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Topics	  for	  today	  


•  Quan*ta*ve	  traits	  
•  Heritability	  


•  Genotype-‐phenotype	  associa*ons	  
•  Popula*on	  gene*cs	  of	  complex	  traits	  







Phenotypes	  are	  determined	  by	  gene*c	  
and	  environmental	  factors	  


P	  =	  G	  +	  E	  
	  







Phenotypes	  are	  determined	  by	  gene*c	  
and	  environmental	  factors	  


P	  =	  G	  +	  E	  
	  
More	  gene*c	  and	  environmental	  effects	  
causes	  the	  phenotypic	  distribu*on	  
to	  more	  closely	  approximate	  a	  normal	  
distribu*on	  
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Genotype	  


Two	  alleles	  at	  a	  single	  locus	  controlling	  height	  
	  


Short	  allele	  


Tall	  allele	  
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Trait	  distribu*on	  follows	  
Normal	  (Gaussian)	  
Distribu*on.	  
	  
This	  is	  an	  example	  of	  the	  	  
central	  limit	  theory,	  	  
i.e.	  the	  sum	  of	  many	  small,	  	  
independent	  random	  
effects	  has	  a	  Normal	  
distribu*on.	  


Genotype	  







Genetic effect on height, cm
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163	  loci	  
Mean	  addi*ve	  effect	  on	  height	  at	  a	  locus:	  0.24cm	  
	  
Mean	  allele	  frequency:	  52%	  in	  French	  popula*on	  







Phenotypic	  varia*on	  among	  individuals	  
VP	  =	  VG	  +	  VE	  


Where	  	  
	  VG	  =	  gene*c	  variance	  
	  VE	  =	  environmental	  variance	  


	  







Phenotypic	  varia*on	  among	  individuals	  
VP	  =	  VG	  +	  VE	  


Where	  	  
	  VG	  =	  gene*c	  variance	  
	  VE	  =	  environmental	  variance	  


	  
We	  can	  further	  par**on	  VG:	  


VG	  =	  VA	  +	  VD	  +	  VI	  
Where	  	  
	  VA	  =	  addi*ve	  gene*c	  variance	  
	  VD	  =	  dominance	  variance	  
	  VI	  =	  epista*c	  (interac*on)	  variance	  







Heritability	  is	  the	  gene*c	  contribu*on	  
to	  phenotypic	  variance	  







Heritability	  is	  the	  gene*c	  contribu*on	  
to	  phenotypic	  variance	  


Narrow	  sense	  heritability	  is:	  
	  


h2	  =	  VA	  /	  VP	  
	  







Heritability	  is	  the	  gene*c	  contribu*on	  
to	  phenotypic	  variance	  


Narrow	  sense	  heritability	  is:	  
	  


h2	  =	  VA	  /	  VP	  
	  
h2	  underlies	  the	  predicted	  response	  to	  selec*on	  
	  
Heritability	  is	  a	  popula*on-‐specific	  measure	  	  
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We	  can	  es*mate	  narrow-‐sense	  heritability	  
with	  mid-‐parent	  offspring	  regressions	  	  







Cross-‐fostering	  experiments	  can	  be	  used	  to	  test	  for	  effects	  of	  shared	  
parental-‐offspring	  environment	  
	  
e.g.,	  Smith	  and	  Dhondt	  1980	  


Cau*on:	  when	  parents	  and	  their	  offspring	  experience	  
similar	  environments,	  mid-‐parent	  offspring	  regression	  
may	  over-‐es'mate	  heritability	  







Another	  way	  to	  eliminate	  shared	  
environment	  is	  to	  test	  for	  phenotypic	  
correla*ons	  among	  more	  distant	  rela*ves	  
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Another	  way	  to	  eliminate	  shared	  
environment	  is	  to	  test	  for	  phenotypic	  
correla*ons	  among	  more	  distant	  rela*ves	  


BUT	  heritability	  es*mates	  from	  more	  distant	  rela*ves	  are	  less	  precise	  
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A	  popular	  method	  for	  es*ma*ng	  
heritability	  is	  the	  animal	  model	  


Developed	  in	  the	  1950s	  by	  C.R.	  
Henderson	  	  
	  
Widely	  used	  in	  plant	  and	  animal	  
breeding	  
	  
Uses	  full	  pedigree	  &	  flexible	  (can	  
incorporate	  known	  environmental	  
factors	  &	  allow	  unbalanced	  data)	  	  







The	  animal	  model	  is	  a	  mixed	  model	  in	  which	  
the	  breeding	  value	  is	  fifed	  as	  a	  random	  effect	  


yi	  =	  μ	  +	  ai	  +	  ei	  
Where	  	  
	  yi	  =	  phenotype	  of	  individual	  i	  
	  μ	  =	  popula*on	  mean	  
	  ai	  =	  breeding	  value	  of	  individual	  i	  
	  ei	  =	  random	  residual	  error	  


	  







The	  animal	  model	  is	  a	  mixed	  model	  in	  which	  
the	  breeding	  value	  is	  fifed	  as	  a	  random	  effect	  


yi	  =	  μ	  +	  ai	  +	  ei	  
Where	  	  
	  yi	  =	  phenotype	  of	  individual	  i	  
	  μ	  =	  popula*on	  mean	  
	  ai	  =	  breeding	  value	  of	  individual	  i	  
	  ei	  =	  random	  residual	  error	  


	  
Var(ai)	  =	  VA	  
Var(ei)	  =	  VE	  


h2	  =	  VA/(VA	  +	  VE)	  







Extensions	  of	  the	  animal	  model	  


yi	  =	  μ	  +	  ai	  +	  ei	  
	  
Can	  add	  any	  number	  of	  environmental	  factors	  
as	  fixed	  effects	  
	  
Test	  for	  maternal	  effects	  by	  adding	  mom	  as	  a	  
random	  effect	  
	  
Deal	  with	  repeated	  measures	  by	  adding	  
individual	  ID	  as	  a	  random	  effect	  
	  







How	  to	  fit	  animal	  models	  







How	  to	  fit	  animal	  models	  


WAMwiki:	  
www.wildanimalmodels.org	  







Animal	  models	  do	  not	  overes*mate	  h2	  when	  
there	  are	  transgenera*onal	  effects	  


Villemereuil	  et	  al.	  2013	  Animal	  models	  


True	  value	  of	  h2	  


Animal	  models	  ignoring	  
environmental	  effects	  







Most	  traits	  show	  h2	  between	  0.1	  &	  0.9	  


Visscher	  et	  al.	  2008	  


Applications
The parameter of heritability is so enduring and useful 
because it allows the meaningful comparison of traits 
within and across populations, it enables predictions 
about the response to both artificial and natural selec-
tion, it determines the efficiency of gene-mapping stud-
ies and it is a key parameter in determining the efficiency 
of prediction of the genetic risk of disease. Heritability 
is a simple dimensionless measure of the importance of 
genetic factors in explaining the differences between 
individuals, and it allows an immediate comparison of 
the same trait across populations and of different traits 
within a population. Such comparisons can lead to 
insights into the biology of the phenotype, or can have 
practical consequences for plant and animal breeding 
programmes. For example, the heritability of body size 
(or stature) is generally high across a wide range of spe-
cies (FIG. 1), signifying developmental processes that 
seem to be robust to environmental insults.


