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ABSTRACT

The capacity to tolerate freezing temperatures limits the geo-
graphical distribution of many plants, including several species
of agricultural importance. However, the genes involved in
freezing tolerance remain largely unknown. Here, we describe
the variation in constitutive freezing tolerance that occurs
among worldwide accessions of Arabidopsis thaliana. We
found that although plants from high latitudes tend to be more
freezing tolerant than plants from low latitudes, the environ-
mental factors that shape cold adaptation differ across the spe-
cies range. Consistent with this, we found that the genetic
architecture of freezing tolerance also differs across its range.
Conventional genome-wide association studies helped identify
a priori and other promising candidate genes. However, simul-
taneously modelling climate variables and freezing tolerance
together pinpointed other excellent a priori candidate genes.
This suggests that if the selective factor underlying phenotypic
variation is known, multi-trait mixed models may aid in identi-
fying the genes that underlie adaptation.

Key-words: climate adaptation; genome-wide association stud-
ies; natural variation.

INTRODUCTION

The plant genetic model Arabidopsis thaliana is native to
Eurasia and, in the last few hundred years, has spread across
much of the world. Its vast species range, combined with
the availability of inbred lines collected across its distribution
(Platt et al. 2010), makes it well-suited for examining the eco-
logical factors that drive adaptation to the environment.

In temperate areas and mountainous regions, a major com-
ponent of climate adaptation is the ability to withstand freezing
temperatures.Molecular studies have demonstrated that freez-
ing tolerance is shaped in part by the C-repeat binding factor
loci (CBF1, CBF2 and CBF3). These three transcription
factors are induced after exposure to low non-freezing temper-
atures (Gilmour et al. 1998) and regulate the expression of
approximately 100 genes, some of which are known to be cryo-
protective (Sieg et al. 1996; Steponkus et al. 1998; Hughes et al.

2013). Overexpressing the CBF loci results in increased freez-
ing tolerance without cold acclimation (Jaglo-Ottosen et al.
1998; Gilmour et al. 2004), which further demonstrates their
role in the development of cold hardiness.

The overall contribution of CBF genes to freezing tolerance
variation, however, is unclear. Some studies have suggested
that the CBF transcription factors are major determinants of
natural variation in freezing tolerance (Alonso-Blanco et al.
2005; Oakley et al. 2014; Gehan et al. 2015), while other studies
have found either a weak relationship or no relationship at all
(McKhann et al. 2008; Zuther et al. 2012; Meissner et al.
2013). Notably, although CBF expression levels are negatively
correlated with temperature (Gilmour et al. 1998), the freezing
tolerance of cold-acclimated and non-acclimated accessions is
strongly correlated (Zuther et al. 2012), which suggests that
much of the among line variation in freezing tolerance is
independent of cold acclimation and thus governed by a
CBF-independent pathway.

One of the major limitations of published research on freez-
ing tolerance is a reliance on linkage studies, which, compared
with genome-wide association studies (GWAS), tend to iden-
tify candidate regions that span several megabases (Mb) and
hundreds of candidate genes. Here, we describe the pattern
of variation in freezing tolerance within A. thaliana, which we
characterized by using three quantitative trait locus (QTL)
families and nearly 500 accessions collected from around the
world. Although our main aim was to investigate the genetic
architecture of freezing tolerance at a global scale, we also
fine-mapped major genetic variants by using regional mapping
populations, in order to determine if the genetic basis of freez-
ing tolerance varies across the range of A. thaliana.

MATERIALS AND METHODS

Plant material/phenotyping

We grew 24 replicate seeds of 499 worldwide accessions
(Table S1) and 94 lines derived from each of three F3 families
(Col-0 ×Löv-1, Col-0×Vår-26 and Col-0×Edi-0). All seeds
were sown in 98-cell trays (14× 7), using a randomized block
design, before being placed in Conviron climate chambers.

