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glasses of various kinds. Finally, we note that the
very slow log(7) long-time aging of the storage
modulus is reminiscent of similar stretched dy-
namics in systems with quenched (9) or self-
induced (26, 28) disorder.
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Adaptation to Climate Across the
Arabidopsis thaliana Genome

Angela M. Hancock,® Benjamin Brachi,? Nathalie Faure,? Matthew W. Horton,*
Lucien B. Jarymowycz,* F. Gianluca Sperone,* Chris Toomajian,® Fabrice Roux,? Joy Bergelson™*

Understanding the genetic bases and modes of adaptation to current climatic conditions is essential
to accurately predict responses to future environmental change. We conducted a genome-wide scan
to identify climate-adaptive genetic loci and pathways in the plant Arabidopsis thaliana. Amino
acid—changing variants were significantly enriched among the loci strongly correlated with climate,
suggesting that our scan effectively detects adaptive alleles. Moreover, from our results, we successfully
predicted relative fitness among a set of geographically diverse A. thaliana accessions when grown
together in a common environment. Our results provide a set of candidates for dissecting the molecular
bases of climate adaptations, as well as insights about the prevalence of selective sweeps, which has

implications for predicting the rate of adaptation.

limate change has already led to altered
distributions of species, phenotypic vari-
ation, and allele frequencies (/-5), and
the impact of changing climates is expected to
intensify. The capacity to respond to changing

Fig. 1. Enrichment of amino
acid—changing SNPs (red), syn-
onymous SNPs (green), and in-
tergenic SNPs (yellow) in the
1% tails of the distributions for
(A) climate overall (using a rank
statistic based on the minimum
rank across climate variables) and
(B) for each individual climate
variable. Enrichments shown are
relative to the proportion of each
class of SNPs in the genome
overall. Gray dots show the dis-
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climate is likely to vary widely as a consequence
of variation among species in their degree of
phenotypic plasticity and their potential for ge-
netic adaptation (6), which in turn depends on the
amount of standing genetic variation and the rate

] % x * * %
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at which new genetic variation arises. Arabidopsis
thaliana is an excellent model for investigating
the genetic basis and mode of adaptation to cli-
mate owing to the extensive climatic variation
across its native range, as well as the availability
of genome-wide single-nucleotide polymorphism
(SNP) data among a geographically diverse col-
lection. We examined the correlations between
107 ecologically important phenotypes in 4. thaliana
(7) and 13 climate variables that represent extremes
and seasonality of temperature and precipitation,
photosynthetically active radiation (PAR), rela-
tive humidity, season lengths, and aridity (figs. S1
to S4). We observed strong correlations between
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tribution of results of 1000 per-
mutations. The gray line shows
the expected enrichment under
the null hypothesis of no en-
richment. Enrichments that are
significant relative to permuta-
tions are denoted by asterisks.
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day length and phenotypes related to de-
velopment time and flowering, supporting the
observation that flowering time in the field is
modulated by complex environmental cues that
are difficult to simulate under controlled growth
conditions (8—10). Correlations were also found
between leaf yellowing (chlorosis) and temper-
ature (/7), as well as between dormancy-related
traits and those related to temperature and mois-
ture (12), consistent with the role for both ver-
nalization and moisture in breaking dormancy.
These results provide evidence for a genetic basis
for climate adaptations in 4. thaliana.

We conducted genome-wide scans to detect
climate associations for ~215,000 SNPs geno-
typed across 948 A. thaliana accessions distrib-
uted throughout the native range of the species
(fig. S5) (13). Because we cannot be certain that
our model completely accounts for the effects of
population history (/3), we tested whether our
results detect true signals of adaptations by as-
sessing enrichment of likely functional [i.e., non-
synonymous (NS)] variants relative to putative
neutrally evolving [i.e., synonymous (S) and in-
tergenic] variants in the 1% tail of the combined
climate correlation distributions (/4). We found
that intergenic SNPs show deficits and NS SNPs
show strong and significant enrichments in the
tail relative to their proportions in the genome as
a whole for climate overall (Fig. 1A), as well as
for all but 1 of the 13 individual climate variables
(precipitation seasonality; Fig. 1B). The pattern
was similar when we controlled for allele fre-
quency but contrasts sharply to climate correla-
tions that did not control for population history
(13) (fig. S6).

