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How do populations adapt? 



Haplotype	  structure	  can	  be	  used	  to	  iden<fy	  
regions	  implicated	  in	  hard	  sweeps	  

ShiA	  in	  selec<ve	  
pressure	  

Hard sweep model of adaptation 



When	  adapta<on	  acts	  
mainly	  on	  varia<on	  

that	  is	  already	  
segrega<ng	  in	  the	  
popula<on…	  

Trait value 

and	  shiAs	  in	  the	  distribu<ons	  of	  many	  
underlying	  gene<c	  variants	  

But what if adaptive traits are highly 
polygenic? 

selection results in a shift in the 
distribution of the adaptive trait… 



ShiA	  in	  
selec<ve	  
pressure	  

Polygenic	  selec<on	  results	  in	  small	  shiAs	  in	  frequencies	  at	  many	  
loci,	  most	  of	  which	  were	  present	  in	  the	  popula<on	  when	  the	  

selec<on	  pressure	  arose	  

Hard sweeps may not play a major 
role under a polygenic model 



…	  but	  can	  we	  do	  beHer?	  

Popula<on	  differen<a<on	  

Popula<on	  2	  Popula<on	  1	  

These	  methods	  rely	  on	  the	  simple	  assump<on	  that	  the	  two	  popula<ons	  
differ	  with	  respect	  to	  some	  selec<on	  pressure	  

How can we detect adaptation from 
standing genetic variation? 



Sumner	  1929	  
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Concordance between phenotypes and 
environment suggests adaptation 



from	  Clausen,	  Keck	  and	  Heisey,	  1948	  

Heights of yarrow plants vary with 
altitude 



Body size and stature are correlated with 
temperature 

Bergmann’s	  Rule:	  Body	  size	  decreases	  with	  increasing	  
temperature	  

Allen’s	  Rule:	  Surface	  area	  relaBve	  to	  body	  size	  
increases	  with	  increasing	  temperature	  
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from Barsh PLOS Biology 2003, adapted from Biasutti 1953 

Solar	  Radia<on	  

UVB	  

UVA	  

Pigmenta<on	  

In humans pigmentation varies with 
latitude 



Julian Huxley coined the term cline to 
describe these patterns 

© 1938 Nature Publishing Group

In	  1938,	  Huxley	  
coined	  the	  term	  

cline	  to	  describe	  ‘a	  
gradaBon	  in	  
measurable	  
characters’	  	  

He	  reviewed	  
contemporary	  

studies	  of	  phenotypic	  
varia<on	  in	  

popula<ons	  and	  
argued	  that	  this	  is	  an	  
area	  that	  should	  
receive	  greater	  

aHen<on	  

…if	  the	  study	  of	  such	  [intragroup]	  
regulariBes	  is	  acBvely	  pursued,	  I	  would	  
prophesy	  that	  we	  shall	  eventually	  gain	  a	  
new	  picture	  of	  species.	  In	  many	  cases	  at	  
least,	  the	  species	  will	  prove	  to	  consist	  of	  a	  
populaBon	  showing	  adapBve	  clines	  running	  

in	  various	  direcBons:	  the	  conBnuous	  
gradaBon	  will	  be	  broken	  up	  by	  various	  forms	  

of	  isolaBon,	  which,	  by	  impeding	  
interbreeding	  and	  the	  free	  flow	  of	  genes,	  will	  
accentuate	  the	  mean	  adapBve	  differences	  

between	  adjacent	  groups,	  as	  well	  as	  in	  some	  
cases	  introducing	  nonadapBve	  differences.	  
The	  term	  cline	  is	  put	  forward	  as	  a	  step	  in	  this	  

direcBon.	  	  

The	  paper	  was	  really	  an	  argument	  
for	  ‘lumping’	  vs.	  ‘spliZng’	  



Can we use clinal patterns to identify 
adaptive genetic loci? 



•  938	  individuals	  from	  the	  Human	  Genome	  Diversity	  Panel	  

Can we use clinal patterns to identify 
adaptive genetic loci? 