After stratifying the seeds for 5 d (4 °C), the chamber was
warmed to 18 °C to facilitate germination; seeds that failed to
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germinate within 7 d were excluded from further analyses.
The plants were grown for 2weeks at 18 °C (15h of light;
relative humidity 75%), followed by an additional 7 d at 10 °C
(12h of light, 75%). At the end of the third week, the temper-
ature in the chamber was gradually decreased to �8 °C
(ΔT=�2 °Ch�1) and held there for 3 h before returning to
the starting conditions (10 °C; ΔT=2 °Ch�1). Ten days later,
the samples were scored for survivorship. Because of the mod-
erate temperatures used, this approach is expected to mimic a
sudden cold event in the fall, when plants are non-acclimated
or weakly acclimated. A similar situation can occur in the
spring, after plants deharden.

Correlations with geography and climate

Logistic regression was used to assess the relationship between
survivorship and latitude or, in separate analyses, 19 variables
representing temperature and precipitation (Hijmans et al.
2005). Each variable was modelled separately, and
Nagelkerke’s pseudo-R2 (Nagelkerke 1991) was used to evalu-
ate the goodness of fit of each model.

Linkage (QTL) analyses

The R/qtl package (Broman et al. 2003) was used in all
analyses. To identify genomic regions associated with survivor-
ship, we phenotyped 94F3 lines generated from three crosses:
Col-0 ×Edi-0, Col-0×Löv-1 and Col-0 ×Vår-26. Genotypes
from the parental populations were used to create linkage
maps for each mapping population, and QTLs were identified
by usingmultipleQTLmapping (MQM). The phenotypes used
in MQM were the best linear unbiased predictions from a
mixed model that adjusts for the technical covariates batch
and tray. Default parameters were used during marker
augmentation (using the command, mqmaugment), co-factor
selection (mqmautocofactors) and the QTL scan (mqmscan).
To evaluate the significance of QTL, 1000 permutations were
performed for each trait (mqmpermutation).

Genome-wide association analyses

As in the QTL analyses (in the preceding texts), the pheno-
types used in GWAS were the best linear unbiased predictions
from a mixed model that adjusts for technical covariates. For
marginal single nucleotide polymorphism (SNP)-by-SNP tests,
we used both a simple linear model and, separately, a model
that accounts for population structure (Kang et al. 2010). The

SNPs were described previously (The 1001 Genomes Consor-
tium 2016).

As an attempt to account for allelic heterogeneity, which
may undermine marginal tests, we estimated the sample relat-
edness at each gene model (±5000bp surrounding DNA). This
‘local’ estimate of kinship was compared with the sample’s re-
maining genome-wide relatedness (a ‘global’ estimate of kin-
ship) by using a likelihood ratio test. For the multi-trait mixed
model (MTMM), genetic variants that simultaneously contrib-
ute to freezing tolerance and the top climate variables for each
population subset (Table 2) were mapped using the software
LIMIX (Lippert et al. 2014). Climate scores for each accession
were treated as the phenotypes and, together with survivorship,
transformed to z-scores. The common effect was estimated by
using the statistical model described earlier (Sasaki et al. 2015).

Gene-set enrichment analyses

To identify the mechanisms that are implicated in freezing tol-
erance, we asked whether any gene-ontology (GO) terms
(ftp://ftp.arabidopsis.org/home/tair/Ontologies/
Gene_Ontology/) are over-represented in the results from
GWAS. The method was described earlier (Horton et al.
2014). Briefly, we split the results from GWAS into 10kb win-
dows and examined the distribution of individual GO terms
to determine whether any of these were significantly over-
represented in the top 1% of the GWAS results. Storey’s
approach (Storey & Tibshirani 2003) was used to account for
multiple testing.

Data

The raw data and results from GWAS have been deposited in
the Dryad Digital Repository (http://doi.org/10.5061/
dryad.72m15).

RESULTS

The environmental factors that shape freezing
tolerance

We phenotyped 499 accessions collected from around the
world (Fig. 1 and Table S1) and found substantial variation in
basal freezing tolerance. As an example, a widely used lab
strain from the Cape Verde archipelago (Cvi-0) exhibits low
freezing tolerance. Likewise, accessions from the Canary
Islands and Italy (Can-0 andMr-0) are also freezing intolerant.

Figure 1. The samples phenotyped for freezing tolerance were collected across the northern hemisphere; the green dots indicate the sites of origin.
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In contrast, the most freezing tolerant accessions were col-
lected in Germany and Sweden. Indeed, samples from low lat-
itudes displayed lower freezing tolerance than accessions from
more northerly areas (Fig. 2).