In medicine and human genetics, estimates of her-
itability can be compared across diseases to gauge the 
relative influence of genetic and environmental factors. 
Because disease is usually measured on an all-or-none 
scale, allowance has to be made for the incidence of 
disease when making comparisons. Heritability for 
such categorical traits can be defined on the observed 
discontinuous scale or on an unobserved continuous 
‘liability’ scale16. The continuous scale is more general 
because it is independent of the incidence of each cat-
egory (see BOX 5). For example, consider the psychiatric 
disorders schizophrenia and major depression, which 


differ considerably in the relative risks to first-degree 
relatives of affected individuals: 9 for schizophrenia17 
but only 3 for major depression18. However, the lower 
incidence of schizophrenia of 1%17 compared with 
3%18 for major depression results in similar estimates 
of heritability on the observed scale of 0.16 and 0.12, 
respectively. Conversely, heritabilities that are estimated 
on the underlying liability scale19 are quite different at 
0.81 and 0.37, respectively. For risk prediction that is 
based on family history or measured genotypes, it is the 
heritability on the observed 0–1 risk scale, however, that 
is most important20.


In artificial-selection programmes, heritability has 
a crucial role because it determines the precision with 
which the genetic value can be predicted from pheno-
typic information, and therefore determines the design 
of breeding schemes. The correlation between the 
observed phenotype and unobserved breeding value is 
h, the square root of the heritability3. Therefore, for a 
trait with a high heritability, the phenotype of an indi-
vidual is highly informative for its breeding value. So 
for traits that are easy to measure and have a high herit-
ability (for example, growth or weight traits (FIG. 1)) an 
easy and effective breeding scheme is to choose the best 
individuals for further breeding on the basis of their phe-
notypes. For traits with a low heritability (for example, 
litter size) information from many relatives is needed to 
predict breeding values accurately, but the accuracy of 
prediction of breeding values remains a function of the 
heritability. Hence, heritability is central in predicting 
the response to selection.


Nature Reviews | Genetics


Heritability


Drosophila — morphological traits (REF. 107)


Daphnia — body size (REF. 108)


Atlantic salmon — freshwater-stage weight (REF. 109)


Birds — tarsus length (REF. 110)


Birds — tarsus length (REF. 110)


Animal species in the wild — morphological (REF. 111)


Cattle — yearling weight (REF. 112)


Human — height Finland born 1947–57 (REF. 113)


Human — height Finland born <1929 (REF. 113)


Drosophila — life-history traits (REF. 107)


Daphnia — clutch size (REF. 108)


Rainbow Trout — alevin survival (REF. 114)


Cattle — calving success (REF. 112)


Cattle — bull fertility (REF. 112)


Pigs — number of piglets born alive (REF. 115)


Animal species in the wild — life-history traits (REF. 111)


0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9


Only one environment reported


Better environment


Poorer environmentAltantic salmon — marine-stage weight (REF. 109)


Morphological traits


Fitness traits


Figure 1 | Examples of estimates of heritabilities of morphological and fitness traits. Where possible, the 
estimates of heritability were taken from Reviews, and are the mean across a number of studies. The examples show 
that, on average, heritability estimates are larger for morphological traits than for fitness-related traits, and that 
heritability tends to be larger in better environments when compared with poorer environments.
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Heritability	  and	  the	  response	  to	  selec*on	  
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Selec@on	  Differen@al	  =	  
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Parental 
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"regression"


Consequences of "Truncation Selection"


 
 


	  
Response	  to	  Selec@on	  =	  
change	  in	  the	  trait	  mean	  
across	  successive	  
genera*ons	  
	  
R	  =	  


Selec@on	  Differen@al	  =	  
difference	  caused	  by	  selec*on	  
in	  mean	  phenotype	  within	  a	  
genera*on	  
	  
S	  	  =	   -‐	  Xsel	   Xgen1	  Xsel	  


Xgen1	  Xgen2	   -‐	  Xgen2	  


Xgen1	  


Heritability	  and	  the	  response	  to	  selec*on	  
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The	  breeder’s	  equa*on	  
R	  =	  h2	  S	  


	  
S	  –	  change	  in	  phenotypic	  
mean	  in	  parental	  genera*on	  
due	  to	  selec*on	  
	  
R	  –	  change	  in	  mean	  in	  
offspring	  genera*on	  
	  
h2	  –	  Narrow	  sense	  heritability	  
	  
	  
Rapid	  evolu*on	  
-‐with	  strong	  selec*on	  
pressures	  
-‐highly	  heritable	  traits.	  
	  	  	  	  


S	  


R	  


Slope	  is	  h2	  
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Mean	  allele	  freq.	  of	  tall	  
allele	  in	  children	  =	  0.54	  	  


100	  biallelic	  loci	  







We	  can	  apply	  the	  breeder’s	  equa*on	  over	  n	  
genera*ons:	  


Rn	  	  =	  n	  h2	  S	  
	  
Only	  if	  S	  is	  a	  constant	  each	  genera*on	  
And	  h2	  remains	  constant*	  
	  
*This	  may	  be	  a	  big	  if	  
	  
	  
	  


The	  breeder’s	  equa*on	  







Olen	  see	  correlated	  responses	  to	  selec*on	  among	  
mul*ple	  traits	  (despite	  what	  appears	  to	  be	  
selec*on	  on	  just	  one	  of	  the	  traits)	  
	  
Gene@c	  correla@on	  	  
The	  gene*c	  basis	  of	  varia*on	  in	  a	  phenotype	  is	  
never	  independent	  of	  some	  other	  phenotypes.	  
	  
