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Chapter 1: Introduction

Part of this introduction has been submitted as an invited review to Trends in Plant Sciences
entitled “Genotype by environment interaction and QTL mapping in plants. Lessons from
Arabidopsis thaliana”, by Mohamed El-Soda, Marcos Malosetti, Bas J. Zwaan, Maarten
Koornneef and Mark G.M. Aarts.

Plant response to drought

Drought has been, and will continue to be, a strong and important selective regime in plant
populations (Juenger, 2013). As plants cannot migrate when challenged by fluctuations in
environmental conditions, such as drought, they need to cope and adapt to the new fluctuating
environment. Therefore, plants have evolved three adaptive strategies to colonize terrestrial
ecosystems with limited water availability and to optimise their growth under such conditions.
The first strategy is drought escape by early flowering to avoid that major periods of growth and
reproduction overlap with periods of water-deficit. The second strategy is drought avoidance via
adaptive responses that maintain plant water status even in the face of a drying environment. This
can happen by increasing water uptake via increasing the root to shoot biomass ratio, and/or by
reducing water loss via transpiration by closing stomata. Stomatal closure results in a
concomitant decrease in CO, availability in leaves and hence a decrease in availability of
assimilates. Also, stomatal closure forces the Rubisco enzyme to lose its favoured '*C isotope and
to decrease its discrimination against the '>C isotope, causing an increase in the "°C isotope. The
carbon isotope ratio, & "°C, is a useful and simple measure of water use efficiency (WUE) which
is defined as carbon gain at the cost of water loss. Increasing WUE is a drought tolerance
mechanism that protect plant cells and tissues from water deficit in a way that allows for recovery
(Tuberosa, 2012; Assmann, 2013; Juenger, 2013; Tardieu, 2013). Another measure of WUE that
is readily quantified is the transpiration efficiency (TE), measured as grams of biomass produced
per gram of water used. In general, WUE is higher in C4 photosynthesis species, such as maize,
sorghum, than in C; photosynthesis species, but & °C can be measured only in C; (Assmann,

2013; Tardieu, 2013). One of the few successful applications of & '°C in breeding programs was



achieved in wheat by selecting genotypes with low & "*C that showed high TE and increasing
aerial biomass under drought conditions (Rebetzke et al., 2002).

Another drought tolerance mechanism is osmotic adjustment (OA), a metabolic process by which
plants protect their cellular function, and entails an increase in intercellular solutes, such as
proline, glycine betaine, sugar, alcohols and other compounds, in response to water stress
(Verslues and Juenger, 2011; Tuberosa, 2012). However, the trade-off between metabolic
requirements for OA and the potential benefits for crops, varies on a case-by-case basis as a
function of the crop and the dynamics and severity of the drought episodes (Tuberosa, 2012). OA
and all other mechanisms that protect plant cells from the harmful effects of dehydration are
regulated by genes that are modulated by the plant hormone abscisic acid (ABA). ABA is a
fundamental component of the mechanisms allowing plants to avoid or tolerate low water
availability. For example, the ABA concentration in leaf tissues is one of the main factors
affecting transpiration through stomatal closure and water uptake through the root to shoot
biomass ratio (Tuberosa, 2012). In addition, ABA regulates the accumulation of the amino acid
proline in plants experiencing abiotic stresses (Sharma et al., 2011). Proline, antioxidants such as
ascorbic acid, anthocyanins and tocophorol, are known to be scavengers for Reactive Oxygen
Species (ROS) that together with enzymes such as superoxide dismutase and catalases that
degrade ROS, reduce the damage of ROS to the structure of stressed plant cells (Mittler, 2002;
Cruz de Carvalho, 2008; Bhatt et al., 2011; Setter, 2012; Bhargava and Sawant, 2013; Liang et
al., 2013). In general, drought stress shares common aspects with other stresses such as low

temperature and salt stress (Zhu, 2002).
Plasticity and genotype by environment interaction

The ability of a genotype to produce distinct phenotypes in different environments, often as a
way to adapt to the environment, is known as phenotypic plasticity. This is in general trait and
developmental stage specific (Scheiner, 1993) and depends very often on the genotype.
Phenotypic plasticity can be described in so-called reaction norms, depicting the phenotypic
values of different genotypes over several environments (Figure 1). In the absence of an
interaction between genotype and environment, the reaction norms will run parallel to each other,
also called “non-cross over interaction” (DeWitt et al., 1998; Sultan, 2000; Pigliucci, 2005; Van
Kleunen and Fischer, 2005; Mitchell-Olds and Schmitt, 2006; Ellers and Stuefer, 2010; Nicotra et



al., 2010; Herman and Sultan, 2011; Assmann, 2013; Juenger, 2013). When phenotypic plasticity
differs between genotypes, making the reaction norms to potentially cross, this is considered as
genotype by environment interaction (GxE). In practice this means that a genotype performing
superior in one environment may perform less well in another environment (Kang and Donald,

1997; Weigel, 2012; Assmann, 2013; Juenger, 2013).
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Figure 1: Reaction norms of two genotypes illustrating three cases; (A) no plasticity or GXE. (B)
phenotypic plasticity, the trait value changes across environments but the rank order of genotypes
across environments remains unchanged (non-crossed parallel reaction norms). (C) GxE causes
significant rank changes among genotypes evaluated in different environments (crossed reaction

norms).

GxE is not limited to the interaction between a single plant or genotype, and its surrounding
environmental conditions, but may extend to the interaction between individual genotypes, or
between plant genotypes and pathogen genotypes in the same environment, known as genotype
by genotype by environment interaction (GxGxE) (Agrawal, 2001; Mutic and Wolf, 2007;
Jorgensen, 2012). This means an expansion of the description of the plant phenotype (P) as the

combined effect of genetic composition (G) and heterogonous environmental factors (E), with a



GxE component, leading to P = G + E + GxE (Mackay, 2001; Bernardo, 2008; Visscher et al.,
2008). As a consequence, if there is no GxE, a variety trial in a breeding program conducted at
only one location will provide universal results (Kang and Donald, 1997). Often this is not the
case, as there is GxE, meaning that discarding genotypes evaluated in only one environment in
early stages of breeding programmes, bears the risk to discard genotypes with the potential to
perform well in other environments, or genotypes that perform relatively well in many
environments. Thus some potentially useful genetic variation and favourable alleles can be lost
due to limited testing (Ceccarelli et al., 1994; Kang and Donald, 1997). This is why evaluating
genotypes in multiple environments will help to identify superior and stable genotypes across
different environments, providing more robust breeding results, and offering insights into the
genetic basis of GXE (Bergelson and Roux, 2010; van Eeuwijk et al., 2010). The latter is of great
interest for crop breeders to realise how much of the selection progress achieved in one
environment can be carried over to other environments (Kang and Donald, 1997; Van Kleunen
and Fischer, 2005; Nicotra et al., 2010).

The caution to be careful with extrapolation of the results of plants grown in unnatural,
controlled, environments to plants grown in the field, because of the expected large GxE
(Tuberosa, 2012), is supported by several results from Arabidopsis thaliana (Arabidopsis). For
instance, in several studies very poor correlation was reported between variation for flowering
time (FT) scored in field experiments and FT variation observed under greenhouse conditions
(Brachi et al., 2010; Hancock et al., 2011; Méndez-Vigo et al., 2013). The majority of the
candidate genes found to control FT in the field, were involved in the regulation of the circadian
clock and were not associated with the genes controlling flowering time under greenhouse
conditions. This means that under natural conditions (in the field), FT is modulated by more
complex environmental cues that are most likely absent under controlled conditions. Another
example reported significant differences in leaf sizes, shapes and pigment composition when
comparing field and climate chamber grown Arabidopsis raised under different light conditions
(Mishra et al., 2012). Similar major differences were found in adjusting the functions of
individual proteins involved in the photosynthetic apparatus when shifting Arabidopsis from
climate chamber to the field (Jinkdnpéi et al., 2012). So, to fully understand GxE and its role in
shaping adaptive variation under natural conditions, and to extrapolate such knowledge to plant

breeding and ecological studies, it is vital to also consider plants grown in the field or similar
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conditions rather than focus solely on plants grown under climate chamber conditions.
Alternatively, controlled climate chamber conditions reflecting natural conditions should be
found that allow extrapolation of the results to field grown plants, as was done by Li et al (Li et

al., 2010).
Fitness trade-offs, antagonistic pleiotropy and GxE

Evolutionary biologists have long recognized that traits improving fitness in local environments
can have neutral effects or even be deleterious in non-local environments, thus explaining
apparent fitness trade-offs between environments. One of the mechanisms underlying trade-offs
is antagonistic pleiotropy, a single allele yielding higher fitness in one environment causes a
fitness decrease in another environment. Potentially this is crucial in determining a species’ range
(Moran, 1992; DeWitt et al., 1998; Agrawal, 2001; Elena and Sanjuan, 2003; Hall et al., 2010;
Anderson et al., 2011; Fournier-Level et al., 2011; Leinonen et al., 2013). To date, only few
examples of antagonistic pleiotropy in plants have been reported, mainly for Arabidopsis
(Scarcelli et al., 2007; Todesco et al., 2010; Fournier-Level et al., 2011), but also for example for
Arabidopsis lyrata (Leinonen et al., 2013) or Mimulus guttatus (Hall et al., 2010). The reason for
this is probably the high statistical power required to demonstrate antagonistic pleiotropy, as the
fitness advantage of the local allele can only be considered if it contributes to statistically
significant phenotypic differences when comparing two contrasting environments (Anderson et
al., 2011).