To better explore the relationship between an accession’s
freezing tolerance and its latitude of origin, we used binary lo-
gistic regression (logit) mixed models. The results from logistic
regression were consistent with the results from earlier studies
(Hannah et al. 2006; Zhen & Ungerer 2008; Zuther et al. 2012)
and confirmed that the odds that an accession survived the
freezing treatment increase with its latitude of origin (Table 1
). Nevertheless, further analysis revealed that the relationship
between latitude and survivorship differs among regional sam-
ples. For example, we found no relationship between latitude
and freezing tolerance in North America, where A. thaliana is

believed to have been recently introduced (O’Kane & Al-
Shehbaz 1997). Perhaps more surprising is that the association
between latitude and freezing tolerance becomes weaker at
high latitudes in the native species range. In particular, the
trend is stronger for accessions collected from mainland
Europe than for accessions collected in Sweden. Given the
strong negative correlation between latitude and temperature,
this may indicate that there is a minimum temperature beyond
which diminishing returns for additional freezing tolerance oc-
cur (i.e. a non-linear fitness function). However, it is also possi-
ble that other environmental factors are involved.

To examine this further, we considered the relationship be-
tween freezing tolerance and 19 climate variables related to
seasonal and annual trends in precipitation and temperature
(Hijmans et al. 2005). In agreement with the analysis of lati-
tude, the climate variable that best predicts the freezing toler-
ance of accessions from continental Europe is the mean
temperature of the coldest quarter (Fig. 3), with the odds of
survivorship lower (Table 2) for accessions native to warm re-
gions (P=8.13 × 10�24). For Swedish accessions, freezing toler-
ance is not associated with variables related to the temperature
at the site of origin. Instead, we foundmodest evidence that the
odds of survival in Sweden increase with the amount of precip-
itation in the original habitat. Although snow is widely assumed
to protect plants from sub-freezing air temperatures, it also
maintains the ambient temperature near the melting point of
water, which increases the likelihood of cellular damage due
to ice recrystallization (Griffith & Yaish 2004; Gudleifsson
2010).

The genetic factors that shape freezing tolerance

We found that constitutive freezing tolerance is highly heritable
in A. thaliana and that it differs among populations (Table 3).
To identify the genetic variants that underlie freezing tolerance,

Figure 2. The distribution of freezing tolerance within Arabidopsis
thaliana. Overall, freezing tolerance increases with the latitude of origin
of A. thaliana accessions. However, the relationship between latitude
and freezing tolerance varies across the species range. Each sample
subset has a minimum of five accessions; the latitudinal range of the
phenotyped accessions is listed in the margin.

Table 1. Freezing tolerance increases with the latitude of origin ofA.
thaliana accessions. Nevertheless, the relationship between latitude and
freezing tolerance varies across the species range. All estimates were
generated using logistic regression (logit) mixed models

Population subset
Odds
ratio

R2

(Nagelkerke) P-value

All accessions 1.03 0.22 1.14 × 10�29

Native range 1.04 0.28 3.86 × 10�36

Continental Europe 1.08 0.65 2.14 × 10�52

Americas 0.95 0.11 0.093
Sweden 0.99 0.003 0.37
UK 0.998 0.0001 0.97

Figure 3. The distribution of the climatic variable that represents the
mean temperature in the coldest quarter (BIO11), the variable that best
predicts the freezing tolerance of continental European accessions.
White dots represent accessions with low freezing tolerance, while
purple dots represent accessions with high freezing tolerance.

