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ABSTRACT

Drought stress was imposed on two sets of Arabidopsis
thaliana genotypes grown in sand under short-day condi-
tions and analysed for several shoot and root growth traits.
The response to drought was assessed for quantitative trait
locus (QTL) mapping in a genetically diverse set of
Arabidopsis accessions using genome-wide association
(GWA) mapping, and conventional linkage analysis of a
recombinant inbred line (RIL) population. Results showed
significant genotype by environment interaction (G×E) for
all traits in response to different watering regimes. For the
RIL population, the observed G×E was reflected in 17 QTL
by environment interactions (Q×E), while 17 additional
QTLs were mapped not showing Q×E. GWA mapping iden-
tified 58 single nucleotide polymorphism (SNPs) associated
with loci displaying Q×E and an additional 16 SNPs associ-
ated with loci not showing Q×E. Many candidate genes
potentially underlying these loci were suggested. The genes
for RPS3C and YLS7 were found to contain conserved
amino acid differences when comparing Arabidopsis acces-
sions with strongly contrasting drought response phenotypes,
further supporting their candidacy. One of these candidate
genes co-located with a QTL mapped in the RIL population.

Key-words: genome-wide association mapping; G×E; QTL
mapping; Q×E.

INTRODUCTION

Abiotic stresses, including drought, negatively affect plant
growth and limit crop productivity. To cope with the negative
effects of drought, plants have evolved one or more adaptive
strategies. This adaptation is expected to reveal a phenotypic
plasticity response, in which significant phenotypic changes
occur because of drought. If the drought stress has a differen-
tial effect on the phenotype of different genotypes, meaning
there is genetic variation for the phenotypic plasticity, this will
be expressed as genotype by environment interaction (G×E;

Assmann 2013). G×E can be genetically dissected into its
underlying quantitative trait loci (QTL), illustrating their
interactions with the environment (QTL by environment
interactions; Q×E), by incorporating the environmental
factors in the genetic analysis (Assmann 2013; Juenger 2013;
El-Soda et al. 2014). The key development in genetically dis-
secting such complex responses is the analysis of trait-marker
associations via conventional linkage mapping and genome-
wide association (GWA) mapping (Weigel 2012). While a
GWA study (GWAS) allows high accuracy mapping of trait
associated loci, when compared with conventional linkage
analysis, it is often not powerful enough to detect the effect of
rare alleles in the association panel, even if they have large
phenotypic effects (Eichler et al. 2010; Gibson 2012). There-
fore, using both GWAS and traditional linkage mapping to
analyse a trait is an attractive combination of methods to have
high accuracy mapping while accounting for false positives
and avoiding false negatives (Nordborg & Weigel 2008;
Atwell et al. 2010; Bergelson & Roux 2010; Brachi et al. 2010;
Sterken et al. 2012; Weigel 2012).

Considering G×E in QTL mapping increases the statistical
power to detect more QTLs with better explained variance,
compared with methods in which GxE is not considered
(Joosen et al. 2012; El-Soda et al. 2014). Based on the pheno-
typic effect of a QTL in all tested environments, it can be
classified as a main effect QTL, with a comparable effect on
the phenotype regardless of the environment, or as an
environment-specific QTL (indicating Q×E), affecting the
phenotype in one environment, but not, or to a different
degree, in another (El-Soda et al. 2014). In case a QTL effect
in one environment is undetectable, it is referred to as a
conditionally neutral QTL. When a trait is controlled by
several of such QTLs, it will be difficult to use the QTL
mapping data obtained in one condition to predict the QTL
effects in another without knowledge of G×E (Kamoshita
et al. 2002; Malosetti et al. 2004, 2013; Tuberosa & Salvi 2006;
Holland 2007; Tuberosa 2012; Zhao & Xu 2012). The com-
monly used approach for GWAS in plants is a univariate
analysis for each trait and treatment. This will identify QTLs
with main effects, but does not account for G×E. Therefore, a
multi-trait mixed model (MTMM) approach was recently
proposed for multi-trait or multi-environment association
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mapping (Korte et al. 2012). In this approach, a marker can
have different effects in different environments, therefore
explaining at least part of G×E in terms of Q×E.

Arabidopsis has previously been used for the identification
of drought tolerance QTLs (McKay et al. 2003, 2008; Tisné
et al. 2010). Those studies addressed Arabidopsis response to
drought using short-day conditions to avoid the complication
of induction of flowering, which is enhanced by growing in
long days and which may considerably change plant physiol-
ogy (Andres & Coupland 2012). However, naturally growing
Arabidopsis plants experience spells of water shortage in the
spring (short days) and summer (long days) months, but
the response of flowering time (FT) QTL to drought stress,
in the form of Q×E, has not been addressed so far.

We assessed the drought response of Arabidopsis using a
GWA mapping panel consisting of 350 genetically diverse
accessions collected from all over its natural distribution range
(Li et al. 2010). To reflect the whole plant performance under
drought stress, rosette and root traits were measured. The
MTMM approach we used identified several main effect QTLs
as well as Q×E, including candidate genes. In addition, we
assessed drought response in a recombinant inbred lines (RIL)
population based on a cross between Sha and Col-0 (Simon
et al. 2008), two accessions with contrasting phenotypes for root
length response to drought, to confirm some of the QTLs iden-
tified in the GWA mapping. Both populations were grown
under short days, but we also grew the RIL population under
long days, to assess the effect of FT on drought response.

MATERIALS AND METHODS

Mapping population and experimental set-up

A GWA mapping population consisting of 360 diverse acces-
sions selected from a global collection of Arabidopsis acces-
sions, genotyped with over 200 000 bi-allelic (Col or non-Col)
non-singleton single nucleotide polymorphism (SNPs; Li
et al. 2010; http://www.naturalvariation.org/hapmap) was
used for GWA QTL analysis. Out of this set, lines CS76117,
CS76118, CS76130, CS76178, CS76204, CS76237, CS76241,
CS76246, CS76271 and CS76294 were not grown. A popula-
tion of 164 F6 lines from a Sha × Col RILs population,
genotyped with 86 SNP markers (Simon et al. 2008), was used
for conventional QTL analysis. The experiments were per-
formed in a completely randomized block design with three
replicate blocks. All experiments were conducted in the
summer/autumn of 2011 in a temperature and day length-
controlled greenhouse with an average temperature of 21.3
and 17.5 °C, and an average relative humidity of 69 and 74%,
during day and night, respectively.