Candidate	  gene	  study	  to	  examine	  correla<ons	  in	  Energy	  
metabolism	  genes	  compared	  to	  background	  



Population history confounds efforts to 
identify adaptive loci with environmental 
association analysis (EAA) 

•  False	  posi<ves	  result	  
when	  popula<on	  history	  
is	  correlated	  with	  the	  
environment	  

Solu2on:	  Model	  popula<on	  structure	  when	  assessing	  
evidence	  for	  correla<on	  with	  the	  environment	  	  

•  Controlling	  for	  
popula<on	  structure	  can	  
help	  expose	  true	  signals	  



Bayenv compares the strength of 
evidence for a model with an effect of 
environment to the null 

H1:	  

H0:	  
Popula<on	  

allele	  
frequency	  

intercept	  

Random	  
effect	  due	  to	  
popula<on	  
history	  

random	  
error	  

Null	  
model:	  

Alterna<ve	  
model:	  

Environmental	  
effect	  

The	  null	  model	  
contains	  a	  term	  for	  
popula<on	  history	  

Coop	  et	  al.,	  2010	  



Bayenv uses the (predicted) variance/
covariance matrix to control for population 
structure 



Energy	  metabolism	  variants	  are	  associated	  with	  
winter	  temperature	  

RAPTOR	  

GeneBc	  variants	  that	  influence	  risk	  of	  metabolic	  
syndrome	  may	  be	  involved	  in	  cold	  tolerance	  

ACE	  
FABP2	  A54T	  
EGFR	  
EPHX2	  R287Q	  
FGF2	  
LEPR	  K109R	  
MAPK1	  

MEF2A	  
NUDT6	  
PCSK1	  
PPARGC1A	  
PTK2B	  
RAPTOR	  
UCP3	  

Energy	  metabolism	  genes	  
associated	  with	  winter	  climate	  

Hancock	  et	  al.,	  2008	  



Genome-‐wide	  data	  from	  1344	  individuals	  from	  61	  popula<ons:	  
•  938	  individuals	  from	  the	  Human	  Genome	  Diversity	  Panel	  
•  288	  individuals	  from	  HapMap	  Phase	  3	  
•  118	  individuals	  genotyped	  for	  these	  projects	  

Maritime Chukchi 
Naukan Yup’ik 

Australian 
Aborigines 

Vasakela !
Kung 

Amhara	  

Ilumina 650K SNP chip in 61 human 
population 



A Bsummer winter
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max temperature (s)
relative humidity (w)
relative humidity (s)
precipitation rate (s)
solar radiation (s)

Climate 
Variables 

Climate	  data	  source:	  
NCEP/NCAR	  Reanalysis	  Project	  
(Kistler	  et	  al.,	  2001)	  



Diet and 
Subsistence 

Main	  Dietary	  Component	  

Cereals	  
Roots	  and	  Tubers	  
Fats,	  Meat	  or	  Milk	  
NA	  

Subsistence	  Strategy	  

Agriculture	  

Hor<culture	  

Pastoralism	  

Foraging	  

Data	  sources:	  
• Ethnographic	  Atlas	  
(Murdock	  1967)	  

• Encyclopedia	  of	  
World	  Cultures	  
(Levinson	  1991-‐97)	  	  



Methodology 

•  Calculated	  the	  correla<on	  
between	  each	  SNP	  and	  
environmental	  variable	  

•  Assessed	  evidence	  for	  
enrichments	  of	  test	  SNPs	  
rela<ve	  to	  control	  SNPs	  in	  the	  
tail	  of	  distribu<on	  

	  	  

	  

Cutoff	  
for	  tail	  

Is	  the	  propor<on	  of	  
test	  SNPs	  greater	  

than	  the	  
propor<on	  control	  

SNPs?	  

test	  sta<s<c	  
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Perry	  et	  al,	  2007	  

AMY1	  underlies	  varia2on	  in	  starch	  
metabolism	  among	  popula2ons	  

This	  padern	  may	  translate	  to	  variaBon	  in	  
disease	  risk	  under	  certain	  dietary	  condiBons	  



Patterns that come out of our analysis: 
dichotomous variables 

PaHerns	  we	  found	  were	  always	  driven	  by	  concordant	  
shiAs	  in	  allele	  frequencies	  across	  regions	  



Patterns that come out of our analysis: 
continuous variables 

Correla<on	  are	  oAen	  shared	  between	  regions	  
but	  can	  be	  specific	  to	  a	  single	  region	  



Is there evidence for adaptation to 
climate and subsistence overall? 

Is	  the	  propor<on	  of	  genic	  SNPs	  >	  the	  
propor<on	  nongenic	  SNPs?	  

Is	  the	  propor<on	  of	  NS	  SNPs	  >	  the	  
propor<on	  nongenic	  SNPs?	  