2572 M. W. Horton et al.

© 2016 John Wiley & Sons Ltd, Plant, Cell and Environment, 39, 2570–2579



we used QTL mapping and GWAS. QTL analyses were
conducted by using three separate linkage mapping popula-
tions (Materials andMethods section), while GWAS were per-
formed on a global and two local mapping populations. Mixed
models were used to correct for confounding due to technical
artifacts and, in the case of GWAS, population structure (Mate-
rials and Methods section).
Using conventional (SNP-by-SNP)GWAS, we found several

promising candidate genes in the results from both global and
regional analyses (Figs S1–S3). As an example, in the results
from global GWAS, the strongest association falls on chromo-
some 3 (~2.209Mb) and peaks within a gene (AT3G07000)
that contains a cysteine/histidine-rich C1 domain (Fig. 4).
Cysteine-rich antifreeze proteins have been described in fishes
and insects (Davies & Hew 1990; Tyshenko et al. 1997; Liou
et al. 2000), but the limited studies that have been performed
in plants have implicated defence-related loci that are believed
to defend against cold-adapted pathogens (e.g. snow mold)
while also inhibiting ice recrystallization (Griffith & Yaish
2004). Further complicating analyses, three other cysteine-rich
loci fall within (+/�) 5 kb of AT3G07000. Among these, the
low-molecular-weight cysteine-rich proteins 33 and 34
(LCR33 and LCR34) are putative defensins.
We identified several QTLs in the results from linkage stud-

ies, suggesting that the observed variation in freezing tolerance
is due to variation at many loci. Across mapping populations,
these QTLs are largely non-overlapping, which implies that
the genetic basis of freezing tolerance may differ across the
range of A. thaliana. Therefore, we separated accessions from
continental Europe and Sweden into two mapping populations
and usedGWAS to fine-map locally common variants that may
contribute to regional differences in freezing tolerance.
For accessions from continental Europe, the strongest asso-

ciation with freezing tolerance falls at a position of 17793902
on chromosome 5 (Fig. S2). Golden 2-like (GLK2), the closest
candidate gene, is key to chloroplast development and

regulated by CBF homologs in Brassica napus (Savitch et al.
2005); however, the two genes that lie next to GLK2, nuclear
cap binding protein 20 and ethylene response factor 9, are also
promising candidate genes (Jager et al. 2011; Licausi et al.
2013). For Swedish accessions, the top candidate genes include
pleiotropic drug resistance 11, an ABC transporter whose sub-
strate is unknown, and blade of petiole 2, which contributes to
variability in the leaf abscission layer (McKim et al. 2008). Both
leaf abscission (Jackson & Osborne 1970) and freezing toler-
ance (Shi et al. 2012) are regulated by ethylene, and leaf abscis-
sion can occur as a result of freezing stress (Young 1971).
AT3G07000, or a neighbouring gene, also appears to affect var-
iability in freezing tolerance in Sweden, but, as is the case with
blade of petiole 2, SNPs within the region failed to reach
genome-wide significance (Fig. S3).

One of the major challenges in GWAS is allelic heterogene-
ity, inwhich causal loci thatmaintainmultiple (n> 2) alleles are
difficult to map using marginal tests, especially analyses that
rely on bi-allelic SNPs. Therefore, we re-examined freezing
tolerance using a ‘local’ versus ‘global’ approach (Sasaki et al.
2015). That is, rather than estimating the (marginal) contribu-
tion of each SNP to freezing tolerance, we modelled the joint

Table 3. Broad-sense heritability of freezing tolerance across
populations

Sample subset H2 N Number of accessions

All 0.76 11 819 499
Continental Europe 0.83 4322 174
Sweden 0.64 5477 246

Figure 4. The strongest association in the results from global
genome-wide association studies (marginal test) falls within the
cysteine-rich gene AT3G07000.

Table 2. The climate variables that predict freezing tolerance differ across the species range. For example, with respect to accessions frommainland
Europe, the odds of survivorship decrease with increasing (mean) temperature and accessions from warm areas are less likely than accessions from
cold areas to survive freezing. In contrast, variables related to precipitation are associated with survivorship in Sweden

Region Climate variable Odds ratio R2 (Nagelkerke) P-value

Continental Europe Mean temperature of the coldest quarter (BIO11) 0.70 0.47 8.13 × 10�24

Continental Europe Annual mean temperature (BIO1) 0.71 0.46 4.20 × 10�23

Continental Europe Minimum temperature of the coldest month (BIO6) 0.70 0.46 6.35 × 10�23

Sweden Annual precipitation (BIO12) 1.11 0.06 2.39 × 10�04

Sweden Precipitation of the coldest quarter (BIO19) 1.11 0.06 3.43 × 10�04

Sweden Precipitation of the wettest month (BIO13) 1.11 0.05 7.11 × 10�04
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effect of the SNPs at each gene (Materials and Methods sec-
tion). Then, using a likelihood ratio test, we compared the esti-
mate of this variance component to one based on genome-wide
relatedness. In agreement with marginal SNP GWAS, our ap-
proach implicates AT3G07000, or a nearby gene, in freezing
tolerance. However, we were also able to identify (Table S2)
two a priori candidate genes (Catala et al. 2011; Hu et al.
2013) that were not identified by marginal analyses: elongated
hypocotyl 5 and coronatine insensitive 1.