Studying Arabidopsis fitness response to early flowering showed that the epistasis between FRI
and FLC has an effect on plant survival in different environments. For example, fall-germinating
Arabidopsis accessions with functional FRI alleles showed higher winter survival in one FLC
allelic background, whereas, spring-germinating accessions with deletion of the FRI allele had
greater seed production in another FLC allelic background (Korves et al., 2007). A recent genetic
analysis in A. thaliana reported many genetic markers associated with conditional neutrality and
weak antagonistic pleiotropic effects controlled by allelic variation at two genes, CHROMATIN
REMODELING 8 (CHRS), involved in DNA repair after viral infection, and SENESCENCE-
ASSOCIATED GENE 21 (SAG21), involved in water stress tolerance. CHRS was associated with
survival in Germany although it was established in the northern distribution range of the species,

while SAG2] was associated with survival in Finland although it was established in a more
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southern distribution range (Fournier-Level et al., 2011). An example that is related to trade-offs
between growth performance and resistance to biotic stresses was found in the effect of an allele
of the ACCELERATED CELL DEATH 6 (ACD6) gene that was found in about 20% of all 4.
thaliana plants sampled throughout the world. Although this allele slows down plant growth, it
also has antagonistic pleiotropic effects (Figure 2-II) by increasing plant resistant to pathogens

(Todesco et al., 2010).
Mapping populations

A common way to do the genetic analysis of a trait is to perform a so-called Quantitative Trait
Loci (QTL) mapping (Koornneef et al., 2004; Alonso-Blanco et al., 2009), a process of
constructing linkage maps and conducting QTL analysis to identify genomic regions associated
with traits (Collard et al., 2005). Conducting QTL studies requires segregating populations, often
derived from the cross of two parental lines, such as a population of F2 or F3 lines, back-cross
(BC) lines, doubled haploid (DH) lines, or Recombinant Inbred Lines (RILs). The advantage of a
BC, DH or RIL population is that if a sufficient number of generations is used, individual lines
are nearly homozygous and they can be easily propagated by selfing. BC and RIL populations
have the additional advantage that when earlier generations are kept, they still contain sufficient
residual heterozygosity to allow the confirmation of QTL via heterogeneous inbred families
(HIF), in which only a small portion of the genome segregates for the two parental alleles
(Tuinstra et al., 1997; Joosen et al., 2012). To overcome the limited number of recombinations
found in the RIL progeny of a biparental cross, advanced intercross RIL populations (AIC-RIL)
(Balasubramanian et al., 2009) have been developed, in which the number of recombinations is
increased by intermating F2 and later generations before inbred lines are derived. To even further
increase the number of alleles and number of recombinations, the multiple parents populations
such as the Multiple Advanced Generation Inter-Cross (MAGIC) population (Kover et al., 2009)
and the Arabidopsis multiparent RIL (AMPRIL) population (Huang et al., 2011) were introduced.
Both MAGIC and AMPRIL populations, allow the use of both linkage and association
methodologies without the difficulties of highly structured populations (Cavanagh et al., 2008).
Mapping using MAGIC or AMPRIL populations is more complex than with RIL populations, but
with a sufficiently high density of intermediate frequency markers, it is possible to infer the most

likely local founder genotype. In addition, the accuracy of QTL mapping increases with using the
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MAGIC and AMPRIL populations. but not all possible QTL that can be found in pairwise
crosses between some of the parents are detected (Weigel, 2012).

An alternative approach to the QTL analysis of the progeny of selected crosses to identify genes
underlying natural variation is to use genome wide association studies (GWAS). The advantage
of GWAS over selected cross progeny analysis is that genotypes from naturally evolved and
adapted populations can be used, which will make elegant use of historical recombinations
accumulated over thousands of generations in random mating populations, as part of the
evolutionary events that have shaped natural genetic variation. Since large numbers of diverse
genotypes should be used to obtain sufficient statistical power, the genetic resolution to identify
single nucleotide polymorphisms (SNPs) associated with QTL for the examined trait is generally
high, potentially sufficiently high to narrow down the associated region to one or few genes,
without the need for additional fine-mapping (Zhu et al., 2008; Mackay et al., 2009; Rafalski,
2010; Weigel, 2012). In A. thaliana, community efforts have been made to generate appropriate
GWAS panels, including the required high density SNP genotyping (Atwell et al., 2010; Li et al.,
2010). In A4. thaliana the decay of linkage disequilibrium is less than 5 to 10 kb, often comprising
only one or two genes, which means that a very dense haplotype map created with around

250,000 SNPs should be sufficient for proper GWAS (Li et al., 2010; Weigel, 2012).
From GxE to mapping QTL by environment interaction

In order to predict the genotypic response to selection, the broad sense heritability should be
estimated, which is the proportion of total phenotypic variance (V) for a trait, among individuals
in a population that is due to heritable genetic variance (V;). This should include an estimate for
the environmental variance, Ve, as V,= Vy + V. (Holland et al., 2003; Visscher et al., 2008;
Chevin et al., 2010; Eichler et al., 2010). Although heritability components, genetic variance (V)
and phenotypic variance (V},), are significantly associated, the sum of V, of individual QTL rarely
explains the whole heritability of a trait, which results in questioning the missing heritability.
This missing heritability can be attributed to many reasons, such as variation resulting from
epistasis, epigenetic variants, rare variants associated with association mapping studies, many
small effect QTL contributing to phenotypic differences (Manolio et al., 2009; Eichler et al.,
2010; Brachi et al., 2011), and GXE (Thomas, 2010).
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To dissect GXE into its individual genetic components, the genetic complexity of phenotypic
responses to the environment and their allelic composition underlying QTL should be considered.
As a consequence, GXE will be corresponding to, often several, QTL by environment interactions
(QxE), which together reflect the sensitivity of the QTL to the environment (Mackay, 2001;
Doerge, 2002; Koornneef et al., 2004; Malosetti et al., 2004; Boer et al., 2007; Holland, 2007;
Bernardo, 2008; Mackay et al., 2009; Weigel, 2012; Assmann, 2013). Based on the effect of each
QTL in all tested environments, QTL can be classified into: (i) constitutive QTL, also called
environmentally stable QTL, with a small QxE effect but a large main effect in different
environments, which are the main target for breeding programs, as the effect of a QTL is similar
in all environments (Figure 3 - QTL1 and 2). (ii) Environment specific QTL, with the QTL
showing an effect in one environment but no effect in another (Kamoshita et al., 2002; Malosetti
et al., 2004; Tuberosa and Salvi, 2006; Holland, 2007; Tuberosa, 2012; Zhao and Xu, 2012)
(Figure 3 — QTL3). Such effect is commonly introduced as conditional neutrality which obstructs
the transferability of QTL mapping results (Mackay, 2001). (iii)) A QTL has significantly
different effects in all environments (Figure 3 — QTL4), which is considered as QxE. (iv) Finally,
the QTL can have opposite effects in different environments (Figure 3 — QTLS) which was

introduced earlier as antagonistic pleiotropic effect.
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Figure 3: Environment-specific QTL effects. QTL1 and QTL2 are main effect QTL with a
positive and negative additive effect respectively. QTL3 is detected under one environment only.
QTLA4 represents a QTL that has a strong effect in one environment and a weaker effect in
another. QTLS represents a QTL that has opposite additive effects under both environments.

Statistical models for detecting QxE

From a statistical point of view, detecting GXE and QXE consists in finding significant deviations
from the additive, major effect QTL, model when modelling the response of at least two
genotypes in at least two environments. In the analysis, a trait measured in two environments
typically is regarded as two different traits implying that the physiological mechanisms
underlying the same plant trait might be different across environments, and consequently, the loci
underlying that differential performance are also different (Kang and Donald, 1997).

Different approaches have been used to detect QxE. (i) A standard two-way ANOVA (Carena et
al., 2009). (i) Multivariate composite interval mapping (CIM) as an extension of the univariate
mixture model interval mapping approach (Jiang and Zeng, 1995). This provides an exact test for
QxE, taking into account the correlation structure between environments. The advantage of this
method is that the full variance-covariance (VCOV) matrix of the genetic residual effect can be
incorporated into the model. The disadvantage is that with an increasing number of environments
the number of parameters to estimate increases dramatically (Chen et al., 2010). Another
disadvantage is that the models to use are rather limited, as extensions of the model to account for
other factors in the experiment or co-variables are not easy to implement. Therefore, (iii) a
mixed-model approach was proposed to model a highly structured covariance matrix (Piepho,
2005), which showed that this approach outperforms all the methods described above (Zhao and
Xu, 2012). (iv) Within the least squares framework, a multivariate regression approach was
described (Knott and Haley, 2000), allowing to test whether a QTL affects more than one trait
(environment), and also testing for linkage between QTL. (v) A mixed-model strategy where a
suitable variance-covariance model is selected first for the random genetic effects in the GXE data
(Boer et al., 2007). In this strategy, the model selected for the random GxE effects is used for
testing environment-specific QTL effects along the genome, in an iterative forward selection
approach with cofactors. Their model was able to detect QTL with consistent effects across

environments (main effects), and QTL whose effects changed from environment to environment
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(QTL with significant QxE). In a final stage, environment-specific QTL effects were related to
specific environmental/climatic covariates to develop an eco-physiological QTL model. Finally
(vi) a new Bayesian shrinkage method has been used for estimating all main effects and QxE

interactions simultaneously in a single model (Chen et al., 2010).
QxE analysis: a case study in Arabidopsis

To visualise the advantage of considering GXE in a multi environments analysis (MEA) and not
in a single environment analysis (SEA), one previously published trait will be discussed here. It
concerns the “area under the germination curve until 100 h” (AUC), a measure that combines
seed germination speed with final germination, tested in a number of germination environments
for Arabidopsis (Joosen et al., 2012). This trait was previously analysed using the mixed model
approach, as implemented in the QTL library in GenStat (VSNi International), for MEA, while
for SEA a protocol was designed in the R/qtl package, using mixture models. Using two different
statistical methods makes comparisons less straightforward, which is why we performed SEA
using the same statistical framework as used for MEA, that is, the mixed model approach as
implemented in the QTL library in GenStat 15 (VSNi International), similar to what was used by
Joosen et al. (2012) for MEA. Thereafter, the SEA and MEA analyses for AUC were compared
in terms of the number of detected QTL and the explained variance (R?). In total 57 vs. 80 QTL
were detected in SEA and MEA respectively in all environments. For example, SEA couldn’t
detect any significant QTL in an environment called Cold WS AR, while MEA detected three
significant QTL. Detecting significant QTL in one environment but not others can be due to type
2 error (false negatives): a QTL is present but just below the operational significance threshold in
that environment (MacMillan et al., 2006; Bernardo, 2008) which explains the power gained of
considering GXE in QTL mapping (Wei et al., 2010). Although the results (Table 1) showed that
three environments highlighted in gray, showed less QTL in MEA than in SEA, one of these
environments, CD_NS_AR, showed higher total R* in MEA than SEA and Heat NS_AR showed
almost the same R?, which supports the suggestion (Thomas, 2010) that accounting for GxE

increases the explained heritable variance of a trait.
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This comparison shows that MEA is a more powerful QTL mapping approach than SEA, because
it integrates all the information simultaneously and allows the use of a more realistic model in
terms of variances-co-variances leading to a more appropriate or powerful statistical test of

hypotheses.

Table 1: Re-analysed data from Joosen et al., (2012) for the “Area Under the germination Curve
until 100 h” (AUC) in seed germination experiments performed with the A. thaliana Bay x Sha
RIL population using multi environment analysis (MEA) and single environment analysis (SEA).
R?= explained variance, NS = without cold stratification, WS = with cold stratification, ABA =
germination with ABA, AR = germination of after-ripened seeds with cold stratification, AR_NS
= germination of after-ripened seeds without cold stratification, CD_NS AR = germination of
after-ripened seeds after controlled deterioration, Cold NS Fresh = germination of freshly
harvested seeds at 10° C, Heat NS _Fresh = germination of freshly harvested seeds at 30° C,
Manitol NS = germination on mannitol.