Both populations were grown under short-day (SD) con-
ditions (10 h light), and harvested before flowering. Plants
were grown for 34 d in 4 × 4 × 7 cm (length × width × height)
plastic pots containing silver sand covered with a thin layer of
sieved peat. The RIL population was also grown under long-
day (LD) conditions (20 h light), at which nearly all lines
flowered at the end of the experiment.To ensure drying rates
comparable with the SD experiment, plants in the LD experi-
ment were grown for 27 d on a 1:1 mix of sand and peat in

4 × 4 × 5 cm plastic pots. An additional SD experiment was
carried out on the RIL population grown under well-watered
conditions, in silver sand covered with thin layer of sieved
soil, to determine FT and rosette fresh weight (RosFW) on
the same day when the first flower appeared.

At the start of each experiment, all pots were watered
with nutrient solution (contained 1 mm N, 1.1 mm P and
5.9 mm K), at 100% soil water holding capacity (SWHC).
Per pot, two seeds were sown and 3 d after germination,
seedlings were thinned to one per pot. All pots were
watered every 2–3 d when SWHC dropped below 80%. To
induce drought, watering was stopped 12 d after germina-
tion in the SD experiment and 9 d after germination in the
LD experiment. In the control treatment, pots were watered
every 2 or 3 d, when SWHC was less than 80%, until the
end of the experiment.

At the end of the experiments, rosettes were harvested and
RosFW was measured. Rosettes were oven-dried at 65 °C for
3 d for rosette dry weight (RosDW) measurements. Water
content (WC) was calculated as WC = (RosFW – RosDW)/
RosDW. Only for the SD experiment, roots were washed
carefully, placed in a plastic tray filled with water and scanned
with a flatbed scanner. Total root system length (RL) was
measured from the scans using WinRhizo (Regent Instru-
ments Inc., Quebec, Canada) and thereafter root DW
(RDW) was determined. Finally, the ratio between RL and
RosDW (RL/RosDW) was calculated.

Statistical and quantitative trait loci analysis

Statistical analysis was performed using GenStat for
Windows, 15th Edition (VSN International Ltd., Hemel
Hempstead, UK). For each experiment, analysis of variance
(anova) was used to test the significance of differences
between treatments and lines and for the G×E. Broad-sense
heritability was estimated as the ratio between the genetic
variance Vg, and the total phenotypic variance Vt = Vg + Ve.
Vg and the residual variance (Ve) are estimated by, respec-
tively, (MS(genotype) – MS(residual))/r and MS(residual).
The terms MS(genotype) and MS(residual) are the mean
sums of squares for RILs or accessions and residual error in
an anova, and r is the number of replicates.

Statistical models for linkage and GWA
QTL detection

A general multi-environment mixed model approach for
GWA and traditional linkage QTL detection was used (see
van Eeuwijk et al. 2010 and Malosetti et al. 2013 for a detailed
discussion of models). Here, we first give a general formula-
tion of the models and testing procedures, and then we
describe the specific features for GWAS and for linkage QTL
analysis, respectively.

The general mixed model
The phenotypic multi-environment data consisted of single
entries per genotype and per environment (so no replicates
within environments). With the observations of the ng
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genotypes in ne environments collected in a vector
y y y y= [ ]′1 2, , ,… ne , being y1 all the observations in environ-

ment 1, and so on, the basic mixed model assuming fixed
environments and random genotypic effects can be written as

y X Zu= +β . (1)

The design matrices X and Z associate trait values with
fixed and random effects, β is the vector of fixed effects
including intercept and environmental main effects, and u is
the vector of random genetic by environment effects, which
are assumed to follow a multivariate normal distribution N(0,
Σ), Σ being a variance–covariance matrix reflecting genetic
correlations between observations.

For QTL detection, Eqn 1 is extended with marker infor-
mation to fit environment-specific QTL effects:

y X X Zu= + +β α* , (2)

where X I M* ne= ⊗ is the extra design matrix, Ine is the
identity matrix of length ne, and M is a column vector of
length ng with genotypic scores derived from molecular
marker information. In its simplest form, and with two alleles
per marker (A and a), the additive genetic score consists of
the number of A alleles in each genotype. The vector α con-
tains the environment-specific QTL additive effects. Note
that in our case, with ne = 2, the effects are α = [α1, α2]’ and
correspond to the QTL effect under control and under
drought conditions, respectively. Inference about QTL was
made by the following hypotheses testing procedure:

1 Perform a global test for the presence of a QTL at the
specific position by assessing the H0 : αi = 0∀i.The hypoth-
esis testing involved a multiple testing correction (see
details in the GWAS and linkage analysis section). Rejec-
tion of the null hypothesis indicates a QTL is present with
an effect in at least one of the environments.

2 When hypothesis 1 was rejected, a more specific test for a
differential QTL effect between environments (i.e. QTL
by environment interaction) was performed. We did so by
decomposing the QTL effect into a main effect α* (con-
sistent QTL effect across conditions), and interaction
effects α i e* i n=( )1… . Note that the genetic score
design matrix becomes X M I M* n ne e= [ ]⊗ ⊗1 , , and
α α α α= ⎡

⎣
⎤
⎦* ne, *, , *1 … , with the constraint α i

i

*∑ = 0, 1ne

being the vector of ones of length ne. The test for a signifi-
cant QTL by environment interaction was assessed by the
H i0 0: *α i = ∀ . This test was performed at a type I error
rate of 0.05.

3 Depending on the results of the hypothesis 2, the QTL
effects were reported as environment-specific QTL effects
α αi i*= +( )a * when QTL by environment interaction was

significant, or as main QTL effects (α*) when no significant
QTL by environment interaction was found.

