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Local adaptation

Local genotypes have higher average relative fitness than 
genotypes originating in other habitats

The genetic architecture of traits can strongly influence 
the efficacy of natural selection to modify those traits
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Local adaptation

Local landraces have higher average yield than landraces 
originating in other habitats

The genetic architecture of traits can strongly influence 
the efficacy of artificial selection to modify those traits
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M. Koornneef

Morphological variation in Arabidopsis
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Sweden Italy
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Local adaptation Arabidopsis
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Genotype by Environment Interaction

GxE is thought to be a necessary prerequisite for local 
adaptation

GxE can encompass several distinct patterns, and exist at 
different levels of biological organization
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Some unresolved question in the 
genetics of adaptation

Which genes and what sorts of variants underlie local 
adaptation?

What is the role for natural selection?

How does phenotypic plasticity effect local adaptation?

What fitness-associated traits vary within a species?
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Part III: Functional consequences of natural variation in a 
signaling network

Part II: GWAS of climate and transcription

Part I: Physiological genomics of drought stress response
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Part I: Physiological genomics of drought stress response

• Do natural accessions of A. thaliana vary in their 
physiological response to soil drying?

• What is the genomic basis of this variation?

• What cellular processes drive response to soil 
drying in Arabidopsis?
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What is the genetic basis of variation in 
drought stress response? 

+

Transcriptome Physiology

Genes & networks driving phenotypic plasticity
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• 17 natural accessions of 
Arabidopsis (10 “spring” & 7 
“winter” accessions)

• Grown in potting medium

• Two treatments: control & 
water-limited

• All measurements made pre-
bolting

Experimental Design & Data collection
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• SLA

• root: shoot biomass

• delta 13C

• C:N ratio

Physiological and Developmental traits measured

• bulk leaf osmotic 
potential

• leaf water potential

• leaf turgor

• leaf water content
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Spring Winter

Control Dry Control Dry

Des Marais et al. Plant Cell 2012
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Natural accessions vary in the magnitude & direction of 
developmental response to soil drying

Des Marais et al. Plant Cell 2012
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Assaying transcriptome response

• 17 genotypes x 2 treatments x 3 biological 
replicates

• Affymetrix ATH1 GeneChip

• Excluded polymorphic probes

• ~21,000 probesets in analyses
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8671 genes 6734 genes
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The magnitude of transcript response varies widely among lines
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General observations from 
functional enrichment analyses of 

Treatment-responsive genes

• Photosynthesis and primary metabolism genes are 
upregulated

• Paucity of “abiotic stress” genes

• Upregulation of PPR genes

• Downregulation of histone and related proteins
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Des Marais et al. Plant Cell 2012
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Over-represented sequence motifs in promoter
regions of Environment-responsive genes (all p <0.05)
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Finding meaningful correlations between physiology & expression

Gene 1 Gene 2 Gene 3 ... Gene 
20000

Accession 
1 -3.24 0.328 1.280 2.753

Accession 
2 -2.14 0.410 1.450 2.451

...

Accession 
10 -1.60 -0.150 1.410 1.879
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Finding meaningful correlations between physiology & expression

Principal
Component

Analysis

Gene 1 Gene 2 Gene 3 ... Gene 
20000

Accession 
1 -3.24 0.328 1.280 2.753

Accession 
2 -2.14 0.410 1.450 2.451

...

Accession 
10 -1.60 -0.150 1.410 1.879

PC1 PC2 PC3 PC4 PC5

Accession 
1 -14.23 58.69 54.22 30.37 14.59

Accession 
2 -47.48 -10.84 19.40 16.82 12.64

...

Accession 
10 46.18 -69.55 36.33 8.98 53.66
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Finding meaningful correlations between physiology & expression
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Specific Leaf Area is significantly correlated with PC2
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Specific Leaf Area is significantly correlated with PC2

PC2 is enriched for genes coding for components of 
photosytems 1 & II, and thioredoxins
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Specific Leaf Area is significantly correlated with PC2

PC2 is enriched for genes coding for components of 
photosytems 1 & II, and thioredoxins

In many plants, SLA is strongly associated with relative 
growth rate

Friday, June 22, 12



General observations from analyses of 
Genotype x Environment interaction genes

• Three significant functional categories: Cysteine-
rich receptor-like kinases, histone synthesis, 
chloroplast-targeting

• No enriched promoter motifs
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✦ Natural accessions of Arabidopsis vary in their plastic 
responses to soil water drying

• Does this variation lead to variation in fitness?

✦ Expression variation can, in part, explain phenotypic 
plasticity

• How is expression variation in these genes controlled?
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Part II: GWAS of climate and transcription

• Do our transcriptome experiments actually mean 
anything in a natural setting?

• What type of molecular variants underly 
adaptation to climate?

• What is the role of selection at these loci?
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Does transcriptional variation underly local 
adaptation to climate?