MEA SEA

Environment No. of QTL R’ No. of QTL R?
ABA NS 7 0.484 3 0.369
ABA WS 5 0.538 5 0.534
AR 5 0.594 3 0.579
AR NS 5 0.280 2 0.322
CD NS AR 3 0.257 5 0.193
CD WS AR 1 0.127 2 0.157
Cold NS AR 4 0.260 3 0.195
Cold NS Fresh 6 0.380 3 0.298
Cold WS AR 3 0.107 - 0.009
Heat NS AR 5 0.562 6 0.599
Heat NS Fresh 5 0.252 2 0.171
Heat WS AR 6 0.417 4 0.380
Mannitol NS 2 0.263 2 0.275
Mannitol WS 3 0.167 3 0.259
NaCl NS 4 0.453 3 0.504
NaCl WS 6 0.451 5 0.574
Stratification AR 4 0.263 3 0.244
Stratification Fresh 6 0.615 3 0.554

Cytoplasmic contribution to GXE

Not only the nuclear genotype, but also the cytoplasmic genotype can affect the evolution of

adaptation to the environment (Campbell and Waser, 2001). For instance, the RIL progenies of

17



the two reciprocal crosses between A. thaliana accessions Kas-1 and Tsu-1 showed significant
differences in water use efficiency when examined under drought conditions (McKay et al.,
2008), suggesting the cause was not due to nuclear but cytoplasmic differences or to differences
in cytoplasmic-nuclear interactions. Another study (El-Lithy et al., 2005) showed that a mutation
in a chloroplast gene had antagonistic pleiotropic effect by lowering photosynthesis efficiency
but increasing atrazine resistant in the parental accession Ely and the F2BC4 backcross progeny
carrying the Ely cytoplasm, but not in the other parent, Ler, indicating a cytoplasmic origin of the
trait, agreeing with the observed maternal inheritance. Although in general, little attention has
been paid in the past to the contribution of the cytoplasmic genome to GxE, it may certainly be
worthwhile to examine this, e.g. by using reciprocal crosses. It at least will help to detect
cytoplasm % QTL interactions and may contribute to identify useful chloroplast or mitochondrial

variation contributing to environmental adaptation (McKay et al., 2008).
From GXE to gene by environment interaction

So far, GWAS has not often been used to detect GXE, mainly because of lack of statistical power
and the difficulty to detect rare alleles with GWAS, which appear to be frequently contributing to
strong GXE (Eichler et al., 2010; Thomas, 2010; Gibson, 2012). Still, the wide representation of
genotypes potentially covering a large fraction of the total genetic spectrum of a species, can be a
very useful resource to especially unravel GXE. Recent GWAS that successfully accounted for
GxE did so by examining the trait under different conditions using the same population of
genotyped accessions and analysing the response to each environment separately (Ehrenreich et
al., 2009; Fournier-Level et al., 2011; Hancock et al., 2011; Filiault and Maloof, 2012). This in
turn will not allow testing the effect of the same SNP in all tested environments and will lower
the power to discover novel alleles/genes that act synergistically to environmental adaptation and
plasticity (Thomas, 2010; Korte et al., 2012). Therefore, a recent multi-trait mixed model
approach was proposed for multi-trait or multi-environment association mapping (Korte et al.,
2012). In this approach a marker can have different effects in different environments, hence QxE,
which will explain part of the GxE.

While GWAS suffer from a high frequency of false positives due to population structure, some
statistical approaches were introduced to overcome this problem (Yu et al., 2006; Zhao et al.,

2007; Atwell et al., 2010; Brachi et al., 2010). However, correcting for population structure will
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increase the frequency of false negatives, meaning that when corrected for statistically, causative
genetic markers may not be detected when they are strongly associated with population structure
(Brachi et al., 2010). Therefore, combining QTL mapping with GWAS can be an alternative for
reducing the rate of false positives, for detecting false negatives (Nordborg and Weigel, 2008;
Atwell et al., 2010; Bergelson and Roux, 2010; Brachi et al., 2010; Sterken et al., 2012; Weigel,
2012) and obviously it still can account for GXE. This can be achieved by selecting RIL
populations generated from extreme parental lines for the studied trait. To better understand the
genomic architecture of adaptive quantitative traits, GWAS can be combined with transcriptional
networks to rapidly identify and validate a large number of novel genes (Chan et al., 2011; Yano
et al., 2013). Characterizing QTL phenotypic effects and examining if and how the expression of
the causal genes differs across environments is an important first step in explaining at the
molecular level how GXE determines phenotypes. As a next step, and to further understand the
molecular basis of plasticity and GXE, a more detailed study is necessary, involving analysis of
differential protein levels and function, and detailed analysis of phenotypic differences caused by

different alleles, over many more environments.

Arabidopsis thaliana and Brassica rapa

In my thesis I will mainly deal with the plant model species, A. thaliana, and a related crop
species, Brassica rapa. The A. thaliana genome sequence became available more than a decade
ago (Arabidopsis-Genome-Initiative, 2000). This enabled the initiation of the genome re-
sequencing project for 1001 Arabidopsis accessions (Weigel and Mott, 2009) where first the
sequencing of 80 accessions was accomplished (Cao et al., 2011) and now the sequence
information for over 450 accessions is already available (Assmann, 2013). In addition, the
existing natural variation among this large number of accessions collected from all over the
world, facilitates understanding the genetic mechanisms governing traits of interest (Fournier-
Level et al., 2011; Hancock et al., 2011; Weigel, 2012; Assmann, 2013) and has inspired the
creation of over 60 RIL populations available in stock centres (Weigel, 2012). All information
available for Arabidopsis can be easily used to improve other important crop species such as
Brassica rapa via comparative alignment (Schranz et al., 2006) which means that the gene order
is very similar over large regions of the genome (genome synteny). This makes B. rapa an ideal

crop model for genetic studies, together with having the smallest genome in the Brassica genus,
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the availability of its whole genome sequence (Wang et al., 2011) and the availability of tools for
genome analysis provided in the Brassica database (BRAD) (Cheng et al., 2011). All of this
facilitates fine mapping and cloning of desired QTL and identifying potential candidate genes to
improve B. rapa marker-assisted breeding programs. Equally attractive is that such facilities are
not only useful for breeding B. rapa, but also for breeding other closely related Brassica species
like B. oleracea or the allotetraploid species B. napus and B. juncea that also carry the B. rapa
genome (Cheng et al., 2011; Li et al., 2013). Both, diploid and allotetraploid brassica plants are
members of the Brassicaceae family. This family

is an important source of edible roots, stems, leaves, buds and inflorescences, as well as of edible
or industrial oils, condiments and forage which is widely grown in Europe, Western Russia,

Central Asia, and the Near East (Quijada et al., 2007).
Scope, objectives and outline of the thesis

This thesis focused on phenotyping shoot and root traits of A. thaliana and B. rapa grown on
sand and in greenhouses, to further understand how plants can adapt to natural drought stress.
The main objectives were to (i) establish a well characterised B. rapa RIL population; (ii)
genetically dissect and identify QTL, and preferentially even the causal candidate genes,
underlying the plant morphological or physiological response to drought; and (iii) to understand
how plants differentially interact with their control and drought environments.

In order to achieve these objectives and to use the advantages of the plant model Arabidopsis, an
already existing Arabidopsis RIL population was selected based on the differential root drought
response of the two parental lines, Sha and Col, to be evaluated under control and drought
(chapter 2). A large population of Arabidopsis accessions collected from all over its natural
distribution area, genotyped with > 200,000 SNPs, was used in a GWAS approach to identify
candidate genes that are associated with pant response to drought (chapter 3). In order to apply
the same methodology in crop breeding, I first contributed to the genetic mapping of a new B.
rapa RIL population, consisting of 160 lines and genotyped with 270 different markers (chapter
4). Thereafter, the morphological and physiological responses of this population to drought was
evaluated, which showed significant GXE and QxE (chapter 5). Finally the overall results and

the implications of the studies carried out in this thesis were discussed (chapter 6).
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Abstract

In the present study we investigated the differential genotypic response to drought stress in long
day (LD) and short day (SD) photoperiods in Arabidopsis thaliana (Arabidopsis) via quantitative
trait loci (QTL) mapping using the Sha x Col recombinant inbred line (RIL) population. Our
results showed significant genotype by environment interaction (GxE) for all traits in response to
drought in both photoperiods, which was reflected in 27 significant QTL by environment
interactions (QxE). In addition, 21 QTL were mapped with a main effect on drought response.
The drought treatment did not affect flowering time under LD conditions, however, significant
GxE was observed, which was explained by a QTL with significant QxE on the top of
chromosome 3. Two flowering time QTL showed conditional neutrality when comparing day
length conditions. In addition, we mapped the ability of Arabidopsis to adapt to changing
environments by mapping its plasticity in different environments. Two plasticity specific QTL

were identified, in addition to loci that co-located with main effect QTL.

Key words: Genotype by environment interaction, RIL population, flowering, drought

Introduction

Plant growth is greatly affected by environmental abiotic stresses of which drought remains the
major abiotic factor limiting crop productivity worldwide. Drought is likely to become more
threatening with the predicted global temperature increase and the global human population
growth (Smith and De Smet, 2012; Assmann, 2013). Plants have evolved three adaptive

strategies to colonize terrestrial ecosystems with limited water availability and optimise their
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growth under such conditions. These strategies are: (i) drought escape by early flowering; (ii)
drought tolerance via increasing water use efficiency (WUE); and (iii) drought avoidance by
reducing water loss via transpiration and increasing water uptake by increasing root dry weight to
shoot dry weight ratio (Tuberosa, 2012; Assmann, 2013; Juenger, 2013; Tardieu, 2013). An
accurate estimate of drought adaptation per se implies the absence of other biotic or abiotic stress
factors that might influence plant growth and function (Tuberosa, 2012). Recent studies revealed
that plant response to drought cannot be predicted from its phenotype in well-watered conditions
(Bouchabke et al., 2008), nor does it reflect its phenotype when drought stress is combined with
one or two more additional stresses (Mittler, 2006; Vile et al., 2012). In addition to several
drought response studies that compared plants exposed to drought with plants growing under
well-watered conditions (e.g. (McKay et al., 2003; McKay et al., 2008; Tisné et al., 2010), few
recent studies focused on a combining drought with other stresses such as light intensity (Giraud
et al., 2008), and prolonged high temperature (Vile et al., 2012).

One of the major environmental factors controlling flowering time (FT) in Arabidopsis thaliana
(Arabidopsis) is day length, with plants growing in long days (LD) flowering earlier than plants
growing in short days (SD) (Andres and Coupland, 2012). The genetics of FT natural variation in
Arabidopsis is well dissected via quantitative trait loci (QTL) and genome wide association
(GWA) studies (Alonso-Blanco et al., 1998; Loudet et al., 2002; Brachi et al., 2010; Salomé et
al., 2011; Méndez-Vigo et al., 2013) and the impact of the underlying genes on other traits such
as growth, meristem determinacy, seed germination, leaf flattening and branching has been
reported (Melzer et al., 2008; Chiang et al., 2009; Huang et al., 2012; Kozuka et al., 2013). In
addition, some QTL studies addressed the Arabidopsis response to drought using SD conditions
(McKay et al., 2003; Tisné et al., 2010) to avoid the complication of induction of flowering,
which may considerably change plant physiology. However, comparing the Arabidopsis response
to drought when grown under long and short photoperiods, which mimics temperate summer and
early spring day length conditions, respectively, has so far not been studied. The interaction with
different photoperiods is expected to reveal either phenotypic plasticity response, in which
significant but similar changes in all genotypic mean values occur due to environmental changes,
or genotype by environment interaction (GxE), in which the phenotypic response shows variation
depending on the genotype. The GxXE response can be reflected by QTL by environment
interaction (QxE) (Tétard-Jones et al., 2011; Weigel, 2012; Assmann, 2013; Juenger, 2013;
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Tardieu, 2013). Based on the effect of each QTL in all tested environments, QTL can be
classified as: (i) A constitutive QTL, where the effect of a QTL is similar in all environments. (i1)
An environment specific QTL where the QTL shows an effect in one environment but no effect
in another. Such QTL is also known as a conditional neutrality effect QTL. These generally and
obstructs the transferability of QTL mapping results from one case to another (Kamoshita et al.,
2002; Malosetti et al., 2004; Tuberosa and Salvi, 2006; Holland, 2007; Tuberosa, 2012; Zhao and
Xu, 2012; Malosetti et al., 2013).