If loci that contribute to freezing tolerance have also
diverged among populations, steps to correct for population
structure may preclude their discovery using GWAS (Zhao
et al. 2007). Therefore, after correcting for technical artifacts,
we repeated these GWAS by using a simple linear model. As
expected, the global analysis resulted in massively inflated P-
values (Fig. S4). Nevertheless, we still found compelling candi-
date loci, and the strongest association implicates AT5G24316
in freezing tolerance. AT5G24316 is a proline-rich protein,
others of which have been associated with the freezing toler-
ance of various plant species (Gothandam et al. 2010; Huang
et al. 2011; Peng et al. 2015).

Analysing Swedish accessions with a simple linear model did
not result in highly skewedP-values (Fig. S5). The strongest as-
sociation (Chr 1: 29 993 180; P=1.38 × 10�09) falls within the
gene wrinkled 4 (WRI4). Like theCBF loci,WRI4 is a member
of theAPETALA2/ethylene response factors. Moreover,WRI4
has a demonstrated role in fatty-acid synthesis (To et al. 2012);
future experiments will determine whether WRI4 improves
freezing tolerance by changes in membrane fluidity. Using a
simple linear model to analyse continental European acces-
sions pinpointed the membrane-tethered transcription factor
NAC089 (Fig. S6), a key component of the unfolded protein re-
sponse (Yang et al. 2014) that occurs in response to stress at the
endoplasmic reticulum (Hollien 2013).

A multi-trait mixed model to improve power in
GWAS

Amajor challenge in evolutionary biology is to understand the
genetic basis of adaptation. The standard approaches for iden-
tifying adaptive loci include (1) genome-wide tests of selection
(i.e. ‘selection scans’); (2) evaluating the association between
genome-wide SNPs and environmental variables believed to
underlie adaptation (Hancock et al. 2011); and (3) the genetic
analysis of ecological traits (Fournier-Level et al. 2011). It is
possible to combine the latter two approaches with MTMMs,
which have been shown to improve power in the analysis of
correlated phenotypes (Korte et al. 2012; van Heerwaarden
et al. 2015). Therefore, having found evidence that the freezing
tolerance of A. thaliana is driven by adaptation to the climate
(Table 2), we usedMTMMs to identify the polymorphisms that
are associated with both freezing tolerance and the climate
variable that best predicts freezing tolerance in each sample
subset.

The joint (common test) analysis of BIO11 (minimum tem-
perature in the coldest month) and the freezing tolerance of
continental European accessions identified three peaks of

association (Fig. 5). The most promising of these falls on chro-
mosome 3 (0.874–0.891Mb) and spans six genes; cold accli-
mation is known to alter the expression of two of these
(Gehan et al. 2015), cysteine synthase 26 and Beta-glucosidase
25; the latter is a member of the so-called CBF regulon. The
second strongest association (Chr 2: 1.905Mb) falls between
two DNAJ heat-shock proteins (AT2G05230 and
AT2G05250) and acts as a reminder that gene names are
often misleading. Studies of several model systems have re-
vealed that heat shock proteins are either upregulated during
cold acclimation or confer freezing tolerance (Porankiewicz &
Clarke 1997; Chow & Tung 1998; Teigen et al. 2015). The
third strongest association (Chr 5: 24.406Mb) does not iden-
tify an obvious candidate gene; however, the expression of
AT5G60710 seems to be regulated (Tao et al. 2012), in part,
by suppressor of overexpression of constans 1. Suppressor of
overexpression of constans 1 also regulates the expression of
the CBFs (Seo et al. 2009).