The GWA model
The major feature in the GWA mixed model is that of an
appropriate set-up of the variance–covariance model as
discussed by Korte et al. (2012) to reflect the genetic

correlation introduced by the genetic relatedness between
individuals in the population. The covariance structure
given by Σ should accommodate genetic correla-
tions imposed by the kinship information in addition to
that caused by the repeated measures across conditions:

Σ = ⎡
⎣⎢

⎤
⎦⎥

+ ⎡
⎣⎢

⎤
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σ σ
σ σ

σ
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e n
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, with K an identity-by-

state matrix obtained from SNP information. Marker-trait
association was assessed with type I error rate of 10−4 (for
visualization purposes, associated P-values were displayed in
a minus log10 scale: −log10(P) = 4).A minor allele frequency
of 0.05 was used to discard markers with very rare alleles.
Korte et al. (2012) showed that it is straightforward to extend
this model to situations where some observations are missing
and only available for one of the environments. This exten-
sion is however not implemented in the original software;
therefore, we added this feature to the R-code, which is avail-
able on request.

QTL×E linkage QTL mapping

The major feature in the linkage analysis is that of the con-
struction of genetic scores not only at marker positions, but
also in between markers. Using linkage information and
hidden Markov chain methods (Jiang & Zeng 1997) condi-
tional identity-by-descend (IBD) probabilities can be esti-
mated at any position on the genome, that is, at and in
between markers (for details of a RIL population, see Boer
et al. 2007). The conditional IBD probabilities were used to
form the design matrix X I M* ne= ⊗ , the elements of M
being the difference of the probabilities on the two
homozygous genotypes. The probabilities were calculated
from marker information, as implemented in GenStat 15.
With respect to the variance–covariance model still
covariances between observations in the two treatments

should be accounted for, so in this case Σ = ⎡
⎣⎢

⎤
⎦⎥

σ σ
σ σ

1
2

12

12 2
2

I I

I I
n n

n n

g g

g g

.

The QTL search (i.e. IBD estimation) was done at a step
size of 10 cM.We allowed a number of cofactors in the model
to control for genetic background noise (Jansen & Stam 1994;
Zeng 1994), allowing a minimum cofactor proximity of
50 cM. For automatic selection of QTLs, a minimum separa-
tion of selected QTLs of 25 cM was used. A multiple testing
threshold value of −log10 = 2.8 was calculated based on the
approach implemented in GenStat (Li & Ji 2005), with 0.05
set as the genome-wide type I error level. The allelic effect of
each QTL in each environment, the effect of Q × E, and the
explained phenotypic variance of each QTL per environment
were determined by fitting a final multi-QTL model after
running a backward selection using all candidate QTLs from
the last composite interval mapping round (two rounds of
CIM performed).

The identification of candidate genes by the
analysis of sequence polymorphisms

To provide experimental support for candidate genes, the
publicly available sequences of accessions of the GWA
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mapping population with strong contrasting phenotypes
were investigated. The 350 accessions were classified based
on the drought: control RosDW and RL ratios. For each
classification, two contrasting groups were made, each com-
posed of 10 accessions, one with the smallest (drought sensi-
tive) and another with the largest (drought tolerant) RosDW
or RL ratios. Both sets were compared regarding the pre-
dicted amino acid sequences of candidate genes, using the
Arabidopsis 1001 genomes browser http://signal.salk.edu/
atg1001/3.0/gebrowser.php.

RESULTS

Comparing two mapping populations grown
in well-watered and drought treatments in
SD conditions

Both GWA and RIL mapping populations were
phenotyped for plant performance traits such as RosFW,
RosDW, RL, RDW and RL/RosDW. When the trait aver-
ages of the accessions in the GWA population were consid-
ered, the values of RosFW and RosDW were higher in the
control treatment than in the drought treatment, while
those for RL/RosDW were lower (Fig. 1a). anova showed a
significant difference between control and drought treat-
ments for all traits (Supporting Information Table S1). A
correlation analysis showed a positive correlation between
all measured traits in both treatments, except for
RL/RosDW, which showed a negative correlation with
RosDW in the drought treatment (Supporting Information
Table S2).

Frequency distributions of the measured traits for the
RIL population showed transgression beyond both parental
lines for all traits except for RosFW, where the transgres-
sion was only in one direction (Fig. 1b,c). Like for the GWA
population, RosFW and RosDW were higher in the control
than in the drought treatment, whereas RL/RosDW was
lower (Supporting Information Table S3). When the pheno-
typic variations for traits observed in both the GWA and
RIL populations are compared (Fig. 1), they are in the
same range, except for RosFW, which is somewhat higher
in the RIL population. A correlation analysis for the
RIL population (Supporting Information Table S4),
comparing the same traits in control and drought treat-
ments, showed that all traits were positively correlated.
Considering correlations between different traits in either
control or drought treatments revealed that RL was posi-
tively correlated with RosFW, RosDW and RDW. A
remarkable difference between Col and Sha was that while
RosDW of both did not differ much either under control or
drought treatments, there was considerable difference for
RL and RDW (Fig. 1), which can have interesting conse-
quences for drought tolerance. Sha appears to invest in
maintaining its root system under drought, showing little
reduction in RL and RDW compared with the control
treatment, while Col appears to invest less in its roots
system under drought, showing strong reduction in RL and
RDW.

GWA mapping and G×E

For the five examined traits, we identified 74 SNPs with
−log10(P) > 4, of which 58 SNPs showed a significant Q×E
effect while 16 SNPs showed a main effect (Fig. 2). These 74
SNPs correspond to 69 loci, each containing several genes
when considering the region in linkage disequilibrium with
the significant SNPs (Supporting Information Table S5). For
further analysis, we only considered the loci showing a sig-
nificant Q×E effect and within those, the genes that have
functions related to abiotic stress response, based on their
biological function as described in The Arabidopsis Informa-
tion Resource (TAIR; www.arabidopsis.org).