In the present study we investigated the drought response of the Arabidopsis Sha x Col
recombinant inbred line (RIL) population grown in short and long photoperiods including the
analysis of the root systems under control and drought environments in SD conditions. Our
results showed significant GXE and QxE effects for all traits in response to drought in both

photoperiods.

Materials and methods

Mapping population and experimental setup

A population of 164 F6 RILs, comprising a core set of the Sha x Col RIL population genotyped
with 86 SNP markers (Simon et al., 2008), was used for the QTL analysis. The RIL population
was grown under controlled greenhouse conditions, once under short day (SD) conditions (10 h
light) and once under long day (LD) conditions (20 h light). Under LD, the whole RIL
population, except five lines, flowered before the final harvest of rosettes. Except for the day
length, the environmental conditions in both experiments were comparable, with an average
temperature of 21.3 °C and 17.5 °C, and an average relative humidity of 69% and 74%, during
day and night respectively.

The experiments were performed in a completely randomized block design with one plant per
RIL per block and four or three blocks in the LD and SD experiments respectively. In the SD
experiment, plants were grown on fine (beach) sand covered with a thin layer of sieved peat in 4
x 4 x 7 cm squared plastic pots, to facilitate measuring root systems at the end of the experiment.
Because plants growing in this set-up dry out faster under LD conditions than under SD

conditions, plants in the LD experiment were grown on a 1:1 mix of sand and peatin4 x 4 x 5 cm
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squared plastic pots. This way, the drying rates in terms of days until drying completely were
comparable for both experimental set-ups.

All pots in both experiments were watered with nutrient solution at the start of the experiment,
until saturation, i.e. 100% soil water holding capacity (SWHC). Nutrient solutions contained 1,
1.1 and 5.9 mM N, P and K, respectively. Per pot, two seeds were sown and three days after
germination, seedlings were thinned to one. Nine (under LD) and twelve days (under SD) after
germination, water was withheld as drought treatment, while the control treatment was watered
every 2 or 3 days, when SWHC was less than 80%, until the end of the experiment. After 27 days
(under LD) or 34 days (under SD), rosettes were harvested and fresh weight (RosFW) was
measured. Rosettes were oven-dried at 65 °C for three days for dry weight (RosDW)
measurements. Water content (WC) was calculated as WC = (RosFW - RosDW) / RosDW, and
the water ratio (WR) was calculated as WR = (RosFW - RosDW) / RosFW. For the SD
experiment, roots were washed carefully, placed in a plastic tray filled with water and scanned
with a flatbed scanner. This turned out to be impossible for the LD experiment, because of the
used sand-soil mixture. With the scans, total root length (RL), root volume (RV) and root
diameter (DIAM) were measured using WinRhizo (Regent Instruments Inc., Quebec, Canada)
and thereafter root DW (RDW) was measured, before the RDW or RL to RosDW ratios
RDW/RosDW and RL/RosDW were calculated. An additional SD experiment was carried out to

determine FT and RosFW, hereafter referred to as the SD flowering experiment.
Statistical and quantitative trait loci analysis

Statistical analysis was performed on raw data of the three experiments 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 GxE. The heritability was calculated as the ratio between the
genetic variation (Vg), i.e. variance between the average values of all RILs, and the total
variation (Vt), with Vt = Vg + Ve, where Ve is the environmental variation estimated as the
variance between the replicates of all lines.

Data from the analysed traits in the three experiments were used for QTL mapping using the
multi environment analysis (MEA) approach (Malosetti et al., 2004; Boer et al., 2007; Malosetti
et al., 2013) as implemented in the QTL library of GenStat. The QTL search was done at a step
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size of 10 cM, and for composite interval mapping (CIM) a minimum cofactor proximity of 50
cM was allowed. For automatic selection of QTL, a minimum separation of selected QTL of 25
cM was used. A multiple testing threshold value of -logl0 = 2.8 was calculated based on the
approach implemented in GenStat (Li and 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 QxE 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 QTL from the last composite
interval mapping round (two rounds of CIM performed). Phenotypic plasticity for all measured
traits was calculated as the difference in the mean phenotypic values per line between treatments

(Tétard-Jones et al., 2011).
Validation of QTL

Based on all possible allelic combinations at the four detected QTL for RL, the RILs were
classified into 16 genotypic groups. Thereafter, RILs from the two phenotypically most extreme
groups, AABB with longest roots and BBAA with shortest roots under drought, were grown
again to confirm their root response to drought. In addition, RosFW, RosDW, WC, and RL were

determined for those two groups.

Results

Phenotyping the RIL population

FT, rosette traits and root traits were analysed for the 164-F6 RIL population grown in control
and drought environments under SD and LD conditions. Figure 1 shows the frequency
distributions of the measured traits in both experiments. Transgression beyond both parental lines
values was observed for all traits except for RosFW and WR in the SD condition where the
transgression was only in one direction. The drought treatment had no significant effect on FT in
the LD condition (Figure 1 and Table 1). The effect of drought treatment was not tested in the SD
condition, as flowering of most of the RILs took very long under SD. In general RosFW and
RosDW in the LD condition was higher than in the SD condition in the control environment,

whereas WC and WR were higher in both SD conditions. RL was higher in control than in
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drought environments, while RDW, RL/RosDW and RDW/RosDW values were higher in
drought environments.

Correlation analysis of all measured traits in both experiments (Table 2) showed that FT was
significantly positively correlated with RosFW in both LD and SD conditions. FT in SD
condition was also significantly positively correlated with FT in LD conditions. In addition,
RosDW, WC and WR were positively correlated when comparing SD control and drought
environments, but only RosDW, and not WC or WR, was positively correlated when comparing
both LD environments. RL was positively correlated with RosFW, RosDW and WC in both SD
environments. Furthermore, RL was positively correlated with WR in the control environment
but negatively correlated with WR in the drought environment. In control and in drought
environments, RL was positively correlated with RDW and negatively correlated with DIAM,

while RDW and RosDW were positively correlated in both SD environments.
Mapping QTL for main effects, GXE and phenotypic plasticity

QTL were classified as main effect QTL or QTL with significant QxE based on the absolute
effect of each allele on the trait value in every environment. The effect is expressed in the same
units used to measure the trait itself, as mentioned in Table 1. In total 48 QTL, co-locating in 11
clusters, were mapped for the measured traits. Out of these, 28 QTL were mapped for shoot traits
of which 23 QTL showed significant QxE (Table 3 and Figure 2). The other 20 QTL were
mapped for root traits, of which only five QTL showed significant QxE (Table 4 and Figure 2).
Seven QTL for FT (QFT) were mapped of which QFT2, QFT3, QFT4 and QFT5 showed
significant QxE. Variation at the QFT2 locus in SD conditions had about a four times stronger
effect on increase or decrease of flowering time, than in LD conditions. QFT3 was only mapped
under SD condition, with the Col allele reducing FT. QFT4 was mapped in both conditions with
the Col allele contributing to early flowering in SD and Sha allele contributing to early flowering
in LD. QFT5 was only found under LD conditions, at which the Sha allele reduced FT. For QFT1
no QxE was found and Sha provided the allele increasing FT, as well as the alleles contributing
to higher values for the co-locating FW1, WCI and WRI QTL. Col was the allele increasing FT
for QFT6, the major FT QTL explaining around 30 % of FT variance in LD condition. In SD
condition, QFT2 co-localised with five root related QTL, RLI, RVI, RDWI, RL/RosDW and
RDW/RosDW 1, with the Col allele increasing the trait values. Similarly, QFT4 co-localised with
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QTL for RL/RosDW?2 and RDW/RosDW?2, both with the Col allele contributing to higher trait
values. QFT7 co-located with four other QTL, FW6, DW3, WC6 and WR6, with the Col allele
contributing to higher values.

Besides QTL for FT, some other co-locating QTL were environment specific. For example, FIW4
and WC4 were only detected in the control environment, not under drought. FW6, DW3 and WR4
were only detected under SD, but not LD, conditions. In addition, 21 QTL were mapped for
plasticity (Table 5) and apart from DW4 and WR?7, all other loci mapped for phenotypic plasticity
were also identified as main effect QTL or QTL with QxE (Tables 3 and 4).

Validation of QTL

Based on all possible allelic combinations at the four detected QTL for RL, the RILs were
classified into 16 genotypic groups (Figure 3A). For RL1 and RL2, the Col alleles increased RL,
while for RL3 and RL4, the Col alleles decreased RL. ANOVA showed there was significant
epistasis between RL2 and RL4, with the Col allele at RL2 resulting in longer roots regardless of
the nature of the allele at RL4. In contrast, the Sha allele at RL2 results in shorter roots only if
allele at RL4 is Col. Out of all 16 possible allelic combinations the longest and shortest roots are
respectively caused by the AABB and BBAA genotypes (Figure 3B-E). To confirm this in an
independent experiment, and to determine the consequences for the related traits, seven RILs
with an AABB genotype and six RILs with a BBAA genotype were regrown under drought
conditions. Of these plants not only RL was measured, but also RosFW, RosDW and WC (Figure
3F-1). The ANOVA showed a significant difference for RosFW, RosDW and RL between AABB
and BBAA, but not for WC.
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Figure 1: Frequency distributions of the measured traits for the Sha x Col RIL population under
control (C, dark grey bars) and drought (D, light grey bars) environments. The white bars refer to
flowering time and fresh weight in the SD flowering experiment (only control environment). The
vertical axes indicate the number of lines per trait value class, and the horizontal axes indicate the
different trait value classes. The parental values are indicated with arrows labelled “Col” and
“Sha”. SD refers to the short day condition, LD refers to the long day condition, FT refers to
flowering time, RL/RosDW refers to the ratio between root length (RL) and rosette dry weight
(RosDW), RDW/RosDW refers to the ratio between root dry weight (RDW) and RosDW, water
content is calculated as (FW - DW) / DW, water ratio is calculated as (FW - DW) / FW.
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Table 1: Parental line means for the analyzed traits and performance of the Sha x Col RIL population under control (C) and drought
(D) environments in long and short day conditions. FT=flowering time, RosFW=rosette fresh weight, RosDW= rosette dry weight,
WC=water content, calculated as (FW-DW)/DW, WR=water ratio, calculated as (FW-DW)/FW, RL=root length, RV= root volume,
DIAM=root diameter, RL/RosDW=ratio between RL and RosDW, RDW=root dry weight, RDW/RosDW= ratio between RDW and
RosDW. “Min” and “Max” indicate the lowest and the highest value of the RIL population respectively. “Mean” is the average value
for all RILs, with standard deviation (sd), and broad sense heritability (h?). All values are averages of three replications. Under
“ANOVA”, T refers to treatment, R refers to RILs, and G refers to GXE, ns = non-significant, s = significant.