Notably, for climate overall and for many
individual variables, S variants are also signifi-
cantly enriched in the tail (Fig. 1). The tendency
toward enrichment of S variants is expected be-
cause of linkage disequilibrium under neutral pro-
cesses but may be intensified by background
selection (/5) and/or hitchhiking (/6). NS SNPs
were slightly enriched relative to S SNPs (ratio of
NS to S = 1.146, P = 0.036) for climate overall.
In addition, precipitation in the wettest and driest
months, relative humidity, length of the growing
season, and PAR were enriched for NS relative to
S variants (ratios ranging from 1.137 to 1.361
and P values ranging from 0.025 to 1 x 10™%).
Given that we do not have data for all individual
SNPs, but rather use SNPs to represent variation
in the genome, these results are surprisingly
strong.

We examined which biological processes are
overrepresented among strong climate correlations,
focusing in particular on climate variables for
which we observed a significant NS-to-S enrich-
ment (Table 1 and table S2). PAR shows the largest
number of enriched categories, including photo-
synthesis, auxin biosynthesis, and gravitropism.
In addition, we found enrichment of processes
related to energy metabolism (i.e., starch metab-
olism and mitochondrial electron transport) with
both precipitation extremes. These links between
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energy metabolism and water availability likely
result from variation in photosynthetic capac-
ity across precipitation gradients due to differ-
ences in the proportion of time when stomata are
open (17).

Although pleiotropic gene functions may in-
fluence the rate of adaptation (8, 19), we have
an incomplete understanding of the extent and
magnitude of their effects on adaptation (20). We
find substantial overlap in the 1% tails of climate
variables, with pairwise combinations sharing 0
to 70% of top SNPs (fig. S7), suggesting that
pleiotropy is common among adaptive alleles.
However, some of these results may be due to
correlations among the climate variables them-
selves, rather than pleiotropy per se. Indeed, a
significant positive correlation was observed be-
tween the matrix of pairwise correlation coef-
ficients among climate variables and the matrix
of their proportional overlap of SNPs (Mantel
r2=0.59, P=2x 1074). Hence, outliers that are
compared to the variable correlation matrix are
particularly interesting (e.g., fig. S8).

It would be difficult to confirm the candidates
from climate-related genome scans, even if it
were possible to predict climate with absolute
certainty, because of the scale of such tests. We
thus validated our model by reasoning that if we
are observing true signals, then they should be
able to predict the relative fitness of genotypes
grown in a particular climate. We tested our abil-
ity to predict the relative fitness of 147 4. thaliana
accessions planted in the fall in a common garden
in Lille, France (Fig. 2A). In particular, we se-
lected all SNPs in the 0.01% tail of correlations
with any climate variable and pruned this set of
SNPs to include only one per chromosomal re-
gion on the basis of patterns of linkage dis-
equilibrium. We identified alleles that are more
common within a window of climate similar to
Lille’s. Then, we asked whether the count of
these alleles could predict relative fitness, as mea-
sured by total silique length (2/) among the
accessions. We created a null distribution by con-
ducting the same analysis on resampled sets of
SNPs. We found a strong and significant corre-

Table 1. Enrichment of biological processes (BPs) in the 1% tail (P < 1 x 10~>) for climate variables with

significant NS relative to S enrichments.