A SNP in the TARGET OF RAPAMYCIN (TOR;
At1g50030) gene (Dobrenel et al. 2011; Ren et al. 2012;
Caldana et al. 2013) was associated with RosDW. For this
SNP, the non-Col allele increased RosDW in both treatments,
but the increase was three times higher in the drought than in
the control environments. A SNP associated with RDW was
mapped to the SNF1-RELATED PROTEIN KINASE 2.2
(SnRK2.2; At3g50500) gene (Fujii et al. 2007, 2011; Kulik
et al. 2011). The Col allele of this SNP had a strong effect on
RDW in the drought treatment, but a moderate effect, in
opposite direction, in the control treatment. An additional
association with RDW was found for a SNP mapped in the
SHORT ROOT HAIR 1 (SRH1; At4g34580) gene (Huang
et al. 2013), again with a stronger effect in the drought treat-
ment and an opposite effect in the control treatment. Similar
opposite effects are seen for several of the associated SNPs
(Supporting Information Table S5).

Mapping QTLs in the RIL population

Like for the GWA population, QTLs were mapped for the
measured traits in the Sha × Col RIL population, and classi-
fied as main effect QTLs or QTLs with significant Q×E based
on the absolute effect of each allele on the trait value in every
treatment (Table 1). In total, 27 QTLs were mapped for the
measured traits (Fig. 3). Out of the 15 QTLs mapped for
shoot traits, the large majority, 13 QTLs, showed significant
Q×E related to the drought treatment (Table 1). Of the 12
QTLs mapped for root traits, only two showed significant
Q×E related to drought (Table 2). Some of the QTLs identi-
fied in the RIL population co-localized with significant SNPs
identified in the GWAS. For example, the RDW4 QTL
co-localized with a SNP associated with the SHORT ROOT
HAIR 1 (SRH1; At4g34580) gene. The FW1, FW4 and
DW2 QTLs co-located with SNPs associated with, respec-
tively, TARGET OF RAPAMYCIN (TOR; At1g50030),
CYTOCHROME P450 83A1 (CYP83A1; At4g13770) and
the sulphate transporter gene SULTR4;1 (At5g13550).

The effects of FT on the response to drought in
LD conditions

Since Arabidopsis may experience drought both in early
spring as in summer, thus with different photoperiods, we
also grew the RIL population under control and drought
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treatments using LD conditions. Next to FT, RosFW, RosDW
and WC were determined (Fig. 1c; Supporting Information
Table S3). The drought treatment had no significant effect on
FT; however, two FT QTL, QFT3 and QFT4, showed signifi-
cant Q×E in response to drought (Table 1). QTLs mapped for
RosFW, RosDW and WC in the LD experiment co-located
with QTLs mapped in SD experiment; however, significant
Q×E was observed for the majority of QTLs because of day
length when comparing the two control and the two drought
treatments. The FW3, FW4 and FW6 QTLs showed Q×E
because of day length in the control treatments but not in the
drought treatments, while the FW5, DW2 and WC5 QTLs
showed Q×E because of day length only in the drought treat-
ments and not in the control treatments.

The RIL population was also grown under well-watered
SD conditions and left to flower to obtain SD FT data. This
time, only FT and RosFW were scored (Supporting Informa-
tion Table S3). FT in SD is positively correlated with FT in
LD. Under SD conditions, the QFT2 and QFT6 loci
explained most of the phenotypic variance, with QFT2
showing Q×E, affecting FT more under SD than under LD
conditions. For QFT6, the major FT QTL in LD, explaining
around 30% of the phenotypic variance, the Col allele con-
tributed to increased FT. QFT3 was only mapped under
control conditions, with the Col allele reducing FT. QFT4 was
mapped in all conditions with the Col allele contributing to
early flowering in SD and the Sha allele contributing to
early flowering in LD. QFT4 co-localized with QTL for

Figure 2. GWA mapping results of the MTMM approach showing the −log10(P) values for SNPs associated with rosette fresh weight
(a), rosette dry weight (b), root length (c), root dry weight (d) and the ratio between root length and rosette dry weight (RL/RosDW)
(e). In each panel, the SNPs corresponding to the five Arabidopsis chromosomes are indicated in alternating blue/purple colours, with the
horizontal axes indicating genome sequence positions. Vertical axes indicate −log10(P) values. The −log10(P) significance threshold of 4 is
indicated with a horizontal dashed line. Vertical dashed lines indicate significant SNPs in genes with annotated functions, as reported in
Supporting Information Table S5. SNPs in Yellow Leaf Senecence7 and Flowering Locus C, which were two loci within the significance range
of relevant QTLs identified in the RIL population, are also indicated.
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RL/RosDW2, both with the Col allele contributing to higher
trait values. QFT5, of which the Sha allele reduced FT, was
only mapped under LD conditions. Sha provided the allele
increasing FT as well as the alleles contributing to higher
values for the co-locating FW1 and WC1 QTLs. QFT7
co-located with the FW6, DW3 and WC6 QTLs, all with the
Col allele contributing to higher trait values.

Validation of root length QTLs

As there was a striking difference between Col and Sha
concerning root length under drought stress conditions
(Fig. 1), we were interested to confirm the detected RL QTLs.
To first investigate the allelic contributions, the RILs were
classified into 16 genotypic groups based on all possible allelic
combinations at the four detected RL QTL in the SD drought
treatment (Fig. 4a). For RL1 and RL2, the Col alleles

increased RL, while for RL3 and RL4, the Col alleles
decreased RL. Only for RL4, Q×E was observed (Table 2).
anova indicated that under drought, there was significant
epistasis between RL2 and RL4 (P = 0.04), with the Col allele
at RL2 contributing to longer roots regardless of the nature of
the allele at RL4, while the Sha allele at RL2 contributed to
shorter roots only if there was a Col allele at RL4.