Long day experiment Short day experiment Short day flowering experiment
Trait Parents RIL population ANOVA| 1’ Parents RIL population ANOVA| 1’ Parents RIL population e
Col Sha | Min Max Mean sd® [T R G Col Sha | Min Max Mean sd® |T R G Col Sha | Min Max Mean gsd°

FT-C (days) 18.58 19.3315.00 26.00 19.62 3.05| ~  o.90f - - - - - - | [ - [5333 43.16]35.00 61.00 50.00 4.71]0.90
FT-D (days) 18.00 18.83]15.25 26.00 19.49 2.94 0.85] - - - - - - N . - - . A
RosFW-C (g) 203 1.890.247 3.066 1.612 0.534] 058 1.82 2.11(037 261 140 044 | =~ 1055651 449|145 693 463 1.050.76
RosFW-D (g) 0.25 0.42]0.133 0.820 0.467 0.135 034 032 023]0.12 122 058 026 0.62| - - - - -] -
RosDW-C (g) 025 020]0.037 0.366 0.193 0.057| ~  0.56[ 0.16 0.16{0.033 0210 0.110 0.032] = = 053 - - - - - o] -
RosDW-D (g) 0.09 0.11]0.023 0.159 0.100 0.024 0.45[0.098 0.078/0.023 0.155 0.071 0.021 0.42| - - - - I
WwC-C 7.13 8.45|4.74 10.64 733 1.09 - 11028 12.35[ 6.09 17.17 11.68 1.39 ] - - - - A
WC-D 1.64 293|064 710 378 18| = | - |228 192|080 13.89 729 294 | ~ | - | - - - - - ] -
WR-C 0.88 0.89 |0.827 0.914 0.878 0.016 - 1091 0.93[0.859 0.945 0.920 0.010 ] - - - - A
WR-D 0.62 0.75)0.611 0.876 0.781 0.054] =~ | - 0.69 0.66]0.444 0933 0856 0.077| ~ | - | - - - - A
RL-C (cm) - - - - - - | [ - |44 3727300 sse6 3018 1140f o fos4] - - - - - -] -
RL-D (cm) - - - - - - - |173.6 357.9] 59.9 5228 236.7 106.2 0.70| - - - - - N
RV-C (cm3) - - - - - - |- |043 040(0032 0540 0230 0.092f o fosof - - p - - - - -
RV-D (cm3) - - - - - - - 1017 0.33[0.041 0.500 0.164 0.085 0.63| - - - - -] -
DIAM-C (mm) - - - - - - |- - -] - ]0-360 0.360(0.267 0.669 0329 0.046| [0.38] - - - - I
DIAM-D (mm) - - - - - - |- - -] - 10350 0.035]0.223 0.413 0.295 0.030 043 - - - - - N
RDW-C (mg) - - - - - - | | - [0.737 0.540]0.085 1.270 0.580 0.222 sl 0.56] - - - - - | -
RDW-D (mg) - - - - - - - |0.248 0.440[0.130 1.553 0.598 0.276 071 - - - - - I
RL/RosDW-C (cnvg)| - - - - - - - 12570 2359(320.1 7217.0 2746.0 1042.0 |- - R - I
RL/RosDW-D (cm/g) | - - - - - -7 T 7] - 1778 4604|7119 9194.0 3393.0 13370 T | - | - - - - - -
RDW/RosDW-C - - - - - - - |4.569 3.418[ 147 1479 542  1.89 ] - - - - A
RDW/RosDW-D - - - - - -7 7 7] - |2541 5660|198 3720 856 372 | T | -] - y - - - -
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Table 2: Pearson correlations for the analysed traits of the Sha x Col RIL population grown in control (C) and drought (D)
environments under long day (LD) and short day (SD) conditions. FT= flowering time, RosFW= rosette fresh weight, RosDW= rosette
dry weight, RosFWFT= rosette fresh weight measured at flowering time, WC= water content and calculated as (FW-DW) / DW, WR=
water ratio and calculated as (FW-DW)/FW, RL=root length, RV= root volume, DIAM= root diameter, RL/RosDW= ratio between
RL and RosDW, RDW=root DW, RDW/RosDW= ratio between RDW and RosDW. The correlation was performed using the averages

of three replications per trait. Dark gray and light gray cells indicate significance level at 0.01 and 0.05 respectively.
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1 2 3 4 B 6 7 B 9 10 1M 121314 [15]16] 17 [ 18] 19 [ 2021 2225242526727 28 ]2 |30 31
FT-LD-C 1

RosFW-LD-C 210.158 -

RosDW-LD-C | 3 [ 46 -

WC-LD-C 4 .

WR-LD-C 5| 054 | 0.199 -

FT-LD-D 6 057 | -.057 053] -

RosFW-LD-D | 7| 084 137 | 071

RosDW-LD-D | 8 [ _ 126 039 -

WC-LD-D 9 027 | .104 -

WR-LD-D 10 -0.198 | -0.201 | .071 | 0.16 -

FT-SD-C 11 120 | 054 0178 | 062 | 122 [ 21| -

RosFWFT-SD-C| 12 -.096 | -.113 -

RosFW-SD-C [13] _ 114 57 | 021 147 0.185 | -036

RosDW-SD-C | 14| _079 139 | .029 0.184 0.179 | -103 -

WC-SD-C 15] 120 155 | .002 030 |0.181 |-0.167 | -.121 | .146 |--065 073 | -

WR-SD-C 16] -.113 142 | .000 010 | 0.171 |-0.181 | -.127 | .130 |-.078 047 -

RL-C 17| 062 0.177 | 037 | -.082 0 0.194 | -150 0.203 |0.161| -

RV-C 18] 025 [0 0.159 | .002 | -.143 0.166 |-221 0.165 -

DIAM-C 19] 070 | -.007 | -.028 |-.002 [-.035] -.040 -.065 | ~086 . 117 | -.090 |-.100 |-.092 024 -

RDW-C 201 057 145 |-055| -.085 156|211 154 -004 | -

RL/ShDW-C  |21f 125 | .001 | -.053 | 071 |.016 | .119 | -.097 | -.142 | 032 | .014 | .064 |.074 |.116|-0.192 0.164 -

RDW/ShDW-C 22| 117 | -.029 | -.097 |-.006 |-.088| .108 | -.138 | -.151 | -.014 | -.023 | .030 | -070 |-0.169 0.179 | .137 -.029 -

RosFW-SD-D |23 ..026 -.083 | 0.192 -.144 | -.198" 102 -.102 .094 | .064 -
RosDW-SD-D |24 _ 103 - 144 0.180 | 082 108 | .107 -.062 109 |-.129 -
WC-SD-D 25] 051 | .127 | 031 | .151 |-021| .007 | .075 | -.037 | .109 | .031 032 |.072( -.147 |.1797[0.185| .067 | .042 | -.114 | .059 -067| -
WR-SD-D 26( 117 | 147 | 077 | 144 [-001] -.021 | .101 | .057 | .045 | -.031 034|015 | -.041 | 153 | .145 | 106 | 078 | -.153 | .064 144 013 -
RL-D 27| -.057 071 [-0.157 | 154 -199" 030 156 [0.157 -.023 033 [-.010 044
RV-D 28| ..058 052 | -153 | .113 144 | 046 118 | 123 -.021 -.019 | -.044 059 |-
DIAM-D 291 106 002 | 113 | -.039 | .019 | -.076 | -.066 085 | 061 | .084 |-.086 [-.090 | -.026 [-.008 |-0.158 | .032 |-.076 | .004 |-.052 | .068 [-.116
RDW-D 300 011 053 | -.093 | 142 111 | 066 130 | 140 -.041 -.064 | -.082 -113
RL/ShDW-D |31 _ 032 071 | -.114 | -.024 | 014 | -.068 | -.038 | 151 [--047| 102 | 080 | .081 | .094 | .157 [0.173| .007 | .153 | .131 | .129 | .014 |-.062 | .047
RDW/ShDW-D (32| 083 | .020 | .059 |[-.070 | .023 | .122 -.039 | -.022 | -.122 =075 146 | .135 | 006 | 026 | .131 |.102 | -.088 | .118 | .105 | .116 | .035 | .181" |-.080




Table 3: Overview of QTL detected for shoot traits of the Sha x Col RIL population grown
under long day (LD) and short day (SD) conditions using the multi environment analysis.
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. -loglO(P) indicates the QTL
significance level. “s” and “ns” refer to significant and non-significant QxE respectively.
Positive “effect” values indicate that the Col allele contributes to an increase in the trait value,
while negative values indicate that the Sha allele increases the trait value. Units for effect are
the same as trait units. R’ lists the percentage of total phenotypic variance explained by each
QTL. R’ lists the percentage of total phenotypic variance explained by each QTL.

Trait QTL LD (control)| LD (drought) | SD (control) | SD (drought) |SD flowering

(unit) |name Chr. ¢cM -logl0(P) QxE| effect R2 effect R2 effect R2 effect R2 effect R2

OFTI 1 657 46 ns |-0.829 7.4 |-0.829 8.0 - - - - |-0.829 3.1

OFT2 1 915 66 s | 0407 180346 14 - - - - | 1428 92

F]owering OFT3 2 250 3.4 S - - - - - - - - 1.104 5.5

time |QFT4 3 0.0 3.0 s |-0.199 1.0 [-0.089 0.7 - - - - 0756 26

(days) [QFT5 4 479 49 s |-0773 6.4 [-0786 7.1 - - - - - -

OFT6 5 90 153 ns | 1.586 27.0] 1.586 29.1 - - - - | 158 113

OFT7 5 873 56 ns | 0.985 10.4]0.985 11.2 - - - - 0985 44

Fwl 1 512 40 ns [-0.036 05]-0036 72 |-0036 0.7 [-003 2.0 |-0.036 0.1

Fw2 2 307 38 s |-0.169 10.1]-0.023 3.6 |-0.113 6.7 - - 1-0.103 1.0

Rf‘;:ge FW3 4 00 3.1 s |-0.155 84 ]-0.026 37 [-0052 1.4 -0036 20 |-0212 41

) FW4 4 308 22 s |-0002 30| - - |-0055 16 - - |-0326 9.7
weight (g)