6734 E genes 1016 GxE genes

Full model ANOVA:

DryWetDryWet

Early-flowering accessions:

5270 E genes 500 GxE genesLate-flowering accessions:
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Climate variables

• Variation in mean monthly precipitation

• Mean monthly precipitation during growing season

• Variation of mean monthly precipitation during 
growing season

• Mean VPD during growing season

• Interannual variation of mean monthly precipitation 
during growing season 

Friday, June 22, 12



214,000 SNPs
in

1003 accessions
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J.R. Lasky et al., in prep

Significant “Environment-effect” genes
Significant “Genotype x Environment-

effect” genes

Genes with significant climate associations are 
enriched for genes with GxE expression effects
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J.R. Lasky et al., in prep

Significant “Environment-effect” genes
Significant “Genotype x Environment-

effect” genes
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✦ Variation in expression underlies local adaptation to 
climate.

• How much can be attributed to coding sequence differences?

✦ Lab-based assays of genome function can find 
ecologically meaningful patterns

• How might we increase the power of these kinds of tests?
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Part III: Functional consequences of natural variation in a 
signaling network

• What components of drought stress signaling vary 
in natural populations?

• How does natural selection act on genes involved 
in drought stress response?
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Most genes in the ABA signaling 
pathway show the signature of 

purifying selection
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Two AREB transcription factors 
show significant departures from 

neutral expectations
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The third AREB gene has a very 
high polymorphism in its promoter

0.02567
0.00201
0.00207

Piprom

Friday, June 22, 12



AREBs are transcription factors that 
recognize ABRE promoter elements in 

ABA-responsive genes

• Over >2500 genes in the Columbia genome have the 
core ABRE motif in their promoter

• Our transcriptome work found that drought-
responsive genes are strongly enriched for ABREs in 
their proximal promoters

• Hypothesis:  Variation in AREB expression and 
activity leads to large downstream transcriptional 
and phenotypic effects
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The AREB1 promoter and intron 1 have multiple in/del 
variants in A. thaliana

495bp

18bp
16bp

AREB1At1g45230

15bp

exon 1 exon 5exons 3,4exon 2

9bp
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The AREB1 promoter and intron 1 have multiple in/del 
variants in A. thaliana

495bp

18bp
16bp

AREB1At1g45230

15bp

exon 1 exon 5exons 3,4exon 2

9bp

23-35 90-100 125-135 409-413bZIP domain

Phe-Lys-Asn-Asn-Asn

G20A

= conserved phosphorylation site
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Individuals either have or lack all 
intron 1 & exon 2 insertions
(and there are many linked SNPs)

495bp

18bp
16bp

AREB1At1g45230

15bp

exon 1 exon 5exons 3,4exon 2

9bp

The AREB1 promoter and intron 1 have multiple in/del 
variants in A. thaliana

Friday, June 22, 12



Frequencies of intron 1 haplotypes are close to even

48%
52%

Minus

Plus

N = 236 accessions
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Mauricio et al. Genetics 2003

Natural selection can maintain diversity: R genes

Deeply diverged alleles

High SNP 
diversity

Linkage 
Disequilibrium
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Balancing selection is frequently observed in 
genes involved in biotic stress response

What might cause such a pattern in a gene 
which is involved in abiotic stress response?
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High sequence diversity maintained near intron 1

495bp

18bp
16bp

0.00

0.02

0.04
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0.08

AREB1At1g45230

15bp

exon 1 exon 5exons 3,4exon 2

9bp

Pi
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Estimating genealogical relationships among alleles 
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18bp
16bp
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0.08

AREB1At1g45230

15bp

exon 1 exon 5exons 3,4exon 2
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Pi

intron 1 haplotype
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Neighbor Joining
gene tree of AREB 5’UTR 

and intron 1

E143 Kl-5
E87 Bur 0
E140 Kb-0
E131 Hh-0
E129 Ha-0
E107 Ei-2
E101 Db-0
E137 Jm-2
E117 Fi-0
E133 Hn-0
E131 Hh-0B
E124 Go-2
E123 Gie-0

E120 Ga-0
E136 Jl-5
E230 Tsu 1
E43 Wd 2
E118 Fr-5
E105 Dra-2
E112 Er-0
E114 Est-1
E317 SQ 8
E134 In-0
E66 condara
E108 Eil-0

E261 Bil 5
E109 El-0
E128 Gy-0
E141 Kil-0

E106 Edi-0
E299 NFA 10
E205 Ts 1

E138 Kas-1
E275 HR 5

E329 cvi 1
E97 Col-0
E241 Ler 2
E267 Eden 1
E272 GOT 22
E318 TAMM 2
E321 Ull 2 5

E265 CIBC 17
E126 Gre-2
E113 Es-0
E116 Fe-1
E132 Hi-0
E132 Hi-0B

E110 En-1
E98 Ct-1

E126 Gre-2B
A. lyrata

bootstrap=100

15 changes

23 changes

80 changes
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High Linkage Disequilibrium in AREB1
Upper R^2       
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Distal end of chromosome (AREB and nearby genes are on minus strand)
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tRNAs

At1g45229

-70kb

+30kb

-20kb

-10kb

0 kb

TASSEL; Bradbury et al. Bioinf. 2007
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• Divergent allelic classes