Despite using more accessions in the analysis of Swedish
accessions and local annual precipitation (BIO12), we found
only one significant association in the common SNP test
(Chr 3: 15.9Mb; Fig. S7). The association peaks within a
pseudogene (AT3G44175), and it is unclear which, if any,
of the surrounding genes are causal. The list of likely candi-
dates, however, includes the nearby (<6kb) gene never in
mitosis A-related kinase 6. The expression of never in mitosis
A-related kinase 6 is altered by ethylene signalling and salt
stress (Zhang et al. 2011), and the salt response pathway
shares genetic overlap with the cold response pathway
(Zeller et al. 2009). For the interaction test, the top scoring
SNP (Chr 1: 29.761Mb) falls next to BOI-related gene 2.
Boi-related genes are frequently implicated in resistance
against the fungal pathogen Botrytis cineria and, curiously,
are regulated by the same transcription factor (SPEECHLESS)
that regulates inducer of CBF expression 1.

The biological processes that shape freezing
tolerance

Finally, to understand the biological processes that affect freez-
ing tolerance, we identified the GO terms over-represented
(FDR< 0.01) in the results from GWAS. An analysis of all
accessions emphasized phenomena that vary at large scales, in-
cluding processes related to the circadian rhythm and the red
or far-red light-signalling pathway (Table 4). Key components
of the clock are involved in cold acclimation (Seo et al. 2012),
and the circadian expression of genes is shaped through cold
acclimation (Bieniawska et al. 2008). Furthermore, the circa-
dian clock regulates the diurnal production of reactive oxygen
species, and the response to reactive oxygen species was signif-
icantly enriched for both the global and Swedish population
sets. For Sweden, the most strongly enriched category relates
to the synthesis of pentacyclic triterpenes, a diverse family of
metabolites that are largely uncharacterized. Many triterpenes,
however, are known to accumulate in the wax layer on the
surfaces of plants, which may indicate that triterpenes alter
the leaf water interface.
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DISCUSSION

In A. thaliana, freezing tolerance has been extensively studied
by using mutants (Gilmour et al. 1998; Jaglo-Ottosen et al.
1998; Xin&Browse 1998; Gilmour et al. 2004) and the progeny
of interaccession crosses (Alonso-Blanco et al. 2005; Meissner
et al. 2013; Oakley et al. 2014; Gehan et al. 2015). However,

the genes that contribute to freezing tolerance variation remain
largely unknown. We used 499 accessions of A. thaliana to ex-
plore the spatial distribution of constitutive freezing tolerance.
We found that variation in freezing tolerance withinA. thaliana
is extensive (Fig. 2), and that the environmental factors that se-
lect for freezing tolerance differ across the species range. With

Figure 5. Simultaneously modelling the freezing tolerance of continental European accessions with the climate variable that best predicts survi-
vorship after freezing (BIO11) aids in identifying the a priori candidate gene Beta-glucosidase 25 (Chr 3: ~0.88Mb). Beta-glucosidase 25 is a member
of the C-repeat binding factor regulon. Other strong associations include two DNAJ heat shock proteins on chromosome 2 (1.906Mb). The QTLs
identified using three separate mapping populations are shown above each chromosome. The significance levels were estimated using permutations
and are illustrated using either a solid (P< 0.05) or a dotted (P< 0.1) line. For the multi-trait mixed model, the Bonferroni threshold is shown. The
centromere is shaded.
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respect to mainland Europe, the most tolerant accessions
originate from colder areas than the least tolerant accessions
(Table 2), which supports the notion that differences in cli-
mate contribute to genetic differentiation among populations
(Ågren & Schemske 2012). In contrast, variability in temper-
ature does not seem to be associated with variation in freez-
ing tolerance within Sweden. Although this implies that there
is a minimum temperature beyond which selection for addi-
tional freezing tolerance is ineffective, we cannot rule out
the possibility that other environmental factors also affect
freezing tolerance. In particular, the most freezing tolerant
Swedish accessions come from areas that have historically
experienced higher amounts of precipitation than intolerant
accessions. This is consistent with reports that, in cold areas,
plant mortality increases with increasing precipitation
(Gudleifsson 2010).