Most	  tradeoffs	  can	  be	  thought	  of	  in	  terms	  of	  these	  	  
correla*ons.	  	  
	  







Gene*c	  correla*on	  due	  to	  pleiotropic	  effects	  
The	  gene*c	  loci	  underlying	  varia*on	  in	  a	  trait	  may	  have	  pleiotropic	  effects	  on	  
other	  traits	  
	  
Some	  pleiotropic	  effects	  are	  rela*vely	  easy	  to	  understand,	  through	  an	  
understanding	  of	  development.	  	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  


Probability	  of	  phenotype	  


Alleles	  involved	  in	  skin	  pigmenta@on	  can	  also	  affect	  hair	  and	  eye	  color	  


Top	  7	  variants	  affec*ng	  	  
Pigmenta*on	  in	  Europeans	  


Sulem	  et	  al.	  2007	  Nat.	  Gen.	  







Some	  pleiotropic	  effects	  are	  more	  complicated	  and	  require	  a	  
much	  deeper	  understanding	  of	  the	  organism	  and/or	  
development/molecular	  biology	  of	  the	  changes	  involved.	  
	  
Gene*c	  correla*ons	  can	  also	  be	  driven	  by	  linkage:	  	  
Alleles	  responsible	  for	  different	  traits	  can	  be	  physically	  linked	  on	  
a	  chromosome.	  	  
	  
(Also	  by	  assorta*ve	  ma*ng)	  
	  
Thus	  the	  gene*c	  variance	  of	  traits	  is	  olen	  par*ally	  shared.	  	  
i.e.,	  the	  gene*c	  covariance	  of	  traits	  is	  olen	  not	  zero.	  	  	  
	  
	  
	  
	  
	  
	  


Gene@c	  correla@ons	  
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We	  can	  es*mate	  the	  gene*c	  covariance	  between	  traits	  (1,2)	  by	  
examining	  the	  covariance	  between	  traits	  across	  rela*ves,	  VA,12	  


There	  is	  a	  posi*ve	  gene*c	  
covariance	  between	  body	  length	  
and	  femur	  length.	  VA,12	  >	  0	  
	  







There	  is	  a	  nega*ve	  gene*c	  
covariance	  between	  aphid	  	  
fecundity	  on	  clover	  &	  alfalfa	  VA,12	  <0	  


There	  is	  a	  nega*ve	  gene*c	  
covariance	  between	  male	  fitness	  
And	  female	  fitness	  in	  red	  deer	  VA,12	  <0	  


We	  can	  es*mate	  the	  gene*c	  covariance	  between	  traits	  (1,2)	  by	  
examining	  the	  covariance	  between	  traits	  across	  rela*ves,	  VA,12	  







The	  response	  to	  selec*on	  on	  mul*ple	  traits	  
R1 = VA,1�1 + VA,12�2


R2 = VA,1�2 + VA,12�1


R1	  response	  to	  selec*on	  (change	  in	  mean)	  across	  genera*ons	  for	  trait	  1	  
R2	  response	  to	  selec*on	  (change	  in	  mean)	  across	  genera*ons	  for	  trait	  2	  
VA,1	  &	  VA,2	  addi*ve	  gene*c	  variance	  for	  phenotype	  1	  &	  2	  respec*vely	  
VA,12	  addi*ve	  gene*c	  covariance	  between	  phenotype	  1	  &	  2	  
β1	  &	  β2	  selec*on	  gradient	  for	  trait	  1	  &	  2	  respec*vely	  


,2	  







Individuals	  with	  higher	  beak	  depth	  and	  weight	  are	  both	  selected	  for	  	  
Thus	  they	  both	  increase	  
	  
What	  if	  just	  one	  were	  selected	  for?	  
Then	  these	  traits	  have	  a	  posi*ve	  gene*c	  covariance	  
	  
	  


Correlated	  traits	  &	  the	  response	  to	  selec*on	  	  
Beak	  Depth	  and	  weight	  have	  a	  posi*ve	  gene*c	  covariance	  	  


β	  


Response	  to	  
selec*on	  


Selec*on	  
gradient	  







Beak	  length	  increased	  despite	  selec*on	  for	  shorter	  beaks	  because	  it	  
has	  a	  posi*ve	  gene*c	  covariance	  with	  beak	  depth	  &	  weight.	  	  	  


Selec*on	  on	  traits	  with	  non-‐zero	  gene*c	  covariance	  can	  alter	  the	  
course	  taken	  by	  adapta*on.	  
	  
Selec*on	  on	  one	  trait	  can	  ac*vely	  prevent	  adapta*on	  through	  
another	  trait	  due	  to	  gene*c	  covariance	  


Antagonis*c	  pleiotropy	  


β	  


Response	  to	  
selec*on	  


Selec*on	  
gradient	  
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Selec*on	  on	  beak	  depth	  has	  likely	  driven	  change	  in	  vocal	  abili*es	  among	  Darwin’s	  Finches	  
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Song	  performance	  and	  beak	  depth	  	  
have	  an	  nega*ve	  gene*c	  covariance	  
within	  a	  species	  
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The	  long	  term	  evolu*on	  of	  song	  performance	  
has	  likely	  been	  strongly	  shaped	  by	  its	  
gene*c	  covariance	  with	  beak	  depth.	  	   Po
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Gene*c	  correla*ons	  can	  drive	  long	  term	  evolu*onary	  trends	  







Genotype-‐phenotype	  associa*ons	  


•  QTL	  mapping	  


•  Linkage	  analysis	  


•  GWAS	  


GWAS	   QTL	  
mapping	  


Phillips	  2005	  







Gene*c	  architecture	  of	  trait	  determines	  
power	  of	  detec*on	  


Manolio	  et	  al.	  2009	  







QTL	  (Quan*ta*ve	  Trait	  Loci)	  analysis:	  	  
How	  important	  are	  genes	  of	  large	  versus	  small	  
effect	  in	  adapta*on?	  