Biological process Enrichment P value
Photosynthetically active radiation
Maintenance of root meristem identity 31.42 1.0 x 107*
Indoleacetic acid biosynthetic process 28.94 1.0 x 107°*
Cellular response to water deprivation 27.26 6.0 x 107°*
Regulation of defense response 24.24 28 x107°
Gynoecium development 22.44 2.0 x 107°*
Red light signaling pathway 21.62 1.1x 107
Stomatal complex development 21.62 1.1x 107
Cotyledon vascular tissue pattern formation 18.96 5.0 x 107°*
Positive gravitropism 15.47 1.0 x 107°*
Cotyledon development 10.34 21 %107
Phloem or xylem histogenesis 9.09 31x 107
Jasmonic acid mediated signaling pathway 7.57 1.0 x 1073
Photosynthesis 459 1.0 x 1073
Response to cold 2.98 6.9 x 107
Precipitation in the wettest month
Pyridine nucleotide biosynthetic process 17.39 6.8 x 107
Base-excision repair 13.59 9.0 x 10™°
Root hair cell tip growth 11.68 1.0 x 1073
Stomatal complex morphogenesis 11.11 7.4 x107°
Starch metabolic process 9.72 1.0 x 1073
Protein catabolic process 6.42 2.9 x 107
Cell division 5.75 3.0x 107"
Precipitation in the driest month
Maintenance of root meristem identity 22.85 3.6 x 107*
Indoleacetic acid biosynthetic process 21.05 1.0 x 107
Mitochondrial electron transport, succinate to ubiquinone 20.68 1.0 x 1073
Length of the growing season
Mitochondrial electron transport, NADH to ubiquinone 24.99 5.0 x 107
Base-excision repair 13.59 8.0 x 10™°
Epidermal cell differentiation 13.11 3.0 x 107
Embryonic development ending in seed dormancy 2.25 22x 107"
Relative humidity
Synapsis 12.30 5.0 x 107
Regulation of signal transduction 29.99 1.0 x 1073

*Significance with P < 0.05 with Bonferroni correction across BP categories (P < 6.83 x 107°).
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lation between the number of favored alleles and
fitness (Spearman’s tho = 0.48, P=0.003; Fig. 2,
B and C), demonstrating that our climate scan is
picking up a true signal. As no accessions from
within 100 km of Lille were included in the
analysis, the correlation between relative fitness
and the number of favorable alleles is robust to
home versus away effects. Further, additional
analyses support this conclusion (/3).

The geographic extent of climate-correlated
SNPs provides at least an initial picture of how
climate shapes patterns of genetic variation in

A. thaliana. Geographic extents varied widely
across climate variables, with day length and rel-
ative humidity representing the extremes (Fig.
3A); SNPs correlated with day length tended to
be localized, whereas SNPs correlated with rel-
ative humidity tended to be widespread (Fig. 3B
and fig. S9). These results, at least in part, can be
understood in relation to the geographic distri-
bution of the climate variables themselves.
Narrow SNP distributions may correspond to
“hard selective sweeps,” or situations in which a
new variant was driven quickly to high frequen-

REPORTS I

cy in the population. A scan for hard selective
sweeps based on extended pairwise haplotype
homozygosity (PHS) (22) identified partial se-
lective sweeps throughout the genome and ex-
amined the geographic extents of these genomic
regions (Fig. 3A). SNPs identified as candidates
for selective sweeps were, indeed, shifted toward
narrow geographic distributions, consistent with
the idea that hard sweeps result in narrow geo-
graphic distributions. To quantify the generality of
these results, we examined overlap between the 1%
tails of the overall climate correlation distributions

Fig. 2. The SNPs with strongest climate correlations predictranks A

in reproductive success (fitness) in Lille, France. (A) Red dots show P T
the locations where accessions included in the experiment were = ‘%'i
collected, and the green cross shows the location where plants 2 o
were grown. (B) The relation between total silique length (@ mea- T o8
sure of reproductive success) and the number of alleles expected -7 " ) .
to be favorable based on the climate analysis. (C) Observed 3 . ° .
Spearman correlation coefficient between total silique length g"} 5 oS e e %
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Fig. 3. Geographic distributions of SNPs with the strongest climate cor-
relations. (A) Distributions of SNP extents for all SNPs and for SNPs in the 1%
tail for climate overall, day length, relative humidity, and PHS. SNPs rep-
resented in the plot were filtered to remove redundant information resulting

from linkage disequilibrium between SNPs. (B) Distributions of the top five regions for day length overlaid on a map of the distribution of this variable (with
values ranging from 12.3 to 16.6 hours). The central panel contains polygons showing the geographic extents of all five SNPs, and other panels show the central

feature and extent of each individual SNP.
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and the PHS results and found overlap threefold
greater than expected by chance if the two var-
iables were independent. This increased to nearly
10-fold enrichment when we examined overlap
among the 10% of climate-related SNPs with the
smallest geographic extents; enrichments were
strongest for aridity, maximum temperature, pre-
cipitation in the driest month, and length of the
growing season. Although selection on standing
variation also plays a role, these results reveal
that selective sweeps are likely an important mode
of adaptation in 4. thaliana. The central role of
selective sweeps here suggests that species like
A. thaliana may reach adaptive limits under rapid
climate change, owing to the constraints imposed
by waiting for new mutations.
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A Map of Local Adaptation
in Arabidopsis thaliana