The main goal of our study was to map the genetic basis of
constitutive freezing tolerance, specifically, to a sudden cold
snap in the fall. To do so, we used a QTL mapping approach
in combination with GWAS. As noted in the preceding texts,
we found several promising candidate genes, including loci reg-
ulated by CBFs. Somewhat surprisingly, however, GWAS did
not pinpoint the CBF loci themselves. Presumably because of
the different parents used, linkage studies, including our own
(e.g. Fig. S1), have provided conflicting results; some studies
(Alonso-Blanco et al. 2005; Oakley et al. 2014) have identified
a QTL that overlaps the CBF loci (Chr 4: ~13.02Mb), while
others have not (Meissner et al. 2013). Although the mapping
resolution provided by these crosses is coarse and unidentified
loci may contribute to these QTL, molecular studies have con-
firmed that the CBF loci play a role in cold acclimation and
freezing tolerance (Jaglo-Ottosen et al. 1998; Gilmour et al.
2004).Moreover, genetic differences at theCBF loci are known
to contribute to variation in cold acclimation requirements
among accessions (Gehan et al. 2015). Although it is possible
that the CBF genes do not affect constitutive freezing toler-
ance, one might expect genetic and allelic heterogeneity to
pose problems for GWAS of freezing tolerance. Indeed, sev-
eral independent losses of function CBF alleles have been dis-
covered in southern accessions (Alonso-Blanco et al. 2005;
Kang et al. 2013; Gehan et al. 2015), perhaps due to relaxed se-
lection or the costs of freezing tolerance in warm areas. The
problem of allelic heterogeneity is frequently overlooked but

likely undermines other studies, including the analysis of
flowering time (Li et al. 2014; Sasaki et al. 2015).

The top result from the global GWAS of freezing tolerance
highlightsAT3G07000, a cysteine-rich locus that is surrounded
by three other cysteine-rich loci. If the candidate gene is
confirmed in functional analyses, plants will join fishes and in-
sects in being known to use cysteine-rich antifreeze proteins.
Although the peak that highlightsAT3G07000 is not significant
inGWASof freezing tolerance for either continental European
or Swedish accessions, it is nonetheless evident (Figs S2 and
S3); whether it would prompt functional confirmation after
analysing these regional samples would likely depend on
research priorities.

Because the climatic factors that shape freezing tolerance
differ across the species range (Table 2), and because the
QTL identified with three separate mapping populations are
largely non-overlapping (e.g. Fig. S1), we separated our global
mapping population into two large regional mapping
populations. By doing so, we found that the peak that impli-
cates pleiotropic drug resistance 11 (or a nearby gene) in the
freezing tolerance of Swedish accessions (Fig. S2) does not
(seem to) underlie the variation in freezing tolerance found
on the continent (Fig. S3). In contrast, an analysis of continen-
tal European accessions implicates GLK2 in freezing toler-
ance, a gene whose expression is regulated by CBF homologs
in B.napus (Savitch et al. 2005); this peak does not appear in
the analysis of Swedish accessions. Taken together, we inter-
pret this as evidence that the genetic architecture of freezing
tolerance differs across the species range of Arabidopsis.

Although conventional GWAS are a powerful tool in genet-
ics, there are, of course, opportunities for improvement. We
used a combined model (MTMM) to identify loci that
simultaneously contribute to freezing tolerance and climate
adaptation. The top candidates identified by this approach,
when applied to continental European accessions, include a
member of the CBF regulon (Beta-glucosidase 25) and two
DNAJ heat shock proteins. For Swedish accessions, the joint
analysis of freezing tolerance and annual precipitation
highlights (Chr 3: ~15.87–15.9Mb) yet another DNAJ homo-
log (ATJ3), a gene that is also implicated in flowering time
(Shen et al. 2011). A handful of heat shock proteins are known
to affect freezing tolerance, and further studies will examine
whether these specific loci contribute to differences in freezing

Table 4. The biological processes enriched in the 1% tail from GWAS of freezing tolerance