The effects of the RL loci on other root traits did not show
the same strong contrasts as for RL. Out of all 16 possible
allelic combinations, the longest and shortest roots under
drought are, respectively, caused by the AABB and BBAA
genotypes (Fig. 4e).To confirm this in an independent experi-
ment, and to determine any consequences for related traits,
seven RILs with the AABB genotype and six RILs with the
BBAA genotype were regrown under drought conditions.
RL, RosFW, RosDW and WC were determined for these
plants (Fig. 4f–i). anova confirmed the significant difference

Figure 3. A clustered heat map showing the QTL significance ranges based on the −log10(P) profiles of the measured traits in the
Sha × Col RIL population. The five columns indicate the five chromosomes, scaled in centimorgans, ascending from the left to right. Rows
indicate individual trait profiles. A colour scale is used to indicate the QTL significance level corresponding to the −log10(P) score, with a
−log10(P) score of 2 used as significance threshold. Red and black indicate a positive effect on the trait by the Col allele, blue and yellow
indicate a negative effect on the trait by the Col allele (meaning a positive effect on the trait by the Sha allele). The width of a bar indicates
the significance interval of the QTL. Hierarchical clustering, shown on the left, reflects the correlation between traits based on the QTL
profiles. LD and SD refer to long-day and short-day conditions and C and D refer to control and drought treatments, respectively. Rosette
FW-F-SD means fresh weight at flowering time under short days, RL/RosDW means the ratio between root length and rosette dry weight
(RosDW).
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for RL, RosFW and RosDW between AABB and BBAA,
but not for WC (data not shown).

Analysis of candidate genes identified after
GWA and RIL mapping

Candidate genes were identified on the basis of SNPs found
to be significantly associated with one of the investigated
traits of the GWA population. Priority was given to genes
that were reported to be associated with abiotic stress (Sup-
porting Information Table S5) and genes mapped to QTL
confidence intervals as identified in the RIL population. To
further provide experimental support for potential candi-
date genes, one set of accessions with highly contrasting
phenotypes was composed based on the ratio between
RosDW under drought and RosDW under control condi-
tions (Supporting Information Table S6), thus distinguishing
drought-tolerant (with a high ratio) and drought-sensitive
accessions (with a low ratio). The selected accessions with
contrasting phenotypes did not exhibit any distinguishing
geographic distribution. Most of the drought-tolerant acces-
sions had shorter total root system lengths in drought than
in control treatments, while most drought-sensitive acces-
sions showed much less variation in total root system length
when comparing both treatments (RL ratio often >1).
Another 20 accessions were selected based on the ratio
between RL under drought and RL under control condi-
tions (Supporting Information Table S7). Again, the selected
accessions did not exhibit any marked geographic distribu-
tion. In general, accessions with longer roots in the drought
environment exhibited higher RDW than accessions with
shorter roots.

Subsequently, the Arabidopsis 1001 genomes browser
(signal.salk.edu/atg1001/3.0/gebrowser.php; Weigel & Mott

2009) was used to compare the predicted amino acid
sequences of all genes reported in Supporting Information
Table S5 for the accessions with contrasting phenotypes,
meaning the genes closest to the significantly associated SNP
and the genes in linkage disequilibrium with such SNP. Most
of the examined genes did not show any clear amino acid
sequence differences between the extreme groups. However,
two genes did, the RIBOSOMAL PROTEIN S3C (RPS3C;
At5g35530; Supporting Information Fig. S1) and the
YELLOW LEAF SPECIFIC 7 (YLS7) gene (At5g51640;
Yoshida et al. 2001), also known as the TRICHOME
BIREFRINGENCE-LIKE 17 (TBL17) gene (Supporting
Information Fig. S2). The RPS3C gene was associated with
RL/RosDW and showed a significant Q×E effect. The GWA
accessions for which genome sequence information was
available were classified into five haplotypes for this gene and
compared with each other with respect to average
RL/RosDW values in control and drought treatments (Sup-
porting Information Fig. S1b). The haplotype group ‘Wei-0’,
which included Col, showed a significantly different
RL/RosDW under drought when compared with the
haplotype group including Sha. To verify that the observed
variation was not just due to a generally variable region of
the genome, we also compared the coding regions of 25 genes
upstream and 25 genes downstream of the RPS3C gene, but
no common differences were observed between both groups
(data not shown). A haplotype analysis of RPS3C showed
that accessions with the ‘Sha’ haplotype had a higher
RL/RosDW ratio in the drought treatment than accessions
with the ‘Col’ haplotype, in line with the QTL results found
for the RIL population. Thus, the unique variation in the
RPS3C gene, corresponding to the observed SNP association
with RosDW, strongly supports its candidacy as the causal
gene underlying the trait variation.

Table 2. QTLs detected for root traits of the Sha × Col RIL population grown under short-day (SD) conditions in control and drought
treatments using the MTMM approach

Trait QTL SD (control) SD (drought)

Unit Name Chr. cM −log10(P) Q×E Effect R2 Effect R2

Root length (cm) RL1 1 31.9 3.8 ns 25.34 4.9 25.34 5.6
RL2 1 83.1 2.2 ns 18.17 2.5 18.17 2.9
RL3 4 68.3 2.7 ns −21.28 3.5 −21.28 4.0
RL4 5 63.6 3.6 s 12.50 1.2 −27.74 6.8

Root dry weight (g) RDW1 1 31.9 3.1 ns 0.008 4.9 0.008 3.2
RDW2 1 83.1 2.1 ns 0.002 3.1 0.002 2.0
RDW3 4 68.3 2.9 ns −0.006 4.7 −0.006 3.1
RDW4 5 43.1 2.2 ns −0.004 3.2 −0.004 2.1

RL/RosDW (cm g−1) RLROSDW1 1 31.9 3.4 ns 223.5 4.6 223.5 2.8
RLROSDW2 3 3.8 2.2 ns 174.3 2.8 174.3 1.7
RLROSDW3 4 68.3 4.4 ns −263.6 6.4 −263.6 3.9
RLROSDW4 5 63.6 3.6 s 237.0 5.2 −278.7 4.3