The	  basic	  approach:	  
	  


–  Iden*fy	  two	  differen*ated	  lineages	  and	  measure	  the	  trait	  
differences	  between	  them	  


–  Develop	  specific	  gene*c	  markers	  throughout	  the	  genome	  
of	  both	  lineages	  


– Make	  crosses	  between	  the	  lineages	  to	  form	  F1	  “hybrids”	  
–  Cross	  or	  self	  F1s	  to	  form	  F2	  hybrids,	  “scrambling”	  the	  two	  
genomes	  


–  Test	  for	  associa*ons	  between	  lineage-‐specific	  markers	  and	  
differen*ated	  traits	  in	  the	  F2	  progeny	  







Adap*ve	  differen*a*on	  in	  Spla4us	  hypothe'cus	  


Low	  eleva@on	  subspecies	  B	  


High	  eleva@on	  subspecies	  A	  







lineage	  A	   lineage	  B	  


X	  


Lineage-‐specific	  
markers	  


F1	  “hybrid”	  offspring	  


Chr.	  1	   Chr.	  2	  


Chr.	  1	   Chr.	  2	  


Chr.	  1	   Chr.	  2	  







F1	  “hybrid”	  offspring	  


X	  







Cross	  F1	  hybrids	  


X	  
X	  


X	  


X	  
X	   X	  


Crossovers	  during	  
meiosis	  


“Scrambled”	  F2	  	  
Hybrid	  offspring	  







Score	  phenotypes	  &	  markers	  for	  F2	  hybrid	  offspring	  


Individuals	  homozygous	  for	  the	  QTL	  nearby	  
the	  B	  marker	  have	  flowers	  similar	  to	  B	  parentals	  


Individuals	  heterozygous	  for	  nearby	  
B	  and	  A	  markers	  have	  intermediate	  flowers	  











LOD	  score	  (Log	  of	  odds	  score)	  is	  a	  measure	  of	  the	  
probability	  that	  a	  marker	  is	  linked	  to	  a	  QTL	  







Photo:	  Michael	  A.	  Bell,	  Stony	  Brook	  University.	  


Marine	  S*ckleback	  


Freshwater	  S*ckleback	  


Fish	  stained	  with	  alizarin	  red	  
	  to	  highlight	  bone	  structure	  These	  two	  popula*ons	  differ	  in	  many	  respects	  


	  
Two	  differences	  of	  freshwater	  s*ckleback:	  
Lack	  of	  bony	  pla*ng	  
Lack	  of	  pelvic	  spine.	  	  
	  
Adap*ve	  value	  of	  these	  changes?	  
	  
	  
	  
	  	  


Three-‐spine	  S*cklebacks	   Results	  of	  QTL	  analysis	  


dominant to the a allele, generating either complete (AA),
partial (Aa), or low-plated (aa) fish (Munzing 1959). In other
populations, the A allele may be completely dominant to the a
allele, producing either complete (AA, Aa) or low-plated (aa)
fish, but no partials (Avise 1976). More complicated models
have proposed two major loci controlling plate inheritance
(with alternative alleles A, a and B, b). In one of these models,
both major loci contribute equally to plate phenotype, and
the total number of A and B alleles determines whether fish
develop as complete (three or more A or B alleles), partial
(two A or B alleles), or low-plated fish (one or less A or B
allele) (Hagen and Gilbertson 1973b). Additional models have
proposed either epistatic interactions between a single major
locus and one modifier locus, or the presence of more than
two alternative alleles at the major locus to account for
variant results in some populations (Ziuganov 1983; Banbura
1994). All of these models were proposed before the
development of genomewide genetic markers for sticklebacks
(Peichel et al. 2001) and have never been tested by linkage
mapping. In this study, we take advantage of these recently
developed tools to examine the genetic basis of variation in
lateral plate phenotypes in natural populations of stickle-
backs.


Results


To directly analyze the number and location of genetic loci
that control plate phenotypes, we crossed a completely plated
marine fish with a low-plated benthic fish from Paxton Lake,
British Columbia. Three hundred sixty progeny from a single
F2 family (Cross 1) were examined in detail for the pattern,
number, and size of lateral plates and then genotyped for the
inheritance of different alleles at 160 polymorphic loci
distributed across all linkage groups. The segregation of
plate phenotypes was compared to the segregation of all


genetic markers using quantitative trait loci (QTL) analysis
(MapQTL; van Ooijen et al. 2002). Significance thresholds for
detecting linkage were chosen using conservative criteria for
genomewide linkage mapping in noninbred populations (log
likelihood ratio [LOD] score ! 4.5; van Ooijen 1999).
When plate morph was scored as a qualitative trait, a highly


significant QTL on linkage group (LG) 4 was detected (LOD
= 117; Table 1 and Figure 2). The genotype of the QTL on LG
4 was highly predictive of the major plate morph that
developed in a fish. Almost all fish that carried two alleles
from the complete morph grandparent in the LG 4 region
(hereafter referred to as ‘‘AA’’ animals) showed the complete
pattern, whereas fish that carried two alleles from the low
morph grandparent in this region (hereafter referred to as
‘‘aa’’ animals) showed the low pattern. In contrast, most fish
with one allele from the complete grandparent and one allele
from the low grandparent (hereafter referred to as ‘‘Aa’’
animals) developed as either complete or partial fish (see
Figure 1).
When total plate number was scored, the same major LG 4


chromosome region accounted for more than 75% of the
total variance in plate number of F2 fish. Three additional
QTL were detected that had significant effects on plate
number in Aa animals (Table 1; see Figure 2). Increasing the
number of benthic alleles at any of the individual modifiers
led to a reduction in mean total plate number, even in the
heterozygous state (Table 1). Increasing the number of
benthic alleles at the three modifiers considered together
caused a more than 2-fold reduction in mean plate number of
Aa animals, largely accounting for whether Aa fish developed
as either complete, partial, or low morphs (Figure 3A and 3D).
Increasing the number of benthic alleles at the same modifier
loci also led to a 2-fold reduction in the mean plate number
of aa animals but had relatively little effect on the plate
number of AA animals (Figure 3B and 3C). Taken together,


Figure 1. Mapping the Genetic Basis of
Lateral Plate Reduction in Different Natural
Populations of Threespine Sticklebacks


Crossing a completely plated Japanese
marine fish with a low-plated fish from
Paxton Lake, British Columbia, pro-
duced a mixture of complete, partial,
and low morph phenotypes in F2 prog-
eny animals (Cross 1). In contrast, cross-
ing a completely plated fish and a low-
plated fish from an inland freshwater
stream in Friant, California, produced
only complete and low-plated progeny
(Cross 2). Red dots show the geographic
origins of the populations studied. Scale
bars equal 1 cm. AA, Aa, and aa refer to
genotypes at Gac4174 (a microsatellite
marker) near the major plate locus on
LG 4. The genotype at Gac4174 is missing
in ten of the 360 F2s in Cross 1. All fish
were stained with alizarin red to reveal
bony structures.
DOI: 10.1371/journal.pbio.0020109.g001