FW5 5 305 44 s |-0.103 3.5(0020 23 [-0.118 7.3 |-0.080 9.6 - -

FW6 5 873 86 s | 0159 89[0024 40 - - - - 038 138

Rosette | DW1 2 307 3.0 s |-0017 8.6 [-0.005 50 [-0.008 7 |-0003 1.9 - -

dry |Dpw2 5 118 3.6 s |-0.009 2.3 [-0.008 107 |[-0.007 4.5 |-0.002 1.0 - -

weight ()| p3 5 873 5.1 s | 0013 55[0004 28 - - - - - -

wCcl 1 657 5.0 ns |-0235 4.7]-0235 4.0 [-0235 29 ]-0235 0.6 - -

wc2 2 122 18 s |-0.115 1.1 (0200 29 |-0205 22 - - - -

water | WC3 3 634 27 s | 0148 1.9[-0248 44 [-0178 1.6 ]-0391 1.8 - -

content | wc4 4 355 63 s |-0446 169 - - |-0189 18 - - - -

wcs 5 305 8.7 s |-0255 55 (0445 142 [-0262 3.5 |-0904 9.4 - -

WwC6 5 809 4.1 s | 0288 70| - - |-0229 27] 0598 41 - -

WRI 1 657 5.4 s |-0.004 57 [-0015 74 - - |-0013 29 - -

WR2 2 122 28 s |-0002 150012 52 [-0001 1.8 ]-0008 1.1 - -

Water | WR3 3 634 32 s 10002 12[-0012 50 [-0002 24 |-0010 1.7 - -

ratio | WR4 4 355 65 s |-0.007 17.8[-0.005 1.0 - - - - - -

WR5 5 305 8.1 s |-0004 500021 150 |-0002 6 |-0.018 5.5 - -

WR6 5 873 53 s | 0005 85| - - |-0002 420011 22 - -
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Table 4: Overview of QTL detected for root traits of the Sha x Col RIL population grown
under short day (SD) conditions using the multi environment analysis. Chromosome numbers
(Chr.) and chromosomal positions (in centiMorgans, cM) are indicated. In traits name,
RL/RosDW = ratio between root length and rosette dry weight, RDW/RosDW = ratio
between root dry weight and rosette dry weight. The trait name column (“name”) lists the
identified QTL arranged according to chromosome number and position. -logl0(P) indicates
the QTL significance level. “s” and “ns” refer to significant and non-significant QxE
respectively. Positive “effect” values indicate that the Col allele contributes to an increase in
the trait value, while negative values indicate that the Sha allele increases the trait value. Units
for effect are the same as trait units. R’ lists the percentage of total phenotypic variance
explained by each QTL. R’ lists the percentage of total phenotypic variance explained by each
QTL.

Trait QTL SD (control) SD (drought)
Unit name Chr. cM -log10(P) QxE effect R? effect R?
RLI 1 31.9 3.8 ns | 25343 49 | 25343 56
Root length RL2 1 83.1 22 ns | 18173 2.5 | 18.173 29
(cm) RL3 4 68.3 2.7 ns | 2128 35 | 2128 40
RL4 5 63.6 3.6 s 12498 12 | 2774 68
RVI 1 31.9 3.7 ns 0.02 4.7 0.02 55
Root volume
(cm’) RV2 1 83.1 2.8 ns 0017 34 | 0017 39
RV3 4 68.3 3.3 ns | -0019 43 | -0019 5.0
Root diameter | RPIAMI 5 9.0 3.1 s 0.004 08 | 0009 8.1
(mm) RDIAM? 5 43.1 22 ns | 0005 14 | -0005 32
RDWI 1 31.9 3.1 ns 0.008 49 | 0008 32
Root dry RDW?2 1 83.1 2.1 ns 0.002 3.1 | 0002 2.0
weight
(2 RDW3 4 68.3 2.9 ns | -0.006 47 | -0.006 3.1
RDWA4 5 43.1 22 ns | -0.004 32 | -0004 2.1
RLROSDWI 1 31.9 3.4 ns | 22347 46 | 22347 28
RL/RosDW | RLROSDW2 3 3.8 22 ns | 17434 2.8 | 17434 1.7
(cm/g)
RLROSDW3 4 68.3 4.4 ns | -263.6 64 | 2636 3.9
RLROSDW4 5 63.6 3.6 s 23695 52 | 2787 43
RSRI 1 31.9 2.4 s 0.003 30 | 0725 3.8
RDW/RosDW RSR2 3 5.9 3.0 ns 0.005 66 | 0.005 1.0
RSR3 4 68.3 2.6 s 20.003 3.1 | -0.78 45
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Figure 2: A clustered heat map showing the QTL significance level based on the -log10(P)
profiles of the measured traits in the Sha x 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 -logl0(P) score, with a -log10(P) score of 2 used as threshold. Red and
black indicate a positive effect on the trait by the Col allele, blue and green indicate 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 environments respectively. Rosette FW-F-SD = fresh weight at
flowering time under short days, RL/RosDW = ratio between root length and rosette dry
weight (RosDW), RDW/RosDW = ratio between root dry weight and RosDW.

Table 5: Overview of QTL detected for phenotypic plasticity in the Sha x Col RIL population
grown under short day (SD) conditions using the single environment analysis. Plasticity was
calculated as the difference in the mean phenotype between different treatments in long day
(LD) and short day (SD) conditions (Tétard-Jones et al., 2011). Chromosome numbers (Chr.)
and chromosomal positions (in centiMorgans, cM) are indicated. In traits name, RL/RosDW =
ratio between root length and rosette dry weight. The trait name column (“name”) lists the
identified QTL arranged according to chromosome number and position. -logl0(P) indicate
the QTL significance level. Positive “effect” values indicate that the Col allele contributes to
an increase in the trait value, while negative values indicate that the Sha allele increases the
trait value. Units for effect are the same as trait units. R’ lists the percentage of total
phenotypic variance explained by each QTL. R’ lists the percentage of total phenotypic
variance explained by each QTL. QTL highlighted in grey are found only for plasticity and
not for main effect or QxE QTL.
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Trait Environment name Chr. cM effect  -loglO(P) R?
OFT2 1 91.5 1.02 2.6 6.1
Flowering time LD control - SD control QFT4 3 0 0.99 2.6 5.8
OFT5 4 47.9 0.98 2.5 5.6
Fw2 2 12.2 -0.16 43 9.8
LD control - LD drought | = . 4 0 015 42 92
FW3 4 0 -0.1 2.5 4.6
LD 1 - SD 1
control - SD contro FWS5 5 873 021 7.7 19.4
LD drought - SD drought FWw4 5 21.7 0.1 5.7 14.5
Rosette fresh weight FW2 2 30.7 -0.1 2.6 5.7
SD control - SD drought FW5 5 80.9 -0.1 2.5 5.4
. FWw4 4 30.8 -0.29 2.9 6.9
SD flowering - SD control | -, 5 873 044 5.4 15.9
. Fw3 4 7 -0.28 2.7 7.3
SD flowering - SD drought( 5 74.7 0.35 3.8 11.1
DwWli 2 25 -0.014 2.9 8.5
LD control - LD drought | =, , 4 0 0012 26 55
DWI 2 19.3 -0.012 3.1 6.4
Rosette dry weight | LD control - SD control DW4 4 0 -0.012 3 6.2
DW3 5 87.3 0.015 4.1 9.3
SD control - LD drought DW3 5 87.3 0.007 2.8 6.8
LD drought - SD drought DW2 5 0 -0.005 2.7 6.2
wC4 4 22.2 -0.43 3.1 6.5
LD control - LD drought wes 5 305 -0.63 4.8 13.9
wC4 4 15.9 -0.48 3.5 7.9
LD control - SD control W6 5 273 0.43 29 6.4
Water content wCs 5 21.7 1.51 9.2 23.7
LD drought - SD drought |, ¢ 5 8.9  -0.71 2.7 53
wCl 1 43.2 0.78 3.2 6.6
SD control - SD drought wcCs 5 21.7 0.92 3.9 9.2
wC6 5 80.9 -0.96 4.3 10
LD control - LD drought WR5 5 30.5 -0.029 3.9 11.6
. LD drought - SD drought WR5 5 21.7 0.035 3.8 9.4
Water ratio WR7 1 437 0019 238 6.1
SD control - SD drought WRS 5 217 0.022 3.4 8.2
Root length SD control - SD drought RL4 5 63.6 39.1 3.8 9.328
Root diameter  |SD control - SD drought RDIAM 1 5 9 -0.014 3.2 7.7
RL/RosDW SD control - SD drought | RLROSDW4 5 63.6 515.2 4.1 10.2

Discussion

As the severity of drought on worldwide agriculture escalates, drought resistance is expected
to play a more important role in improving crop yield than yield potential only (Tuberosa,
2012). Here, we studied the response of the Sha x Col RIL population to drought, when grown
under SD and LD conditions.
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Figure 3: Analysis of the phenotypic effect of variation at the RLI, RL2, RL3 and RL4 QTL
detected for root length in the Sha x Col RIL population (Table 5), on rosette fresh weight,
rosette dry weight, water content and root length. (a) Root length for RILs classified based on
the allelic effect of the Col allele (A) and the Sha allele (B) for each QTL. (b-e) All RILs were
classified based on the four possible allelic combinations at the RL QTL and examined for
rosette fresh weight (b) and dry weight (c), water content (d) and root length (e). (f-1) Results
of a validation experiment using 13 RILs, seven RILs with AABB, and six RILs with BBAA
genotypes, with three replications each, showing phenotypic comparison between both sets
for rosette fresh weight, rosette dry weight water content and root length. Significant
differences are indicated with * (p<0.05).
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In general, the LD-grown Arabidopsis exhibited higher RosDW than the SD-grown
Arabidopsis in control and in drought environments, but their WC was significantly less. This
observation can be explained by an evolutionary selection for leaf cooling, via transpiration,
rather than for water conservation, a process which is enhanced in continuous light condition
(Crawford et al., 2012). Another mechanism to cope with drought is by increasing the
proportion of roots relative to total biomass, as expressed in the RDW/RosDW ratio, upon
drought exposure, which was observed here. This has also been found a population of
epigenetic recombinant inbred lines (epiRIL) when grown on a mix of sand and field soil
(Zhang et al., 2013). The authors suggested that upon drought, there will be positive selection
on high root biomass allocation and in well-watered conditions, this will be selected against.
By comparing the two parental lines Col and Sha, we observed that Col had longer roots than
Sha in the control environment, while Sha had longer roots in the drought environment. This
is similar to what was reported for their response to potassium starvation (Kellermeier et al.,
2013). The response of the parental lines is the same as we found for the effect of RL4, which
is the only RL QTL with significant QxE. For this QTL the Sha allele increases RL in the
drought environment. The effect of drought on root length taking all RL QTL together, was
further shown by grouping all RIL RL data based on the RL QTL genotypes. Comparing the
two extreme groups selected based on their RL (Figure 3 F-I) showed a significant decrease in
one extreme group, not only for RL but also for RosFW and RosDW, whereas WC was not
significantly different. This can be explained by assuming that a lower total root length means
plants are likely to take up less water and as a consequence less nutrients leading to low
RosFW and RosDW However, the WC of RIL’s with shorter roots was almost similar to
RIL’s with longer root suggesting that stomatal closure, or any other physiological response
affecting water household, may reduce water loss.