Chromosome numbers (Chr.) and chromosomal positions (in centimorgans, cM) are indicated. The abbreviated trait name column (‘name’) lists
the identified QTL names arranged according to chromosome number and position. RL/RosDW is the ratio between root length. −log10(P)
indicates the QTL significance level. ‘s’ and ‘ns’ refer to significant and non-significant QTL by environment interaction (Q×E). Positive ‘effect’
values indicate that the Col allele contributes to an increase in the trait value, while negative values indicate that the Sha allele contributes to
a trait value increase. Units for effect are the same as the trait units. R2 indicates the percentage of total phenotypic variance, which is explained
by each QTL.
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Figure 4. Analysis of the phenotypic effect of variation at the RL1, RL2, RL3 and RL4 root length QTLs detected in the Sha × Col RIL
population (Table 2), on rosette fresh weight, rosette dry weight, water content and root length. Error bars refer to standard errors of the
means. (a) Root lengths for RILs classified according to their genotypes for each of the RL QTLs. (b–e) All RILs were classified based on
the four possible allelic combinations at all four RL QTL and rosette fresh weight (b), rosette dry weight (c), water content (d) and root
length (e) were determined. (f–i) Results of a QTL validation experiment in which 13 RILs, seven with the AABB genotype and six with the
BBAA genotype, were regrown in a drought treatment, with three replications each and phenotyped for rosette fresh weight (f), rosette dry
weight (g), water content (h) and root length (i). A significant difference of the BBAA genotype from the AABB genotype is indicated with
* (P < 0.05).
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The SNP mapped to the YLS7 gene was associated with
RL with –log10(P) = 3.7. This SNP was in the confidence
interval of RL4, and for both RL4 and the SNP associated
with YLS7. the Col allele contributed to increased RL in the
control treatment and to decreased RL in the drought treat-
ment.When the two sets of 10 accessions with contrasting RL
ratio phenotypes (Supporting Information Table S7) were
examined for their YLS7 predicted amino acid sequence
variations, this showed common differences between both
sets (Supporting Information Fig. S2a). Comparing control
and drought root length phenotypes of four haplotype
groups for YLS7 showed that the ‘Sha’ haplotype group was
clearly distinct from the other three haplotype groups,
showing a longer root system in drought than in the control
treatment, with the largest difference with the ‘Col’
haplotype group (Supporting Information Fig. S2b). When
examining the sequences of 25 genes upstream and 25 genes
downstream of YLS7, a similar distinction between acces-
sions was found for the neighbouring gene, At5g51630, anno-
tated to encode a TIR-NBS-LRR class of disease resistance
protein (Supporting Information Fig. S3). The haplotype
analysis for this gene showed that the RL under drought of
the haplotype group ‘Sha’ is not different from that of the
‘Col’ haplotype group, and ‘Sha’ also shows no significant
difference between RL in the drought or control treatments
(Supporting Information Fig. S3b). Thus, these results
suggest that At5g51630 is less likely than YLS7 to be the
candidate gene underlying RL4.

DISCUSSION

To assess the extent of natural variation in rosette and root
morphological responses to drought, we studied the response
to drought in a GWA population and the Sha × Col RIL
population, grown on sand under greenhouse conditions. A
general mechanism observed here to cope with drought was
by increasing the root to shoot biomass ratio under drought,
as reflected in the RL/RosDW trait. When comparing Col
and Sha, the two parental lines of the RIL population, Col
had longer roots, and consequently higher RL/RosDW, than
Sha in the control environment, while Sha had longer roots,
and consequently higher RL/RosDW, in the drought environ-
ment. This is similar to what was reported for their response
to potassium starvation (Kellermeier et al. 2013). In general,
longer roots enable plants to take up more water, illustrated
here by the positive correlation observed between RL and
WC. However,WC was negatively correlated with RosDW in
the drought treatment in the RIL population, which can be
explained by closing stomata under drought and as a result
reducing transpiration and nutrient uptake. It seems that Sha
and Col represent accessions with extreme contrasting phe-
notypes as in the HapMap population; RosDW and WC were
positively correlated.

The positive correlation observed between some traits
under control and drought stress suggests commonalities in
their genetic regulation, which was confirmed by finding
co-location of significant SNPs for correlated traits. However,
also, contrasting correlations between traits and between

treatments were observed, which suggest condition-specific
genetic determination of at least some of the traits (QTL×E).
In contrast to many plant GWAS, which used univariate
analysis, we applied a bivariate analysis, the MTMM
approach (Korte et al. 2012), which accounts for context-
dependent QTL effects. Statistical models that explicitly
account for G×E will help to discover novel genes that act
synergistically with environment (Thomas 2010), potentially
leading to the identification of superior and stable genotypes
across different environments if applied in crop breeding
(Filiault & Maloof 2012).

We compared plants grown under SD conditions with
LD-grown plants. In general, the LD-grown plants exhibited
higher RosDW than the SD-grown plants, but in terms of
identified QTLs, there was hardly any difference (Table 1),
suggesting that loci involved in drought tolerance will do so
irrespective of day length. In a study where different traits
are analysed, co-location of QTL for different traits can be
found. This may be due to pleiotropy, but such is difficult to
distinguish from close linkage of different loci without
further analysis. Although FT itself was not notably affected
by drought, there were several growth-related QTLs that
co-located with FT loci. Such is known to occur frequently in
Arabidopsis (as reviewed previously (Alonso-Blanco et al.
2009)). QFT3 was mapped only in control environments, with
significantly different effects between LD and SD flowering.
It co-located with WC2, which in SD conditions is also only
found in the control treatment, suggesting pleiotropy. The
QFT3 mapping interval comprises the EARLY FLOWER-
ING 3 (ELF3) gene, which was mapped earlier in the
Bay × Sha RIL population (Jiménez-Gómez et al. 2010). In
contrast, the QFT5 locus was only found in LD. It did not
co-locate with other growth trait QTLs, but co-located with
another LD-FT QTL, previously mapped in the Nd × Col
population (Werner et al. 2005). The QFT5 confidence inter-
val comprises the TWIN SISTER OF FT (TSF) gene, a gene
known to affect FT (Brachi et al. 2010). QFT3 and QFT5 are
typical examples of loci showing conditional neutrality,
having a phenotypic effect in some environments, but not all
(Anderson et al. 2011; El-Soda et al. 2014). The QFT4 locus
co-located with the RLROSDW2 loci to the top of chromo-
some 3. A FT QTL was previously mapped in the same
population (Simon et al. 2008), as well as in the Landsberg
erecta (Ler) × Sha population (El-Lithy et al. 2004). QFT4
showed Q×E in response to drought and day length, but as
this was not seen for the RLROSDW2 locus, pleiotropy is a
less likely reason for the co-location.

