C57BL/6J, Mouse (2002[44]) 
Myotis lucifugus, Little Brown Bat (2010[45]) 
Ornithorhynchus anatinus, Platypus (2007[46]) 
Oryctolagus cuniculus, Rabbit (2010[33][47]) 
Otolemur garnettii, Small-eared Galago, or Bushbaby ([48]) 
Pan paniscus, Bonobo (2012[49]) 
Pan troglodytes, Chimpanzee (2005[50]) 
Pongo pygmaeus/Pongo abelii, Orangutan (Borneo/Sumatra) (2011[51]) 
Rattus norvegicus, Rat (2004[52]) 
Sarcophilus harrisii, Tasmanian devil ([53]) 
Sus scrofa, Pig (2012[54]) 
Tursiops truncatus, Bottlenosed dolphin (2012[55]) 
Protostomia 
Insects (lots of) 
Acromyrmex echinatior colony Ae372 Ant (Panamanian leafcutter) (2011[56]) 
Acyrthosiphon pisum, Aphid (Pea aphid) (2010[57]) 
Aedes aegypti Strain:LVPib12, Mosquito (Vector of dengue fever, etc.) (2007[58]) 
Anopheles gambiae Strain: PEST, Mosquito (Vector of malaria) (2002[59]) 
Anopheles gambiae Strain: M, Mosquito (Vector of malaria) (2010[60]) 
'Anopheles gambiae Strain: S, Mosquito (Vector of malaria) (2010[60]) 
Apis mellifera Bee (Honey bee), (Model for eusocial behavior) (2006[61]) 
Atta cephalotes, Ant (Leaf-cutter ant) (2011[62]) 
Bombyx mori Strain:p50T, Moth (Domestic silk worm) (2004[63]) 
Camponotus floridanus, Ant (2010[64]) 
Culex quinquefasciatus, Mosquito (Vector of West Nile virus, filariasis etc.) (2010[65]) 
Drosophila ananassae, Fruit fly (2007[66]) 
Drosophila biarmipes, Fruit fly (2011[67]) 
Drosophila bipectinata, Fruit fly (2011[67]) 
Drosophila erecta, Fruit fly (2007[66]) 
Drosophila elegans, Fruit fly (2011[67]) 
Drosophila eugracilis, Fruit fly (2011[67]) 
Drosophila ficusphila, Fruit fly (2011[67]) 
Drosophila grimshawi, Fruit fly (2007[66]) 
Drosophila kikkawai, Fruit fly (2011[67]) 
Drosophila melanogaster, Fruit fly (Model organism) (2000[68]) 
Drosophila mojavensis, Fruit fly (2007[66]) 
Drosophila persimilis, Fruit fly (2007[66]) 
Drosophila pseudoobscura, Fruit fly (2005[69]) 
Drosophila rhopaloa, Fruit fly (2011[67]) 
Drosophila santomea, Fruit fly ([70]) 
Drosophila sechellia, Fruit fly (2007[66]) 
Drosophila simulans, Fruit fly (2007[66]) 
Drosophila takahashi, Fruit fly (2011[67]) 
Drosophila virilis, Fruit fly (2007[66]) 
Drosophila willistoni, Fruit fly (2007[66]) 
Drosophila yakuba, Fruit fly (2007[66]) 
Herpegnathos saltator, Ant (2010[64]) 
Linepithema humile, Ant (Argentine ant) (2011[71]) 
Nasonia giraulti, Wasp (Parasitoid wasp) (2010[72]) 
Nasonia longicornis, Wasp (Parasitoid wasp) (2010[72]) 
Nasonia vitripennis, Wasp (Parasitoid wasp; Model organism) (2010[72]) 
Pediculus humanus, Louse (Sucking louse; Parasite) (2010[73]) 
Pogonomyrmex barbatus, Ant (red harvester ant) (2011[74]) 
Solenopsis invicta, Ant (fire ant) (2011[75]) 
Tribolium castaneum Strain:GA-2, Beetle (Red flour beetle) (2008[76]) 
Crustaceans 
Daphnia pulex, Water flea (2007[77][78][79]) 
Chelicerates 
Ixodes scapularis, Deer Tick (vector of meningitis and Lyme disease) (2008[80]) 
Tetranychus urticae Spider Mite (2011[81]) 
Molluscs 
Crassostrea gigas, Pacific oyster (2012[82]) 
Lottia gigantea, Owl limpet (2012[83]) 
Platyhelminthes 
Clonorchis sinensis, Liver fluke (Human pathogen) (Draft 2011[84]) 
Schistosoma haematobium, Schistosome (Human pathogen) (2012[85]) 
Schistosoma japonicum, Schistosome (Human pathogen) (2009[86]) 
Schistosoma mansoni, Schistosome (Human pathogen) (2009[87], 2012[88]) 
Schmidtea mediterranea, Planarian (Model organism) (2006[89][90]) 
Nematodes 
Ascaris suum, Human pathogen (2011 [91]) 
Brugia malayiStrain:TRS, Human pathogen (2007[92]) 
Caenorhabditis briggsae (2003[93]) 
Caenorhabditis elegansStrain:Bristol N2, Model organism (1998[94]) 
Meloidogyne hapla, Northern root-knot nematode (Plant pathogen) (2008[95]) 
Meloidogyne incognita, Southern root-knot nematode (Plant pathogen) (2008[96]) 
Pristionchus pacificus, Model invertebrate (2008[97]) 
Annelids 
Capitella teleta, Polychaete (2007[98], 2012[83]) 
Helobdella robusta, Leech (2007[99], 2012[83]) 
 



Sea-­‐change	
  in	
  genomics?	
  
For	
  over	
  10	
  years,	
  genomics	
  has	
  been	
  dominated	
  by	
  the	
  large,	
  

well-­‐funded	
  genome	
  sequencing	
  centers.	
  	
  	
  
In	
  the	
  next	
  10	
  years,	
  research	
  may	
  become	
  more	
  equitable	
  with	
  

investment	
  being	
  placed	
  increasingly	
  on	
  analysis	
  (people)	
  
rather	
  than	
  on	
  technology	
  &	
  hardware.	
  

Sequencing	
  is	
  already	
  cheap	
  &	
  analysis	
  expensive,	
  so	
  you	
  should	
  
already	
  consider	
  yourself,	
  as	
  a	
  talented,	
  now	
  well-­‐qualified,	
  
computa2onal	
  genomics	
  researcher,	
  to	
  be	
  a	
  much	
  sought-­‐
aber	
  individual.	
  

The	
  pace	
  of	
  change	
  in	
  genomics,	
  once	
  more,	
  is	
  a	
  great	
  leveller.	
  
The	
  most	
  important	
  commodity	
  in	
  genomics	
  is	
  ideas.	
  	
  	
  
Good	
  luck.	
  



Thanks to:  
-  all group members past & present 
-  members of all genome consortia 
 



Please contact me if ever you’re 
interested in a post-doc /  
fellowship etc. in Oxford. 
Chris.Ponting@dpag.ox.ac.uk 