Hancock	  et	  al.	  2010;	  Hancock	  et	  al.	  2011	  

Subsistence	  Climate	  
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GWAS have been conducted for 1000s 
of traits in humans 

Wordle summarizing data from NHGRI GWAS catalog 



Overlap with GWAS 

Pigmenta<on	  

Immunity	  

Height	  
Cardiovascular Disease	  

SNP Associated-trait Nearby-genes
Hair-Color-(Black-vs.-Blond)
Hair-Color-(Black-vs.-Red)
Eye-Color-(Blue-vs.-Green)
Hair-Color-(Blond-vs.-Brown)
Hair-Color-(Black-vs.-Blond)
Hair-Color-(Black-vs.-Red)

rs35391 Tanning MATP
rs2313132 Systemic-Lupus-Erythematosus PCDH18
rs4613763 Crohn's-disease PTGER4
rs6074022 Multiple-sclerosis CD40
rs10484554 Psoriasis HLASC
rs2187668 Systemic-Lupus-Erythematosus
rs2187668 Celiac-Disease
rs9461688 IL18-protein-levels HLASC
rs10484554 AIDS-progression HLASC
rs11203203 Type-1-Diabetes UBASH3A
rs20541 Psoriasis IL13
rs185819 Height TNXB-(HLA-class-III)
rs6899976 Height L3MBTL3
rs10486776 Stroke upstream-of-MEOX2
rs10488360 Factor-VII upstream-of-SDK1
rs10490823 Bone-Mineral-Density-(Hip) upstream-of-CTNNB1
rs210138 Testicular-germ-cell-tumor BAK1

rs28777

rs1667394

rs12913832 HERC2

OCA2

MATP

HLASDQA1

Climate	   GWAS	  

Hancock	  et	  al.,	  PLoS	  Gen	  2011	  



Overlap with GWAS 

Subsistence	   GWAS	  

Hancock et al., PNAS, 2010 Variants	  associated	  with	  metabolic	  syndrome	  
traits	  overlap	  with	  subsistence	  

Hancock	  et	  al.,	  PNAS	  2010	  



Approach:	  
1.  Compiled	  sets	  of	  variants	  associated	  with	  two	  phenotypes	  that	  are	  

hypothesized	  to	  be	  under	  spa<ally-‐varying	  selec<on	  
2.  Compared	  environmental	  correla<ons	  to	  tradi<onal	  methods	  

Haplotype	  
Homozygosity	  

Popula<on	  
Differen<a<on	  

Is detection improved by using 
the environment? 

Environmental	  
Correla<ons	  

versus	   and	  



EAA improves power compared to 
traditional approaches 

Hancock	  et	  al.,	  Philos	  Trans	  Roy	  Soc,	  2010	  

p	  <	  0.0005	   p	  <	  0.005	   p	  <	  0.05	   no	  data	  
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Conclusions: 
Clinal patterns in humans 

• Subtle	  shiAs	  in	  allele	  frequencies	  across	  regions	  and	  
loci	  were	  important	  for	  adapta<on	  to	  climate	  and	  
subsistence	  in	  humans	  	  

• Environmental	  associa<on	  analysis	  (EAA)	  can	  iden<fy	  
variants	  that	  will	  be	  missed	  using	  hard	  sweep	  or	  
simple	  differen<a<on	  (FST)	  to	  detect	  posi<ve	  selec<on	  

	  



A. thaliana examples 



A. thaliana is a useful model for learning 
about adaptations to climate 

•  A. thaliana occupies a large range with extensive environmental variation 
•  Since Arabidopsis thaliana is largely inbreeding, the same accession can be used for 

genotyping, phenotyping and for follow-up functional analyses   
•  Genetic, genomic and molecular biology resources are well-developed for A. thaliana and 

complementary work provides valuable information about biology 

from Van Norman and Benfey 2009, adapted from Matthieu Reymond 



A. thaliana is a winter annual 

summer summer spring winter autumn 



Which loci underlie adaptation to climate in 
Arabidopsis thaliana? 