PLoS Biology | http://biology.plosjournals.org May 2004 | Volume 2 | Issue 5 | Page 0636


Genetics of Parallel Armor Evolution


Marine	  (AA)	  x	  Freshwater	  (aa)	  







near the same major locus on LG 4 that was seen in Cross 1
(LOD = 11.1). All fish with an inferred Aa genotype at the
major locus on LG 4 were completely plated in this cross,
suggesting that Aa fish develop more plates in Cross 2 than in
Cross 1. This could be due to differences in the dominance
relationship of the particular alleles at the LG 4 locus in the
Friant population (Avise 1976), or to modification of
dominance by the different genetic backgrounds in the two
crosses. Although the number of animals in Cross 2 was small,
significant differences in the mean total plate count of low
fish could also be detected in animals that inherited different
alleles at microsatellites linked to two of the modifier QTL
detected in Cross 1 (alternative alleles at Stn210 on LG 7:
mean total plate counts 14.9 6 0.31 vs. 14.0 6 0.23, p =
0.0204; alternative alleles at Stn219 on LG 26: 14.8 6 0.26 vs.
13.9 6 0.31 plates, p = 0.0352). Overall, these results suggest
that both plate morph and plate number are controlled by
similar chromosome regions in different populations.


To further test whether the same major locus on LG 4
controls armor plate reduction in both populations, we


carried out genetic complementation crosses between two
low female fish from Friant and one low male fish from
Paxton Lake. All 84 progeny developed as low morphs,
suggesting that the low-plated phenotype in both populations
is likely to be due to the same major locus on LG 4.


Discussion


QTL Architecture
This study reports the first genomewide linkage mapping of


lateral plate phenotypes in crosses between major stickleback
plate morphs. Our results confirm previous suggestions that
dramatic changes in lateral plate patterning can be con-
trolled by one locus of major effect (Munzing 1959; Avise
1976). This major locus on LG 4 can cause a greater than 5-
fold change in total plate number and is sufficient to switch
the overall morphology of a fish between the complete,
partial, and low-plated states. The dramatic phenotypic
effects of this locus likely explain why three types of
sticklebacks have long been recognized in natural popula-


Figure 2. Comparison of QTL Positions for Different Traits


LOD scores are shown as a function of genetic distance along different stickleback linkage groups. QTL affecting qualitative plate pattern (red
line), total plate number (black lines), or plate size (blue lines) show similar shapes on several linkage groups, suggesting that the same or linked
genes control multiple aspects of plate phenotype. Points in LOD plots correspond to the following microsatellite markers from left to right
along each linkage group: (A) LG 4: Pitx2 (Stn220), Stn38, Gac62, Stn42, Gac4174, Stn45, Stn183, Stn46, Stn47, Stn184, Stn39; (B) LG 7: Stn70, Stn72,
Stn76, Stn71, Stn78, Stn79, Stn75, Stn81, Stn80 Stn82, Pitx1; (C) LG 10: Stn119, Stn120, Stn211, Stn121, Stn124, Stn23, Stn125; (D) LG 25: Stn212, Stn213,
Stn214, Stn215, Stn216, Gac1125, Stn217; (E) LG 26: Stn218, Stn219, Bmp6, Stn222, Stn223. Note that markers Stn183 and Stn184 from LG 18 in the
Priest Lake cross (Peichel et al. 2001) map together with LG 4 markers in the larger Cross 1.
DOI: 10.1371/journal.pbio.0020109.g002
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Loss	  of	  armor	  plate	  paferning	  in	  
Freshwater	  threespine	  s*cklebacks.	  


Results	  of	  QTL	  analysis	  


dominant to the a allele, generating either complete (AA),
partial (Aa), or low-plated (aa) fish (Munzing 1959). In other
populations, the A allele may be completely dominant to the a
allele, producing either complete (AA, Aa) or low-plated (aa)
fish, but no partials (Avise 1976). More complicated models
have proposed two major loci controlling plate inheritance
(with alternative alleles A, a and B, b). In one of these models,
both major loci contribute equally to plate phenotype, and
the total number of A and B alleles determines whether fish
develop as complete (three or more A or B alleles), partial
(two A or B alleles), or low-plated fish (one or less A or B
allele) (Hagen and Gilbertson 1973b). Additional models have
proposed either epistatic interactions between a single major
locus and one modifier locus, or the presence of more than
two alternative alleles at the major locus to account for
variant results in some populations (Ziuganov 1983; Banbura
1994). All of these models were proposed before the
development of genomewide genetic markers for sticklebacks
(Peichel et al. 2001) and have never been tested by linkage
mapping. In this study, we take advantage of these recently
developed tools to examine the genetic basis of variation in
lateral plate phenotypes in natural populations of stickle-
backs.


Results


To directly analyze the number and location of genetic loci
that control plate phenotypes, we crossed a completely plated
marine fish with a low-plated benthic fish from Paxton Lake,
British Columbia. Three hundred sixty progeny from a single
F2 family (Cross 1) were examined in detail for the pattern,
number, and size of lateral plates and then genotyped for the
inheritance of different alleles at 160 polymorphic loci
distributed across all linkage groups. The segregation of
plate phenotypes was compared to the segregation of all


genetic markers using quantitative trait loci (QTL) analysis
(MapQTL; van Ooijen et al. 2002). Significance thresholds for
detecting linkage were chosen using conservative criteria for
genomewide linkage mapping in noninbred populations (log
likelihood ratio [LOD] score ! 4.5; van Ooijen 1999).
When plate morph was scored as a qualitative trait, a highly


significant QTL on linkage group (LG) 4 was detected (LOD
= 117; Table 1 and Figure 2). The genotype of the QTL on LG
4 was highly predictive of the major plate morph that
developed in a fish. Almost all fish that carried two alleles
from the complete morph grandparent in the LG 4 region
(hereafter referred to as ‘‘AA’’ animals) showed the complete
pattern, whereas fish that carried two alleles from the low
morph grandparent in this region (hereafter referred to as
‘‘aa’’ animals) showed the low pattern. In contrast, most fish
with one allele from the complete grandparent and one allele
from the low grandparent (hereafter referred to as ‘‘Aa’’
animals) developed as either complete or partial fish (see
Figure 1).
When total plate number was scored, the same major LG 4


chromosome region accounted for more than 75% of the
total variance in plate number of F2 fish. Three additional
QTL were detected that had significant effects on plate
number in Aa animals (Table 1; see Figure 2). Increasing the
number of benthic alleles at any of the individual modifiers
led to a reduction in mean total plate number, even in the
heterozygous state (Table 1). Increasing the number of
benthic alleles at the three modifiers considered together
caused a more than 2-fold reduction in mean plate number of
Aa animals, largely accounting for whether Aa fish developed
as either complete, partial, or low morphs (Figure 3A and 3D).
Increasing the number of benthic alleles at the same modifier
loci also led to a 2-fold reduction in the mean plate number
of aa animals but had relatively little effect on the plate
number of AA animals (Figure 3B and 3C). Taken together,