Some of the root associated QTL we found, co-locate with root trait QTL mapped in previous
studies. For example, Galpaz and Reymond (2010), using the same RIL population, mapped
six QTL for RL under control and salt-stress conditions, from which two co-located with the
main effect QTL RLI/ and RL2 we found. In addition, two QTL, RLROSDW?2 and RSR2,
mapped for RL/RosDW and RDW/RosDW, respectively, were mapped together to the top of
chromosome 3 and co-located with a RL QTL (Galpaz and Reymond, 2010), and with a QTL
for the same traits mapped in the Bay-0 x Sha RIL population when grown in a hydroponics
system (Bouteillé et al., 2012). For all loci mapping in this region, the Sha allele contributed
to a decrease in the trait values However, no co-location with RL3 was found in ecarlier

studies.
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In a study where different traits are analysed, co-location of QTL for different traits may
suggest pleiotropy. However, with the relatively low resolution of QTL studies, close linkage
of different genes can never be excluded. Once the molecular basis of one of the co-locating
QTL has been identified, it may indicate the gene involved. The latter is of special interest
with FT QTL of which many, including several that appear to segregate in the Sha x Col
population, have been identified molecularly (reviewed in (Alonso-Blanco et al., 2009). For
example, convincing evidences were shown for the pleiotropic effect of FRI on flowering
time and water use efficiency (WUE) (Lovell et al., 2013). In the current study, RL2, RV2 and
RDW?2 were mapped in the same confidence interval of QFT2, which co-located with
FLOWERING LOCUS M (FLM), mapped in the Nd x Col RIL population (Werner et al.,
2005). This QTL showed significant QxE in response to day length, affecting the flowering
time more in SD than in LD. A comparable effect was reported for the action of FLM (Werner
et al., 2005), suggesting indeed both FT loci to be similar. In addition, the QF T4 locus which
was mapped earlier to the top of chromosome 3 in the same population (Simon et al., 2008),
and in the Landsberg erecta (Ler) x Sha population (El-Lithy et al., 2004), co-located with the
RLROSDW?2 and RSR2 loci. QFT4 was the only FT QTL that showed QxE in response to
drought, with the Col allele contributing to earlier flowering in SD and later flowering in LD.

QFT2 and QFT4 were not the only loci co-locating with other traits, suggesting possible
pleiotropic effects. For example, QFTI, with the Sha allele reducing flowering time, co-
located with FW1, WCI and WRI, with the trait value enhancing effect coming from the Sha
allele. QFT1 was mapped very closely to the FLOWERING LOCUS T (FT) gene (Schwartz et
al., 2009). The paralogue of FT, the TWIN SISTER OF FT (TSF) gene (Brachi et al., 2010), is
found in the confidence interval of QFT5, a QTL with significant QxE where it was mapped
only in LD. It appears to co-locate with another LD FT QTL, previously mapped in the Nd x
Col population (Werner et al., 2005). Both genes play important roles in plant growth and
development under SD and LD conditions (Hiraoka et al., 2013). QFT3, which was mapped
only in SD, co-located with W(C2 and WR2. The QFT3 mapping interval comprises the
EARLY FLOWERING 3 (ELF3) gene, which was shown to have pleiotropic effects on bolting
date, FT, rosette diameter and leaf number in response to shade avoidance, as examined in the
Bay x Sha RIL population (Jiménez-Goémez et al., 2010). The Bay and Sha alleles of ELF3
are differentially regulating developmental time and circadian clock period length in a light-
dependent manner. Both QFT3 and QFTS5 had an effect on FT only in SD, respectively LD
conditions. These seem to be typical examples of loci with conditional neutrality, meaning the

QTL has a phenotypic effect in one environment, but no effect in another environment,
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(Anderson et al., 2011; Fournier-Level et al., 2011; Fournier-Level et al., 2013; Leinonen et
al., 2013).

A large percentage of the FT variance was explained by QFT6, which co-located with the
major FT locus FLOWERING LOCUS C (FLC) (Lempe et al., 2005). QFT6 co-located with
DW?2, for RosDW. FLC was shown earlier to have pleiotropic effects on WUE and nitrogen
content (Loudet et al., 2003; McKay et al., 2003). The FLC gene, with a functional allele in
Col and not Sha, is interacting with the other main flowering time gene FRIGIDA (FRI),
which is probably functional in Sha, but not Col (McKay et al., 2003; Lempe et al., 2005;
Moore and Lukens, 2011). The QFT7 locus, was found to co-locate with the FLC paralogue,
MADS AFFECTING FLOWERING 2 (MAF2-5) (Ratcliffe et al., 2003; Caicedo et al., 2009;
Salomé et al., 2011). It also co-located with a QTL previously mapped in the Ler x An-1 RIL
population when grown in control and drought environments, which showed to have
pleiotropic effects on leaf area and leaf number (Tisné et al., 2010). That agrees very well
with the co-location we found of QFT7 with the FW6 and DW3 biomass loci, and the WC6
and WR6 loci for the related traits WC and WR.

We mapped six QTL for RosFW of which three (FW2, FW5 and FW6) also co-located with
RosDW loci (DW1, DW2 and DW3) and four (FW1, FW4, FW5 and FW6) with water content
loci (WC1, WC4, WCS5, and WC6). These co-locations explain the significant correlation
observed between these related traits. Two RosFW QTL, FW2 and FW3, mapped in SD and
LD conditions, co-localised with two rosette diameter QTL mapped previously in the same
population when grown in 16 hrs day length (LD) (Simon et al., 2008), suggesting that the
higher FW was due to larger rosette size.

Next to QTL with main effects and/or QxE, we mapped loci for phenotypic plasticity.
Mapping QTL underlying plasticity that overlap with main effect or QxE QTL together with a
few plasticity specific QTL, as was found before for plant-insect interaction in barley (Tétard-
Jones et al., 2011), is comparable to what we found. Also the root and shoot traits we
examined in the plant drought response of Arabidopsis, are likely to be important for
environmental plasticity. The co-location of plasticity with main effect and GXE loci, supports
the idea of a pleiotropic model suggesting that differential expression of constitutive genes /
QTL across environments is responsible for plasticity (Lacaze et al., 2009; Tétard-Jones et al.,
2011). Only two loci were mapped that were not also found as main effect or QxE loci. These
were the DW4 locus for RosDW and the WR7 locus for WR. The only way to explain such
loci is that at each environment or condition there is insufficient genetic variation to identify a

QTL at the locus, but there is a phenotypic difference between both environments, for which a
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QTL at the locus can be mapped. So these loci specifically explain the different phenotypic
responses of drought and day length on rosette biomass and rosette water ratio.

In conclusion, this study investigated the differential genotypic response of Arabidopsis to
drought stress when grown in two day length conditions. We found that Arabidopsis was
more drought tolerant in LD than in SD, as reflected in the higher rosette biomass and the
lower water content in LD, and noticed co-location of a number of rosette and root traits with
flowering time, which suggests pleiotropy. We also found significant QxE for RL with
differential allelic response similar to the response of the parental lines to drought. Longer
roots is a desirable trait to acquire more water from deep soil, and therefore, breeding for this
trait in drought tolerant breeding programs is demanded as long as there is no trade-offs with
aboveground biomass. Further confirmation and fine mapping for the QTL detected in the
current study is the next step to identify genes underlying those QTL and will be an important
step to understand the molecular genetic networks underlying plant tolerance to drought and

subsequently implement this in breeding programs.
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Abstract

Genome wide association mapping is a recently developed approach in plants for identifying
genes underlying natural genetic variation. We applied this approach to test the feasibility of
mapping SNPs associated with main effect, genotype by environment interaction (GxE) and
plasticity in Arabidopsis thaliana. We grew a so-called HapMap population of 350 genotypes
on sand in control and drought environments and compared them for various rosette and root
traits. We mapped 16 significant SNPs with main effect, 58 SNPs underlying GxE, and 100
SNPs affecting plasticity. Of these, 23 SNPs were commonly associated between GXE and
plasticity. To find confirmation of candidate genes we compared amino acid sequences of two
genes between extreme differential accessions from the assessed accession panel. One of
those candidate genes co-located with a previously mapped QTL in the Sha x Col
recombinant inbred line population. Additional candidate genes known to be affected in their
differential expression by abiotic stress as well as novel genes associated with rosette and root

growth traits in control and drought environments are evaluated.
Introduction

Environmental abiotic stresses, and especially drought, affect plant growth and limit crop
productivity worldwide. With the predicted global temperature increase, drought is likely to
become more threatening (Smith and De Smet, 2012; Assmann, 2013). Therefore, plants have
evolved three adaptive strategies, known as drought escape, drought avoidance and drought
tolerance, to colonize terrestrial ecosystems with limited water availability and to optimise
their growth under such conditions (Tuberosa, 2012; Assmann, 2013; Juenger, 2013; Tardieu,

2013). Evaluating such responses in many genotypes across several environments is expected
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to reveal phenotypic plasticity, which is the ability of a genotype to produce distinct
phenotypes in different environments (Nicotra et al., 2010; Assmann, 2013; Juenger, 2013).
When plasticity differs between genotypes, this is described as genotype by environment
interaction (GxE) (Weigel, 2012; Assmann, 2013). A key development in the genetic
dissection of such complex responses is the analysis of the associations between those
responses and genetic markers via traditional QTL mapping and genome wide association
studies (GWAS) (Flint-Garcia et al., 2003; Gupta et al., 2005; Stich and Melchinger, 2010).
QTL mapping is robust and can detect the effects of rare alleles when the parents differ for
such alleles. However, generating the mapping populations as well as fine-mapping is time
consuming, the mapping resolution is relatively low, and only those genes that segregate in
the cross can be identified. Therefore, GWAS, which does not require crosses, but uses the
historical recombination events in the pedigree of a genotype, has emerged as an alternative
for fine-mapping the causal genes underlying genomic regions associated with phenotypic
variation. (Aranzana et al., 2005; Zhao et al., 2007; Nordborg and Weigel, 2008; Atwell et al.,
2010; Bergelson and Roux, 2010; Weigel, 2012). However, GWAS 1is often not powerful
enough to detect the effect of rare alleles or GXE (Eichler et al., 2010; Thomas, 2010; Gibson,
2012). Nevertheless, considering GXE in GWAS will help to discover novel genes that act
synergistically with environment (Thomas, 2010) and to identify superior and stable
genotypes across different environments (Filiault and Maloof, 2012). Recently, a multi-trait
mixed model (MTMM) approach was proposed for multi-trait or multi-environment
association mapping (Korte et al., 2012). In this approach, a marker can have different effects
in different environments, therefore explaining at least part of the GXE interaction in terms of
QTL by environment interactions (QxE).

For such studies, Arabidopsis thaliana (Arabidopsis) is a suitable model plant, mainly as there
are populations of natural accessions originating from a large geographic distribution,
including sequence information for over 450 such accessions. In addition, there is high
density, genome-wide, single-nucleotide polymorphism information available for
Arabidopsis, which showed that linkage disequilibrium (LD) extends between 5 to 10 kb, or
only one to two genes (Bergelson and Roux, 2010; Hancock et al., 2011; Weigel, 2012;
Assmann, 2013).