Using data for ≈215,000 SNPs from 948 accessions, I identified variation 
that is strongly correlated with 13 climate variables 

Hancock et al., 2011 



41 climate variables 
summarizing information 
about: 
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•  Temperature 
•  Precipitation 
•  PAR 
•  Humidity 
•  Season Lengths 
•  Aridity 

 
 

Climate variables included in the analysis 

Pruned the complete set to choose 13 
representative variables that fit into several 
general groups: 

• Daylength 
• Extremes in T and precipitation 
• Seasonality of T and precipitation 
• PAR 
• Humidity 
• Season lengths 
• Aridity 
 



Are	  variants	  that	  are	  likely	  to	  have	  func<onal	  effects	  enriched	  in	  
the	  tails	  of	  the	  climate	  correla<on	  distribu<ons?	  

Do the results represent true 
signatures of positive selection? 

Cutoff 
for tail 

Is the proportion of 
functional SNPs 
greater than the 

proportion of other 
SNPs? 

test statistic 

fre
qu

en
cy

 

How often do 
we see a 

similar 
enrichment in 

1000 permuted 
datasets? 



Biological processes are enriched in the tails 

photosynthesis	  
red	  light	  signaling	  pathway	  
	  
	  
indoleace<c	  acid	  biosynthe<c	  process*	  
gynoecium	  development*	  
maintenance	  of	  root	  meristem	  iden<ty*	  
posi<ve	  gravitropism*	  
cellular	  response	  to	  water	  depriva<on*	  
stomatal	  complex	  development	  
cotyledon	  development	  
cotyledon	  vascular	  <ssue	  paHern	  forma<on*	  
phloem	  or	  xylem	  histogenesis	  
	  
	  
regula<on	  of	  defense	  response	  
jasmonic	  acid	  mediated	  signaling	  pathway	  
	  
	  

auxin-‐related	  processes	  

Photosynthesis	  

defense	  

* significant with p<6.83x10-5 with Bonferroni 



NS SNPs are enriched among top climate 
associations 

intergenic synonymous non-synonymous p ≤ 0.05 * 
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There is variation in signals among 
variables tested 

Variables	  related	  to	  water	  availability	  show	  the	  strongest	  signals	  

intergenic synonymous non-synonymous p ≤ 0.05 * 
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No	  NS	  enrichment	  using	  a	  method	  that	  doesn’t	  
account	  for	  relatedness	  among	  individuals	  

intergenic	   synonymous	   non-‐synonymous	   p	  ≤	  0.05	  *	  

Wilcoxon	  rank	  sum	  test	  enrichment:	  
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The climate correlation results predict 
relative fitness in a common environment 

147	  accessions	   Planted	  in	  a	  common	  garden	  in	  France	  

collab.	  Fabrice	  Roux’s	  group	  



Can	  we	  predict	  rela2ve	  fitness	  in	  a	  par2cular	  
climate	  using	  genome	  scan	  results?	  

SNPs	  from	  the	  extreme	  
tail	  of	  the	  climate	  

correla<on	  distribu<ons	   For	  each	  SNP,	  
determine	  which	  
allele	  is	  likely	  to	  be	  

favored	  in	  the	  climate	  
of	  interest	  

Ask	  whether	  the	  
number	  of	  “favorable”	  
alleles	  predicts	  fitness	  

“favored”	  

“un-‐favored”	  

Fitness	  ~	  #	  favorable	  alleles	  



•  Selected	  all	  SNPs	  in	  the	  0.01%	  
tail	  for	  any	  of	  the	  13	  variables	   285	  SNPs	  

SNPs	  from	  the	  extreme	  
tail	  of	  the	  climate	  
correla<on	  distribu<ons	  

254	  SNPs	  •  If	  found	  for	  mul<ple,	  took	  the	  
variable	  with	  the	  most	  extreme	  
signal	  

108	  SNPs	  •  Removed	  SNPs	  in	  linkage	  
disequilibrium	  

Can	  we	  predict	  rela2ve	  fitness	  in	  Lille,	  France?	  



For	  each	  SNP,	  
determine	  which	  
allele	  is	  likely	  to	  be	  
favored	  in	  the	  Lille	  

climate	  

“favored”	  

“un-‐favored”	  

•  Defined	  a	  “climate	  window”	  for	  Lille	  based	  on	  
the	  distribu<on	  of	  climate	  for	  complete	  set	  of	  
948	  accessions	  

climate	  variable	  

Lille	  

Lille	  
climate	  
window	  

•  For	  each	  SNP,	  determined	  the	  “favored”	  allele	  
by	  asking	  which	  allele	  was	  more	  common	  in	  
the	  Lille	  climate	  window	  

•  Calculated	  the	  	  the	  number	  of	  ‘favorable’	  
alleles	  for	  each	  of	  the	  147	  accessions	  with	  
fitness	  data	  

Can	  we	  predict	  rela2ve	  fitness	  in	  Lille,	  France?	  