Figure 1. Mapping the Genetic Basis of
Lateral Plate Reduction in Different Natural
Populations of Threespine Sticklebacks


Crossing a completely plated Japanese
marine fish with a low-plated fish from
Paxton Lake, British Columbia, pro-
duced a mixture of complete, partial,
and low morph phenotypes in F2 prog-
eny animals (Cross 1). In contrast, cross-
ing a completely plated fish and a low-
plated fish from an inland freshwater
stream in Friant, California, produced
only complete and low-plated progeny
(Cross 2). Red dots show the geographic
origins of the populations studied. Scale
bars equal 1 cm. AA, Aa, and aa refer to
genotypes at Gac4174 (a microsatellite
marker) near the major plate locus on
LG 4. The genotype at Gac4174 is missing
in ten of the 360 F2s in Cross 1. All fish
were stained with alizarin red to reveal
bony structures.
DOI: 10.1371/journal.pbio.0020109.g001
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A	  Candidate	  gene	  EDA	  falls	  close	  	  
To	  the	  LOD	  peak	  	  


Mechanism for rapid parallel evolution.
Forty years ago, Lindsey proposed that parallel
evolution of stickleback lateral plate patterns
could occur either by independent mutations
in different populations or by repeated selec-


tion on the standing genetic variation already
present in marine ancestors (43). Our studies
show that both mechanisms have contributed.
The EDA sequences in low-plated NAKA fish
are distinct from those in other low popula-


tions (Fig. 3B). However, the presence of a
shared haplotype in most low-plated popula-
tions suggests that selection on standing varia-
tion is the predominant mechanism underlying
the recent rapid evolution of changes in lateral
plate patterns in wild sticklebacks.


One surprising finding of this study is the
enormous geographical distance over which
related low-plated alleles are shared. Both
nuclear and mitochondrial data (9, 31, 32) rule
out the possibility that these alleles have
spread by migration of a single low-plated
population of fish throughout the world. In
contrast, our surveys of large numbers of
marine fish show that low-plated alleles are
present at detectable frequencies in complete-
ly plated sticklebacks. This low frequency is
likely maintained by the occasional hybrid-
ization that occurs when marine sticklebacks
come into contact with low-plated freshwater
populations in coastal streams during the
breeding season (38) or perhaps by fitness
effects in heterozygotes. The annual migration
of marine sticklebacks from ocean to fresh-
water could provide a mechanism for repeated
flow of the ancient low-morph alleles back
into marine populations and, from there, into
new freshwater environments. Fish heterozy-
gous for completely and low-plated alleles at
Eda typically have either complete or partial
lateral plates (4, 6), facilitating the persistence
of a cryptic genetic variant within marine
populations, and providing a genetic mech-
anism that could lead to rapid emergence of
the low-plated phenotype after colonization
of new environments.


The differences in armor plate patterns of
sticklebacks are so large that Cuvier originally
classified plate morphs as distinct species (10).


Fig. 3. Most low-plated populations have a shared history at the Eda locus, but not at other nuclear
genes. (A) Geographic origin of 25 low-plated (blue numbers) and completely plated (red numbers)
stickleback populations used for sequencing. (B) MrBayes tree of Eda sequences. G. wheatlandi, a
sister species of G. aculeatus, was used as an outgroup (black, number 18). Eda alleles in most low
populations share a common origin. Posterior probabilities greater than 95% are shown (branches in
bold). (C) MrBayes phylogeny based on genetic differences in 193 SNPs from 25 random nuclear loci.
Tree topology is significantly different from the EDA tree, ruling out the possibility that all present-
day low-plated populations are derived from a single population sharing alleles at most genes.


Fig. 4. EDA-A1 stimulates lateral
plate formation in transgenic stickle-
backs. (A) Typical low-plated pattern
in control fish stained with alizarin
red. (C and D) A sibling from the
same clutch after introduction of a
transgene containing a full-length
mouse EDA-A1 cDNA driven by a
CMV promoter (34). Note six extra
lateral plates that have formed in
the flank region on the left side (C),
and the new keel plate on the right
tail (D). Differences in spine num-
ber are due to clipping for DNA
recovery. Scale bars, 1 cm. (B) (top)
PCR genotyping confirms that trans-
genic animals are homozygous for
a 150-bp allele characteristic of
the ancestral low-plated allele at
the endogenous Eda locus, just like
wild-caught low-plated fish from
FRI, San Francisquito Creek (SFC)
and uninjected siblings. In contrast,
completely plated fish from FRI are
either heterozygous for the 218-bp allele and the 150-bp allele (lane 1)
or homozygous for the 218-bp allele (not shown). (B) (bottom) Primers
specific for mouse EDA-A1 amplify a 211-bp fragment from transgenic
fish, but not from uninjected control animals. Genomic DNA samples:


Lane 1, FRI Complete; 2, FRI Low; lanes 3 to 4, SFC Low; lanes 5to 7,
EDA-A1 transgenic animals with additional lateral plates; lanes 8 to 10,
uninjected siblings of EDA-A1 transgenic animals; lane 11, water control;
lane 12, 100-bp DNA size ladder (Invitrogen).
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examined the spatial patterns of expression of Pitx1 during normal
development of both marine and Paxton benthic larvae. In marine
fish, Pitx1 was clearly expressed in bilateral patches of mesenchymal
cells just posterolateral to the anterior margin of the ventral median
fin, at the site where the pelvic fin bud normally develops (Fig. 3). In
addition, Pitx1 expression was detected at several other sites
including the developing thymus, olfactory pits, sensory neuro-
masts on the head, trunk and tail, and the ventral portion of the
developing caudal fin (Fig. 4 and data not shown). Larvae from the
Paxton benthic population also showed abundant Pitx1 expression
in the developing thymus, olfactory pits and neuromasts of the
head, trunk and tail (Fig. 4 and data not shown). However, no Pitx1
expression was detectable in the prospective pelvic region (Fig. 3) of
Paxton benthic larvae, and expression in the developing caudal fin
was also much weaker than in the marine population (Fig. 4). Note
that the caudal fin is present in both marine and Paxton benthic
larvae, and no significant changes in caudal fin ray number are seen
in F2 progeny that inherit different alleles at the Pitx1 locus (data not
shown). The altered fin expression pattern of Pitx1 thus cannot be
due solely to absence of some structures in Paxton benthic fish.
Furthermore, lack of expression in the prospective pelvic region was
not due to a developmental delay or difference in timing, as marine
larvae continued to show robust expression of Pitx1 in the pelvic
region for several days, whereas no expression was ever detected in
the corresponding region of Paxton benthic larvae (Fig. 3 and data
not shown). Paxton benthic fish thus show an altered pattern of
Pitx1 expression in some tissues but not others, consistent with a
regulatory mutation that disrupts expression in both the prospec-


tive pelvic region and caudal fin.