In addition, some of the identified root trait QTLs
co-located with root trait QTLs mapped in previous studies.
For example, Galpaz & Reymond (2010) used the same RIL
population to map six QTLs for RL under control and salt
stress conditions, of which two co-located with the RL1 and
RL2 QTLs we found and a third QTL co-located with the
RLROSDW2 QTL. RLROSDW2 also co-located with QTLs
for similar traits previously mapped in the hydroponically
grown Bay-0 × Sha RIL population (Bouteillé et al. 2012).
For all loci mapping in this region, the Sha allele contributed
to a decrease in the trait values.
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While the great advantage of GWAS over other mapping
studies is the high mapping resolution that can be achieved
once a suitable, well-genotyped, mapping population has
been constructed, there are also a few disadvantages. One is
that because of the large numbers of markers, it is difficult to
maintain statistical power while controlling for false posi-
tives. Thus, it is not easy to choose an appropriate signi-
ficance threshold. To exclude false positives, a conservative
Bonferroni correction should be applied, which would mean
a significance threshold of −log10(P) = 6.5. This would result
in no significant SNPs with our dataset. Since previous
approaches using a threshold of –log10(P) = 4 gave good
enrichment for a priori candidates (Atwell et al. 2010; Li et al.
2010), we used the same threshold. Unfortunately, so far, very
few of the candidate genes coming from GWAS in
Arabidopsis have been confirmed by subsequent molecular
genetic analysis, questioning if this threshold is indeed suffi-
ciently selective. One example of such confirmation is the
recently identified variation in a new F-box gene, Kurz-und-
Klein (KUK). GWA identified an associated SNP almost
reaching the significance threshold after Bonferroni correc-
tion, which was confirmed at the gene sequence level to be
associated with variation in root development (Meijon et al.
2014).

Another disadvantage of GWAS is a poor ability in detect-
ing rare alleles even if they have large phenotypic effects. A
good example of this was recently explained for the
Arabidopsis GA5 locus (Barboza et al. 2013). Combining tra-
ditional linkage mapping with GWA is attractive to reduce
the rate of false positives and to detect false negatives
(Nordborg & Weigel 2008; Atwell et al. 2010; Bergelson &
Roux 2010; Brachi et al. 2010; Sterken et al. 2012; Weigel
2012). That is why we searched the confidence intervals of
QTLs mapped in the RIL population, for SNPs associated
with the same traits. Two of such associations were found, for
RosDW, associated with FLC, and for RL, associated with
YLS7. This may seem few; however, one has to consider that
Col and Sha will reflect only a limited fraction of the genetic
variation present in the GWA panel. The FLC gene is mainly
known for controlling FT, but it is also known for its
pleiotropic effects on other traits, for example, rosette size in
Arabidopsis (Boss et al. 2004), and leaf size and biomass in
tobacco (Salehi et al. 2005). Although it was mapped with
–log10(P) = 3.6, we find this sufficient reason to consider
FLC a good candidate gene underlying the variation for
RosDW, and corresponding to the DW2 and QFT6 QTLs
mapped in the RIL population.

A similar case was found for the YLS7 gene, also known as
TBL17, which is considered as the causal candidate gene
underlying the RL4 QTL. For both RL4 as well as the asso-
ciated YLS7 SNP, the RL promoting allele was from the Col
haplotype in the control treatment and from the Sha
haplotype in the drought treatment. The YLS7 gene was first
identified in a screen for senescence-induced genes (Yoshida
et al. 2001), but no function was suggested for it. A recent
study of Ponkan mandarin (Citrus reticulata) showed that the
CrYLS7 gene was transcriptionally down-regulated when
fruits were stored in the cold (Zhu et al. 2011). YLS7 belongs

to the TBL (TRICHOME BIREFRINGENCE-LIKE)
family of 46 genes in Arabidopsis, which are characterized by
encoding a Domain of Unknown Function 231 (DUF231;
Moreno et al. 2012). Very few of these genes have been func-
tionally analysed. The ESKIMO1 gene, also known as
TBL29, is acting as a negative regulator of freezing tolerance
(Xin & Browse 1998; Xin et al. 2007) and is involved in tol-
erance to salt and drought (Lugan et al. 2009; Lefebvre et al.
2011). The PMR5 or TBL44 gene induces resistance to
powdery mildew and enriches the cell wall with pectin
(Kreimer et al. 2012). Mutants of the TRICHOME BIRE-
FRINGENCE (TBR) and co-expressed TBL3 genes, also
show altered cell wall pectin compositions, as well as altered
stem, rosette and root growth phenotypes (Moreno et al.
2012). Altogether, these examples illustrate that several
members of the TBL gene family have a role in pectin com-
position of the cell wall, which easily envisions a role for
YLS7/TBL17 alleles to affect root growth. However, final
proof supporting the candidacy of YLS7 as the gene under-
lying the RL4 QTL will need to come from confirming the
differential functions of the Col and Sha YLS7 alleles on RL.
Such will also exclude the possibility that not YLS7, but the
neighbouring TIR-NBS-LRR disease resistance-like gene
(At5g51630) is the causal gene. Our results showed that this
gene is less likely to affect root growth when compared with
YLS7 and SNPs in this gene are not in LD with the SNP in
YLS7.

Like the YLS7 gene, the RPS3C gene (Barakat et al. 2001)
associated with RL/RosDW, was identified to have different
alleles distinguishing accessions with contrasting phenotypes
for RosDW. This gene is transcriptionally induced by salt
stress in Arabidopsis roots. The RPS3C protein binds
phosphatidic acid (McLoughlin et al. 2013). Phosphatidic
acid is a signalling lipid that rapidly accumulates in roots in
response to a wide array of abiotic stress stimuli including
drought (McLoughlin & Testerink 2013). It is the only gene in
a large genomic region comprising the 25 genes upstream and
downstream of RPS3C to show sequence differences distin-
guishing accessions with contrasting RL/RosDW ratios (Sup-
porting Information Fig. S1). This included the other gene in
the region for which an associated SNP was found, the
AT5G35580 gene, encoding a disease resistance-related
protein kinase gene (Supporting Information Table S5).