• Elevated LD

• 2 high-frequency allele classes

• High nucleotide polymorphism

Evidence for a balanced polymorphism in AREB1

48% 52%
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495bp

18bp
16bp

AREB1At1g45230

15bp

exon 1 exon 5exons 3,4exon 2

9bp

How does this natural variation affect AREB 
expression?
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CTCACCAGACAAACTACCTAATCACCCAAACGAAGAACCAAACATTTTGAAAATTTTTGGGCAAA-TAAAAAG
CTCACCAGACAAACTACCTAATCACCCAAACGAAGAACCAAACATTTTGAAATTTTTTGGGAAAATTACAAAG

CACACGAATTTAGCAAAAAGGTATTAGATTTTTTCTTCTCTTTGTGTGTATAGAAGAAGAAACTGTGGATATTGCTAAGCTT
CACACGAATTTAGCAAAAAGGTAATAGATTTTT -CTTCTCTTTGTGTGTATAGAA---GAAACTGTGGTTTTTG--------

CACGCTTGTTTATCTTCTTTTAATTCTGTCCATTTATGTCCGTACTTAATTTTTGGATAAAATTACTAATTTTGCCTAATA
--------TTCATCTTCTTTTAATTCTTTCGATTTATGTCCACACTTAATTTTTGGATAAAATTACTAATTGTGCCTAATA

CTTGTCATAAACGCATTCATATCCTCCTGTTGGTTGAACCTGATTTTATCCATTTGACTAT --GAGTTTTGGTATCTGTTGA
CTTGTCATAAACGCATTCATATTCTCCTGTTGGTTTAATCTGTTTTTATCCATTTGACTATTAAAGTTTTGAAATCTGTTAG

TGTATTTGCTTTTTTAAGGGTTTTGGAATTGAGTTTTGCAGATTCCTGGATTT --GTTTATAAATTAGGGTTCTGATACTA
TGTTTTT ------------------GAATTGGGTTTTGCAGATTTCTTGATTTTTATTTATAGATTAGGGTTCTGATACTA

AGTTTGGATTTTTAAACTAAAGTTTGGATTTTTTTGTTTGTGTTCATGGTTCAGATCCAGTAATTGCTAAATTTAGGTGGA
AGTTTGGATTTTTAAACTAAAGTTTGGATTTTTTT--TTGTATTCATGGTTCAGATCCAGTTAT ---------TAGGTGGA

AAGCAGATTCTGGAGATAAATGGATGGTAGTATGAACTTCAAGAACAACAATTTGGGGAATGAGCCACCA
AAGCAGATTTTGTAGAAAAATGGATGGTAGTATGAA ---------------T TTGGGGAATGAGCCACCA

A
A

Start

MYB2

MYB1

MYB1

AGL15

AGL15
TATA

Plus (Bur)
Minus (Col)
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AREB1 expression driven by the two allele classes may 
represent a balance between two classic roles played by 

ABA: development and drought stress response
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Testing how natural promoter variation 
affects AREB expression

Reporter
+ Pro

Reporter
- Pro

Transformed
into

Score location and timing of expression constitutively and 
in response to stress

w.t.

495bp

15bp
18bp

16bp

AREB1At1g45230
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Insertions Absent (Col) Insertions Present (Bur)

Empty Vector35S:GUS (pos. control)
n = 2 independent transgenics for each
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Transformed
into

Scoring, growth, physiology and transcriptome in response 
to stress

Complete genomic 
fragments encompassing 

allelic diversity

AREB1 k.o.

495bp

15bp
18bp

16bp

AREB1At1g45230

How does natural variation affect  AREB1 
function?
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Part III Summary

✦ AREB transcription factors are under divergent 
selection pressures

✦ AREB1 shows the classic signs of a balanced 
polymorphism

✦ Promoter variation in AREB1 leads to distinct 
expression domains
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Final Thoughts

• Variation in expression underlies variation in 
phenotypic plasticity

• Expression differences are involved in local adaptation 
to climate in Arabidopsis, and this may be due to 
variants acting in cis-

• AREB1 is the first known example of balancing 
selection maintaining diversity in an abiotic stress 
response gene
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• WorldClim (Hjimans et al., 2005) for temp 
and precip to 30” grid. 1950-2000

• Climate Research Unit for VPD, interpolated 
to 10’ (New et al. 2002). 1961-1990

• National Centers for Environmental 
Protection Reanalysis for interannual 
variability (CV), to 210km grid. 1948-2009.

• Growing season defined as months above 
4C and mean precip (mm) >= 2*mean 
Temp(C).

Climate Data
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J.R. Lasky et al., in prep

Significant “Environment-effect” genes
Significant “Genotype x Environment-

effect” genes

Genes with significant climate associations in 
Spring annuals (early-flowering)
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J.R. Lasky et al., in prep

Significant “Environment-effect” genes
Significant “Genotype x Environment-

effect” genes

Genes with significant climate associations in 
Winter annuals (late-flowering)
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AREB1
promoter

Genome-wide distribution from 
Nordborg et al. 2005 PLoS Biol

AREB1 promoter shows strongly positive Tajima’s D

Friday, June 22, 12