Parallel evolution of pelvic reduction
Pelvic reduction has evolved multiple times in widely separated
lakes throughout the Northern Hemisphere8–12. To test whether the
genetic basis of pelvic loss is similar in independent locations, we
established a complementation cross between pelvic-reduced fish
from Paxton Lake, British Columbia, and Lake Vı́filsstadavatn,
Iceland. The Vı́filsstadavatn population showed pronounced pelvic
reduction, with greater reduction on the right than left side (mean
pelvic scores using a standard 0 (all pelvic elements absent) to 4
(all elements present) scoring system16: 2.78 (left) and 2.12
(right); distribution of scores, 0 ¼ 1.5%, 1 ¼ 12.6%, 2 ¼ 18.6%,
3 ¼ 41.2%, 4 ¼ 26.1% (left) and 0 ¼ 11.1%, 1 ¼ 24.7%,
2 ¼ 16.7%, 3 ¼ 34.8%, 4 ¼ 12.6% (right), n ¼ 199). The individ-
ual fish chosen for the complementation cross had pelvic scores of 0
(Paxton benthic) and 1 (Vı́filsstadavatn) on both sides. All 39 F1
hybrid fish from these parents also showed highly reduced pelvic
development: 14 fish had no trace of a pelvic skeleton, 9 had bilateral
ovoid rudiments, 15 had a small pelvic rudiment on the left side
only and 1 had a small rudiment on the right side only (mean pelvic
scores: 0.61 (left), 0.26 (right)). Therefore, the pelvic reduction
alleles in these two populations failed to complement and restore
normal pelvic morphology. In contrast, a control cross between a
Vı́filsstadavatn pelvic-reduced fish (pelvic score of 1 on each side)
and a Little Campbell River marine fish with a robust pelvis (pelvic
score of 4 on each side) produced F1 hybrid fish that all showed
strong bilateral development of both pelvic spines and girdles


Figure 3 Pitx1 is expressed in the prospective pelvic region of marine but not Paxton
benthic sticklebacks. a, Whole-mount in situ hybridization shows Pitx1 expression in the
prospective pelvic region of stage 29 marine larvae. Arrowheads mark limits of expression


in enlarged lateral (c) and ventral (d) views. b, e, f, Conversely, no Pitx1 expression was


detected in the corresponding regions of Paxton benthic larvae. Similar results are seen at


later developmental stages (stage 30/31) of marine (g, i, j) and Paxton benthic (h, k, l)
larvae. Scale bars: 1mm (a, b, g, h); 0.25mm (c–f, i–l).
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PITX1	  expression	  
	  in	  marine	  s*ckleback	  


PITX1	  expression	  
	  in	  freshwater	  s*ckleback.	  


Loss	  of	  pelvic	  spines	  due	  to	  a	  change	  at	  Pitx1	  	  


pelves. Allele-specific down-regulation of Pitx1
in the FRIL × PAXB cross shows that pelvic-
specific loss of Pitx1 expression is due to cis-
regulatory change (or changes) atPitx1 itself and
not to overall failure of pelvic development or
changes in unknown trans-acting factors.


Fine mapping of pelvic regulatory region.
To further localize the position of the cis-acting
changes, we looked for the smallest chromo-


some region co-segregating with bilateral ab-
sence of pelvic structures in a cross between
pelvic-complete [Japanese marine (JAMA) and
pelvic-reduced (PAXB) fish (13)]. High-resolution
mapping identified a 124-kb minimal interval,
containing only thePitx1 andHistone 2A (H2AFY)
genes, which showed perfect concordance be-
tween PAXB alleles and absence of the pelvis
(fig. S1A).


Recombination in natural populations can also
be used to narrow the size of regions controlling
polymorphic traits in sticklebacks (18). We there-
fore tested whether markers in the Pitx1 region
were associated with the presence or absence of
pelvic structures in lakes with dimorphic stickle-
back forms: benthic and limnetic sticklebacks from
Paxton Lake, British Columbia (PAXB/PAXL),
and pelvic-complete and pelvic-reduced stickle-
backs fromWallace Lake, Alaska (WALR/WALC)
(fig. S2) (13, 14). Microsatellite markers located
in an intergenic region approximately 30 kb up-
stream of Pitx1 showed highly significant allele
frequency differences in fish with contrasting pel-
vic phenoytpes (P < 10−35) (Fig. S1B and table
S2). In contrast, markers around the Pitx1 and
H2AFY coding regions showed little or no differ-
entiation above background levels. These results
suggest that an approximately 23-kb intergenic
region upstream of Pitx1 controls pelvic devel-
opment. This region is conserved among zebra-
fish and other teleosts (Fig. 2A), suggesting that
it may contain ancestrally conserved regulatory
enhancers.


A small enhancer drives pelvic expression
of Pitx1. To test for regulatory functions in the
Pitx1 intergenic region, we cloned different sub-
fragments upstream of a basal promoter and en-
hanced green fluorescent protein (EGFP) reporter
gene (Fig. 2B) (19). The hsp70 promoter drives
modest or no EGFP expression except in the eye
(19). A construct containing a 2.5-kb fragment
from amarine, pelvic-complete fish [SalmonRiver
(SALR)] drove consistent EGFP expression in
the developing pelvic region of transgenic stick-
lebacks (four of five independent transgenics)
(Fig. 2, C and F). A smaller 501–base pair (bp)
subfragment also drove highly specific pelvic
expression (seven of nine transgenics) (Fig. 2, E
and H). No consistent expression was seen in
pectoral fins or other sites of normal Pitx1 ex-
pression, including the mouth, jaw, and pituitary
(13, 16). Thus, the noncoding region upstream
of Pitx1 contains a tissue-specific enhancer for
hindfin expression, which we term “Pel.” Pel
shows sequence conservation across distantly re-
lated teleost fish (Fig. 2A and fig. S3) and contains
multiple predicted transcription factor binding sites
that might contribute to spatially restricted expres-
sion in the developing pelvic region (fig. S4).