The climate correlation results predict 
relative fitness in a common environment 
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The	  tails	  of	  the	  climate	  correla<on	  distribu<ons	  are	  enriched	  
for	  locally	  adap<ve	  variants	  

p=0.002 



1.  Reasonable	  GO	  categories	  

2.  NS/S	  SNPs	  

3.  Loci	  involved	  in	  local	  adapta<on	  from	  a	  field	  fitness	  study	  	  

Likely functional loci are enriched in the 
tails of the climate correlation 
distributions 

test	  sta<s<c	  

fr
eq

ue
nc
y	  

Evidence	  for	  local	  adapta<on	  in	  A.	  thaliana	  



Evidence of climate adaptation in 
the ‘1001 Genomes’ Project data 

Complete	  genome	  sequence	  data	  (Illumina)	  from	  1137	  
accessions	  collected	  across	  Eurasia	  and	  North	  America	  

1001	  Genomes	  ConsorBum,	  2016	  



Which phenotypes were important 
for adaptation to climate? 



Which biological processes are over-represented 
among the strongest correlations with climate? 



Biological processes enriched with 
precipitation-related variables 

Precipitation in the wettest month Precipitation in the driest month 

•  Maintenance of root meristem identity  

•  Indoleacetic acid biosynthetic process  

•  Mitochondrial electron transport, 
succinate to ubiquinone 

•  Pyridine nucleotide biosynthesis 
•  Base-excision repair  
•  Root hair cell tip growth  
•  Stomatal complex morphogenesis  
•  Starch metabolic process  
•  Protein catabolic process  
•  Cell division 

Enriched	  biological	  processes	  provide	  valida<on	  
and	  suggest	  novel	  hypotheses	  

1001	  Genomes	  Consor<um,	  2016	  



Precipitation variables 
have the strongest 
enrichment of signals 

10	  loci	  with	  false	  discovery	  rate	  <	  5%	  
•  tRNA/rRNA	  methyltransferase	  (NS)	  
•  2	  CYP450s	  (NS)	  
•  Phospha<dylserine	  decarboxylase	  3	  (NS)	  
•  Ethylene	  Response	  Factor	  1	  (ERF1)	  
•  Electron	  carrier,	  oxida<on	  reduc<on	  
•  Copia	  TE	  
•  Calmodulin-‐binding	  
•  Beta-‐glucosidase	  37	  (Mirosinase)	  
•  Pec<n-‐like	  super-‐lyase	  
• Mildew-‐resistance	  (ATMLO11)	  



Environmental association analysis is 
applicable to diverse species 



‘Top-down’ and ‘Bottom-up’ approaches 
for identifying adaptive variation 

Ross-‐Ibarra	  et	  al.,	  2007	  

Correlation with environment



Increasing number of genome-wide SNP 
datasets enable EAA in diverse species 

Examples	  of	  addi<onal	  applica<ons	  of	  EAA	  approaches*	  
	  
•  Drosophila	  (Adrion	  et	  al.	  2015,	  Machado	  et	  al.	  2016)	  
• Medicago	  (Yoder	  et	  al.	  2014)	  
•  Pine	  (Eckert	  et	  al.,	  2012,	  Yeaman	  et	  al.	  2016)	  
•  Teosinte/Maize	  (Pyhäjärvi	  et	  al.	  2013)	  
•  Norway	  Spruce	  (Chen	  et	  al.	  2012)	  
•  Arabidopsis	  lyrata	  (Turner	  et	  al.	  2008)	  
•  Sheep	  (Kijas	  et	  al.,	  Lv	  et	  al.	  2014)	  
•  S<cklebacks	  (Guo	  et	  al.	  2015,	  Wang	  et	  al.	  2014)	  
•  Soybean	  (Leamy	  et	  al.	  2016,	  Bandillo	  et	  al.	  2017)	  
•  Sorghum	  (Lasky	  et	  al.	  2015)	  
•  Spruce	  (Hornoy	  et	  al.	  2015)	  
•  Arabidopsis	  halleri	  (Fischer	  et	  al.	  2013,	  Kubota	  et	  al.	  2015)	  

*mainly	  candidate	  gene,	  GBS	  or	  exome	  studies	  