Population subset Biological process Enrichment FDR q< 0.01

All Transferase activity 7.8 0.00024
All Response to reactive oxygen species 13.9 0.00187
All Red or far-red light signalling pathway 12.2 0.00205
All Circadian rhythm 6.1 0.00249
All Two-component response regulator activity 8.5 0.00501
Continental Europe Positive regulation of transcription, DNA-dependent 5.0 0.00396
Sweden Pentacyclic triterpenoid biosynthetic process 27.8 0.00035
Sweden Response to reactive oxygen species 13.9 0.00312
Sweden Translational initiation 6.8 0.00993

Storey’s procedure was used to correct for multiple testing.
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tolerance among populations of A. thaliana. Overall, these
results suggest that MTMMsmay help in identifying genes that
underlie both phenotypic variation and adaptation.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Table S1. The accessions used in the study.
Table S2.The candidate genes identified by a local–global anal-
ysis of all sequenced accessions.
Figure S1. The genetic bases of freezing tolerance. Shown are
the genome wide P-values, using all accessions. The dash-dot-
ted line corresponds to a genome-wide significance threshold
estimated by using a permutation approach that takes into ac-
count population structure; the centromere is shaded. The
QTLs identified using 3 separate mapping populations are
shown above each chromosome. The significance levels for
each QTL were estimated by using permutations and are
illustrated by using either a solid (P< 0.05) or a dotted
(P< 0.1) line.
Figure S2. GWAS results, continental Europe. Shown are the
genome wide P-values, using accessions from continental
Europe. The dash-dotted line corresponds to a genome-wide
significance threshold estimated by using a permutation ap-
proach that takes into account population structure; the centro-
mere is shaded. The QTLs identified by using 3 separate
mapping populations are shown above each chromosome.
The significance levels for each QTL were estimated by using
permutations and are illustrated by using either a solid
(P< 0.05) or a dotted (P< 0.1) line.
Figure S3. GWAS results, Sweden. Shown are the genome
wide P-values, using Swedish accessions. The dash-dotted cor-
responds to a genome-wide significance threshold estimated by
using a permutation approach that takes into account popula-
tion structure; the centromere is shaded. The QTLs identified
by using 3 separatemapping populations are shown above each
chromosome. The significance levels for each QTL were esti-
mated by using permutations and are illustrated by using either
a solid (P< 0.05) or a dotted (P< 0.1) line.
Figure S4. The genetic bases of freezing tolerance, without
correcting for population structure. Shown are the genome
wide P-values, using all accessions. The dash-dotted line corre-
sponds to a genome-wide Bonferroni significance threshold
(5%); the centromere is shaded. The QTLs identified by using
3 separate mapping populations are shown above each
chromosome. The significance levels for each QTL were
estimated by using permutations and are illustrated by using
either a solid (P< 0.05) or a dotted (P< 0.1) line. Note the
massive P-value inflation.
Figure S5. Uncorrected P-values, Sweden. Shown are the ge-
nome wide P-values, using Swedish accessions. The dash-dot-
ted line corresponds to a genome-wide Bonferroni
significance threshold (5%); the centromere is shaded. The
QTLs identified by using 3 separate mapping populations are
shown above each chromosome. The significance levels for
each QTL were estimated by using permutations and are
illustrated by using either a solid (P< 0.05) or a dotted
(P< 0.1) line.
Figure S6. Uncorrected P-values, continental Europe. Shown
are the genome wideP-values, using accessions from continen-
tal Europe. The dash-dotted line corresponds to a genome-
wide Bonferroni significance threshold (5%); the centromere
is shaded. The QTLs identified by using 3 separate mapping
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populations are shown above each chromosome. The signifi-
cance levels for each QTL were estimated by using permuta-
tions and are illustrated by using either a solid (P< 0.05) or a
dotted (P< 0.1) line.
Figure S7. MTMM, Sweden+annual precipitation. Simulta-
neously modelling the freezing tolerance of Swedish accessions
with the climate variable that best predicts survivorship after
freezing (BIO12) pinpoints a region on chromosome 3

(15.87–15.9Mb). TheQTLs identified by using 3 separatemap-
ping populations are shown above each chromosome. The sig-
nificance levels for each QTL were estimated by using
permutations and are illustrated by using either a solid
(P< 0.05) or a dotted (P< 0.1) line. For the MTMM, the
Bonferroni threshold is shown; the centromere is depicted as
a vertical pillar.
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