Transgenic rescue of pelvic reduction. If reg-
ulatory changes in Pitx1 underlie pelvic reduc-
tion in sticklebacks, restoring pelvic expression of
Pitx1 should rescue pelvic structures. We cloned
the 2.5-kb Pel region from a pelvic-complete pop-
ulation (SALR) upstream of a Pitx1 minigene
that was prepared from coding exons of a pelvic-
reduced fish [Bear Paw Lake (BEPA)] (14). The
rescuing construct was injected into fertilized eggs
of BEPA fish, which normally fail to develop
any pelvic spine and show no more than a small
vestigial remnant of the underlying pelvic girdle
(pelvic score ≤ 3) (Fig. 3, B and D, and fig. S5)
(12). Transgenic fry showed variable but enhanced
development of external pelvic spines as com-


Fig. 2. (A) VISTA/mLAGAN (http://genome.lbl.gov/vista/) alignment of Pitx1 candidate region from
pelvic-complete stickleback (SALR), medaka, and zebrafish. Red peaks indicate >40% sequence
identity in 20-bp sliding windows; grey bars at top indicate repetitive sequences; and circles indicate
microsatellite markers used in association mapping in fig. S1. (B) Reporter gene expression in transgenic
animals. (C) Pel-2.5-kbSALR from a marine population drives tissue-specific EGFP (green) expression in
the developing pelvic bud of Swarup stage-32 larvae (36). (F) Detail of (C). (D and G) Altered Pel-D2.5-
kbPAXB sequence from pelvic-reduced PAXB stickleback fails to drive pelvic EGFP expression. (E and H) A
smaller fragment from marine fish, Pel-501-bpSALR, also drives EGFP expression in the developing pelvic
bud of multiple stage-30 larvae. This region is completely missing in PAXB.
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Fig. 3. (A) Juvenile pelvic-reduced BEPA stickleback expressing a Pitx1 transgene driven by the Pel-
2.5-kbSALR enhancer compared with (B) uninjected sibling. External spines form only in transgenic fish
(arrowhead). (C and D) Alizarin red–stained pelvic structures of adult transgenic fish compared with
BEPA parental phenotype. BEPA fish normally develop only a small ovoid vestige (OV) of the anterior
pelvic process (AP). Transgenic fish show clear development of the AP, ascending branch (AB), and
posterior process (PP) of the pelvis, and a prominent serrated pelvic spine. Pectoral fin (PF) rays
develop in both fish.
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Linkage	  analysis	  tests	  for	  co-‐segrega*on	  of	  
genotype	  &	  phenotype	  in	  families	  


Linkage	  analysis	  soOware:	  
	  
LOKI	  
Mendel	  
MERLIN	  
Pseudomarker	  
SEQLinkage	  
SimWalk2	  
Superlink	  
TLINKAGE	  
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Linkage	  analysis	  &	  associa*on	  mapping	  
same	  general	  principle,	  just	  different	  *me	  scales	  


Linkage analysis: association over a small number of 
observed generations 







Association mapping: association over MANY generations 


Linkage	  analysis	  &	  associa*on	  mapping	  
same	  general	  principle,	  just	  different	  *me	  scales	  







1 
	  
Score	  genomic	  DNA	  from	  a	  very	  
large	  sample	  of	  individuals	  for	  a	  very	  
large	  number	  of	  	  single-‐nucleo*de	  
polymorphisms	  (SNPs)	  
	  
Test	  for	  associa*ons	  between	  allele	  
frequency	  at	  each	  SNP	  and	  trait	  
value	  


Hits	  are	  then	  validated	  in	  
independent	  samples	  


Genome–wide	  associa*on	  studies	  are	  based	  on	  a	  
very	  simple	  idea	  


Edwards	  et	  al.	  2013	  







p-value is for Χ2 test of  homogeneity between Cases & Controls in the 
number of each allele (as above) or genotype. 
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In	  domes*c	  dogs,	  grouping	  of	  large	  breeds	  together	  and	  
comparing	  them	  to	  small	  breeds	  as	  a	  group	  led	  to	  mapping	  
of	  a	  major	  gene	  for	  body	  size	  that	  explains	  10-‐15%	  of	  
phenotypic	  difference.	  















In contrast to results from association mapping of quantitative traits in humans and 
domesticated plants, they found that across dog breeds, a small number of quantitative trait 
loci (<3) explain the majority of phenotypic variation for most of the traits studied. In addition, 
many genomic regions show signatures of recent selection, with most of the highly 
differentiated regions being associated with breed-defining traits such as body size, coat 
characteristics, and ear floppiness. 


	



A simple genetic architecture underlies morphological 
variation in dogs, likely because of strong, relatively 
recent selection associated with domestication.  


Boyko et al. (2010)  
PLoS Biology 
 8(8):e1000451 







Unaccounted	  popula*on	  structure	  or	  other	  known	  
covariates	  can	  lead	  to	  spurious	  hits	  


Adjust	  for	  known	  covariates	  
such	  as	  sex,	  age,	  study	  site,	  
etc.	  
	  
Adjust	  for	  popula*on	  
structure	  by	  including	  first	  few	  
PCs	  or	  a	  kinship	  matrix	  
	  
Popular	  programs	  for	  GWAS	  
with	  kinship	  using	  mixed	  
models	  include	  EMMAX	  and	  
GEMMA	  
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Missing	  heritability:	  GWAS	  hits	  explain	  a	  small	  
propor*on	  of	  observed	  phenotypic	  varia*on	  	  


SNP	  or	  Chip	  
heritability:	  
propor*on	  of	  
variance	  
afributed	  to	  all	  
assayed	  SNPs	  
(can	  be	  
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GCTA)	  
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Genomic	  
predic*on:	  
es*mate	  
breeding	  values	  
using	  genome-‐
wide	  markers	  so	  
all	  QTL	  are	  in	  LD	  
with	  at	  least	  one	  
marker	  
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168	  height	  SNPs	  
Mean	  freq	  of	  tall	  allele	  S.	  Europe	  =	  0.486	  
Mean	  freq	  of	  tall	  allele	  N.	  Europe	  =	  0.527	  
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