A. Fournier-Level,* A. Korte,? M. D. Cooper,® M. Nordborg,? J. Schmitt,>* A. M. Wilczek™>

Local adaptation is critical for species persistence in the face of rapid environmental change,

but its genetic basis is not well understood. Growing the model plant Arabidopsis thaliana in field
experiments in four sites across the species’ native range, we identified candidate loci for local
adaptation from a genome-wide association study of lifetime fitness in geographically diverse
accessions. Fitness-associated loci exhibited both geographic and climatic signatures of local
adaptation. Relative to genomic controls, high-fitness alleles were generally distributed closer

to the site where they increased fitness, occupying specific and distinct climate spaces. Independent
loci with different molecular functions contributed most strongly to fitness variation in each

site. Independent local adaptation by distinct genetic mechanisms may facilitate a flexible
evolutionary response to changing environment across a species range.

daptation to local environments has been

observed experimentally in many or-

ganisms (/) and may critically limit a
given species’ capacity to evolve in the face of
rapid environmental change (2—4). However,
the molecular basis of local adaptation remains
largely unexplored (5, 6). Understanding the ge-
netic mechanisms of adaptation requires under-
standing the genetic basis of fitness variation
within and across natural environments (7, §).
Although genome scans for signatures of past
selection have identified candidate loci show-
ing high levels of environmental differentiation

Department of Ecology and Evolutionary Biology, Brown
University, Providence, RI 02912, USA. *Gregor Mendel Insti-
tute, Austrian Academy of Sciences, 1030 Vienna, Austria.
3Deep Springs College, Big Pine, CA 93513, USA.
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(9, 10), few studies have directly connected fit-
ness variation measured in the natural environment
of the species to the corresponding molecular
variation (11, 12). Determining the extent of lo-
cal adaptation requires identification of the loci
associated with individual fitness in different nat-
ural environments, as well as characterization of
the distribution pattern of adaptive variants, their
environment specificity, and the type of genes
involved.

To identify loci associated with fitness in the
annual plant Arabidopsis thaliana, we grew a geo-
graphically diverse set of ecotypes (inbred lines
derived from natural populations) across their
native range, in replicated common garden ex-
periments in four European field sites (fig. S1).
Sites in Oulu (Finland) and Valencia (Spain)
spanned the species climate range limits from
Nordic to Mediterranean environments; sites in
Halle (Germany) and Norwich (UK) represented

continental and oceanic climates at similar mid-
range latitude (/3). Mean survival and lifetime
fruit (silique) production differed markedly among
ecotypes within each planting site, indicating
heritable variation among source populations in
viability and fecundity (table S1). We carried out
a genome-wide association study (GWAS) for
survival and silique number using 213,248 single-
nucleotide polymorphisms (SNPs) in a mixed-
model approach to eliminate confounding due to
genomic background (/4, 15). For each fitness
trait in each of the four field sites, we defined
a set of associated SNPs corresponding to the
0.05% of the SNPs that explained the most var-
iance (around 100 per GWAS; figs. S2 and S3).
Individual SNPs explained a substantial amount
of variation in lifetime fitness, with R? in GWAS
models ranging on average from 9% for the SNP
set associated with survival in England to 24% for
the SNP set associated with survival in Finland
(fig. S1).

We tested whether alleles associated with
high fitness in a given site were more locally abun-
dant than genomic controls, as expected if they
contributed to the local adaptation of that pop-
ulation (/6). Indeed, the geographic centroids of
the alleles associated with higher survival in En-
gland and Spain and silique number in Germany,
England, and Spain were significantly closer to
the planting sites in Germany, England, and Spain,
respectively, relative to genomic controls; this con-
stitutes evidence of local adaptation for specific
loci (Fig. 1). Similar analyses excluding low-
frequency polymorphisms provided similar re-
sults, demonstrating that the result was not biased
as a result of the presence of rare alleles (table
S2). In contrast, we found no evidence that the
alleles conferring high fitness in Finland were
locally abundant. However, our ability to detect
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