Next to these genes, several genes that were corresponding
to associated SNPs are implicated in drought stress response
and are worthwhile following up. A SNP mapped to the
SNF1-RELATED PROTEIN KINASE 2.2 (SnRK2.2) gene
(Fujii et al. 2007) was associated with RDW. The double-
mutant snrk2.2/snrk2.3 was showing abscisic acid (ABA)-
insensitive phenotypes in seed germination and root growth
(Fujii et al. 2007) and the Arabidopsis triple-mutant snrk2.2/
snrk2.3/snrk2.6 was found to be nearly completely ABA
insensitive, exhibiting greatly reduced tolerance to drought
(Fujii & Zhu 2009; Kulik et al. 2011). Thus, this gene is a key
regulator of ABA signalling and an interesting candidate for
a drought responsive QTL.

Another association was found between RosDW and a
SNP in the TARGET OF RAPAMYCIN (TOR) gene,
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encoding a growth regulator involved in sensing nutrient
availability (Dobrenel et al. 2011; Liao et al. 2011; Ren et al.
2012; Caldana et al. 2013). Overexpression of TOR increased
shoot biomass and resistance to stresses (Dobrenel et al.
2011), while the inhibition of TOR resulted in reduced root
and leaf growth, leading to poor nutrient uptake and poor
light energy utilization (Ren et al. 2012). Thus, different
alleles of this gene may well contribute to the variation
in RosDW we found for drought-sensitive and tolerant
accessions.

Finally, a SNP for the SHORT ROOT HAIR1 (SHR1) or
CAN OF WORMS1 (COW1) gene was associated with RDW.
This gene encodes a phosphatidylinositol transfer protein
needed for root hair elongation (Bohme et al. 2004).
Although this is not directly involved in root growth,
impaired root hair elongation is likely to affect other growth
traits, especially under drought stress.

In conclusion, this study investigated the differential geno-
typic response of Arabidopsis to drought stress. We showed
promising associations between SNPs in relevant genes and
drought tolerance related rosette and root traits. However,
additional confirmation will need to be obtained from the
phenotypic analysis of null mutants and reciprocal allele
transformations, as well as from studying differential gene
expression and co-expression networks to validate their can-
didacy as genes underlying the observed phenotypic vari-
ation. If so, this will also reveal more on the functions they
have in the response of Arabidopsis to drought, in which the
knowledge can potentially be used to improve drought stress
tolerance in crops.
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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:

Figure S1. (a) Comparison of predicted amino acid
sequences (AA) for the RPS3C gene (At5g35530) identified
in the GWA mapping population, based on the image pro-
vided by the 1001 genome browser (http://signal.salk.edu/
atg1001/3.0/gebrowser.php). The dashed line indicates the
position of the SNP associated to the mapped trait, RL/
RosDW. The comparison is shown for the 10 accessions with
the highest and lowest RosDW ratios as shown in Supporting
Information Table S6. Based on the predicted AA sequences
of this gene, 160 re-sequenced accessions of the GWA popu-
lation were classified to five haplotypes of which RL/RosDW
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ratios as determined in the control and drought treatments
are shown (b).The number of accessions in each haplotype is
indicated (n). Significant differences between the phenotypic
values are indicated with a, b and c.
Figure S2. (a) Comparison of predicted amino acid
sequences (AA) for At5g51640 (YLS7), a gene identified in
the GWA mapping population, based on the image provided
by the 1001 genome browser (http://signal.salk.edu/atg1001/
3.0/gebrowser.php). The position of the SNP associated with
RL was close to YLS7 and co-locating with RL4 as identified
in the Sha × Col RIL population. The comparison is shown
for the 10 accessions with the highest and lowest RL ratios as
shown in Supporting Information Table S7. Based on the
predicted AA sequences of this gene, 160 re-sequenced
accessions of the GWA population were classified to four
haplotypes of which RL values as determined in the control
and drought treatments are shown (b). The number of
accessions in each haplotype is indicated (n). Significant
differences between the phenotypic values are indicated with
a and b.
Figure S3. (a) Comparison of predicted amino acid sequences
(AA) forAt5g51630,a putative disease resistance gene neigh-
bouring YLS7 (Supporting Information Fig. S2), between the
accessions with the highest and lowest RL ratios as shown in
Supporting Information Table S7, based on the image pro-
vided by the 1001 genome browser (http://signal.salk.edu/
atg1001/3.0/gebrowser.php). Based on the predicted AA
sequences of this gene, 160 re-sequenced accessions of the
GWA population were classified to four haplotypes of which
RL values as determined in the control and drought treat-
ments are shown (b). The number of accessions in each

haplotype is indicated (n). Significant differences between the
phenotypic values are indicated with a and b.
Table S1. anova table showing the population mean (with
standard deviation, SD), maximum and minimum values for
three replications of rosette fresh weight and dry weight and
two replications of root length and root dry weight of
Arabidopsis accessions of the GWA population grown in a
well-watered control treatment (control) and a drought
treatment (drought).
Table S2. Pearson correlations for the indicated traits
phenotyped in the GWA population grown in a control (C)
and drought (D) treatment.
Table S3. Phentoypic analysis of indicated traits determined
for the parental lines and the Sha × Col RIL population
grown in a control (C) and drought (D) treatment in long and
short-day conditions.
Table S4. Pearson correlations for the analysed traits of the
Sha × Col RIL population grown in control (C) and drought
(D) treatments under long-day (LD) and short-day (SD)
conditions.
Table S5. List of candidate genes mapped for shoot and root
traits, as identified in the analysis of the Arabidopsis GWA
mapping population.
Table S6. The 10 most drought-sensitive and drought-
tolerant accessions identified in the GWA mapping popula-
tion, ranked according to the lowest, respectively, highest
drought to control rosette dry weight ratios (RosDW).
Table S7. The 10 most drought-sensitive and drought-
tolerant accessions identified in the GWA mapping popula-
tion, ranked according to the lowest, respectively, highest
drought to control root length ratios (RL).
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