Here we report on screening a haplotype map (HapMap) population of ~350 genetically
diverse Arabidopsis accessions collected from all over its natural distribution range (Li et al.,

2010) and on mapping putative candidate genes associated with main effects on growth
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parameters and with a differential morphological response in control and drought

environments.

Materials and Methods

Mapping population and experimental setup

Three hundred fifty accessions of the HapMap population genotyped with 214.051 bi-allelic
(Col or non-Col) non-singleton SNPs (Li et al., 2010) were used for genome wide association
(GWA) mapping. This population was phenotyped under short days (SD), 10 hrs light, and
temperature-controlled greenhouse conditions, together with the Sha x Col RIL population
described in chapter 4. The environmental conditions were 69% relative humidity, 21.3 °C
during the day and 74% relative humidity, 17.5 °C during the night. The experimental setup
was a randomized block design, with one replicate per accession per block and three blocks
per treatment. As described for the SD experiment in chapter 4, plants were grown on silver
sand covered with a thin layer of sieved peat in 7 cm deep, squared plastic pots, to facilitate
measuring roots at the end of the experiment. All pots were watered with nutrient solution at
the start of the experiment, until saturation, i.e. 100% soil water holding capacity (SWHC).
Nutrient solutions contained 1, 1.1 and 5.9 mM N, P and K, respectively. Per pot, two seeds
were sown and three days after germination, seedlings were thinned to one. Twelve days after
germination, water was withheld as drought treatment, while the control treatment was
continuously watered every 2 or 3 days, when SWHC had dropped below 80%, until the end
of the experiment. After 34 days rosettes were harvested and fresh weight (RosFW) was
measured. Rosettes were oven-dried at 65 °C for three days for dry weight (RosDW)
measurements. Roots were washed carefully, placed in a plastic tray filled with water and
scanned with a flatbed scanner. With the scans, total root length (RL) and root diameter
(DIAM) were measured using WinRhizo (Regent Instruments Inc., Quebec, Canada) and

thereafter root DW (RDW) was measured. Finally RL/RosDW was calculated.
Statistical and GWA mapping analysis

Statistical analysis was performed on the raw data using SPSS for Windows Rel. 19 (Chicago:
SPSS Inc). Analysis of variance (ANOVA) was used to test for the significance of treatment

differences, lines and for the GXE. The broad sense heritability (h?) was calculated as
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2
h? 8

o2+ o?[r’

where r is the number of replicates, and the genetic variance cr;2 and environmental variance
o? are estimated using the ANOVA mean sums of squares: 62 = (MS(G) — MS(E))/r and

6% = MS(E). Genotypic means from the analysed traits were used for for both GWA
mapping of plasticity and bivariate GWA-mapping using the MTMM approach (see below).
For each accessions and for each measured trait, phenotypic plasticity was calculated as the
difference in genotypic mean between treatments (Tétard-Jones et al., 2011). For mapping
plasticity, univariate GWA mapping (Kang et al., 2010) was performed. In both uni- and
bivariate GWA mapping, only SNPs with a minor allele frequency above 0.05 were
considered, and a general significance threshold of —'"’log(P)=4 was used. For all reported

genes, the description was from The Arabidopsis Information Resource (TAIR) vs. 10

(www.arabidopsis.org).

Multi Trait Mixed Model approach

Korte et al. (2012) proposed multi-trait mixed model (MTMM) association mapping, which
can model both genetic and environmental correlations between traits. Here we use MTMM
for bivariate association mapping on traits measured under drought and control conditions.
Marker effects are either common to both environments or environment-specific. The latter
case is referred to as QTL by environment (Q x E) interaction. Following the notation of
Korte et al., (2012), it is assumed that the trait under stress y, and under control y, follow a
multivariate normal distribution defined by

[ Zjl ] = S/t + Sopts + 8 + (T X 51)a + v, (1)
Y2

2 g - 2
oy UHJK {)q(f,‘,l()'q'z]\ O'r,__\lf”_ 0 )
Var(v) = ( Pg0 102K o2 K + 0 o2, 1, )’ )

q,1

Where S1 is the column vector which is 1 for the observations taken under stress and 0
elsewhere; similarly S9 is the column vector which is 1 for the observations taken under
control. & is the vector of 2n marker scores, n being the number of accessions. The
parameters 4., and ;. represent the environment-specific means, f is the main effect of the
genetic marker and a its environment specific effect. The covariance structure of the errors

depends on environment-specific genetic variances (2, and o2 ,) and residual variances (o2,
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and +2,), as well as the genetic correlation p,. When different traits are observed on the same

individual, there is an environmental correlation as well (Korte et al., 2012), this is however
not the case here. The kinship matrix /A is the identity-by-state matrix based on all SNPs.

Korte et al. (2012) showed that it is straightforward to extend this model to situations where
some observations are missing (supplementary files available at

http://www.nature.com/ng/journal/v44/n9/full/ng.2376 .html#supplementary-information), and

only available for one of the environments. This extension is however not implemented in the
original software, therefore we added this feature to the R-code, which is available on request.
For each marker we test the full model against the null model (@ = 3 = 0). On those markers
with a p-value smaller than 107,
o We first test for marker by environment interaction: the full model against the model
where @ = 0
e  When there is no significant marker by environment interaction (the p-value in the
preceding test being larger than 0.05), we report an estimate 3 for model (1) without
the term (z x s )av.
e If there is significant marker by environment interaction, then our estimates of the
marker effects are environment specific: 3, = 3 + & and 3, = 3. P-values are in this
case obtained from testing the hypotheses 33 = 0 and 33 = 0 in the closely related

model

[ :j' } = 8111 + Sops + (x X 81)P1 + (x X $3) 32 + v.
2

Univariate GWA-mapping

Using the methodology of Kang et al., (2010), we performed GWA-mapping on differences
of trait means (i.e. plasticity). In the first step the model:
Y=ul,+g+e 3)

is assumed, where Y = (Yi,..., Y,)" is the vector of genotypic means of the plasticity of the
n = 350 genotypes, . is the population mean, 1,, = (1,...,1)" is the vector of ones. The
vector e = (ey,...,e,) ~ N(0,021,) consists of independent environmental noise, and the
genotypic effects g = (g, ..., gn)’ have a zero mean Gaussian distribution with covariance

matrix o2/ . The kinship matrix K is the identity-by-state matrix based on all available
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SNPs. For this model, we obtain REML-estimates 52 and 572. Conditional on these estimates,

we test whether the marker effects are zero. This is done by adding a marker effect to (3) :

Y=pl,+2B+g+e, 4)

where x = (Xy,...., Xp ) ' is the vector of marker score. We then tested, for each marker in turn,
the hypothesis 3 = 0. This is only done for the markers whose minor allele frequency is at
least 0.05.

Analysis of extreme accessions

Based on a trait ratio between drought and control environments, the whole population was
classified twice: once based on RosDW ratio, and the second time based on RL ratio. For each
classification, two contrasting groups, each composed of 10 accessions, one with the smallest
(drought sensitive) and another with the largest (drought tolerant) RosDW or RL ratios, were
made. Both sets were compared regarding the amino acid sequence of proteins encoded by
candidate genes identified by mapping relevant traits, using the Arabidopsis 1001 genomes

browser http://signal.salk.edu/atg1001/3.0/gebrowser.php. To predict the function of

candidate genes, their protein domains were compared with those of other well-described,
related genes using the Simple Molecular Architecture Research Tool (SMART) browser
http://smart.embl-heidelberg.de/.

Results

Phenotyping the HapMap population

RosFW, RosDW, RL, RDW and RL/RosDW were analysed for the 350 accessions grown in
control and drought environments. When trait averages of all accessions were considered
together, apart from root length and root dry weight in the drought environment, the values of
RosFW, RosDW and RL/RisDW were significantly higher in the control environment (Figure
1). ANOVA (Table 1) showed a significant difference between control and drought

environment for all traits except for RosDW.
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Figure 1: Frequency distributions of the non-normalized reported traits for the 350 accessions
grown in control (dark grey bars), and drought (light grey bars) environments. The vertical
axes indicate the number of accessions per trait value class, and the horizontal axes indicate
the different trait value classes. RL/RosDW refers to the ratio between root length and rosette

dry weight.

Table 1: ANOVA table showing sum of squares of the mean for three replications of rosette
fresh weight and dry weight and two replications of root length and root dry weight of
HapMap plants grown under well-watered conditions (control) and under drought conditions
(drought). GxE is the genotype by environment interaction. * = significant at 0.001 level. h> =

broad sense heritability.

Root dry weight (g)

(B
0 100 200 300 400 500600 700 800
Root length (cm)

ANOVA %
Trait Accessions Environment GxE
i 0.60
Fresh weight control 63.4 * 992 * 277 %
Fresh weight drought 0.55
i 0.54
Dry weight control 0.62 * 0.32 * 0.18
Dry weight drought 0.51
0.69
Root length control 9442071 273204* 5826771
Root length drought 0.80
i 0.70
Root dry weight control 0.047* 0.000053* 0.028*
Root dry weight drought 0.75
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Correlation analysis (Table 2) showed a significant, positive correlation between all measured
traits in both environments except for RL/RosDW which showed a significant, but negative,

correlation with RosFW and RosDW in the drought environment.

Table 2: Pearson correlations for the analysed traits in control (C) and drought (D)
environments. RL/RosDW refers to the ratio between root length and rosette dry weight.
Fresh and dry weight values are averages of three replications, while root traits are averages
of two replications. Dark grey refers to a significance level of 0.01, while light grey refers to
a significant level of 0.05.

Trait 1 2 3 4 5 6 7 8 9
Rosette fresh weight -C 1 1

Rosette dry weight —-C 2 921 1

Root length —C 3 .660 | .657 1

RL/RosDW - C 4 A33 | 139 [ 762 1

Root dry weight -C 5 442 ( 439 | 519 | 324 1

Rosette fresh weight-D | 6 387 | .333 364 | 189 | 244 1

Rosette dry weight - D 7 554 512 430 | .133 | 291 .841 1

Root length -D 8 A53 [ 194 | 179 | .061 126 227 244 1
RL/RosDW — D 9 -126 | -.078 | -.027 [ .027 | -.005 -.188 -264 | 798 1
Root dry weight -D 10| 314 | 319| 289 .105| .236 391 439 | 528 | 272

Genome wide association mapping, GXE and candidate genes

The MTMM approach used here enabled us to identify 74 SNPs we considered associated
with a trait, of which 16 SNPs indicated a main effect on the trait and 58 SNPs indicated a
QxE effect (Figure 2). The 74 SNPs are in or closest to 69 genes, from which Table 3 present
genes with significant QxE effect that have functions related to drought or abiotic stresses
based on the biological function in TAIR 10 (www.arabidopsis.org). For example, a SNP in
TARGET OF RAPAMYCIN (TOR) (Dobrenel et al., 2011; Ren et al., 2012; Caldana et al.,
2013) was associated with RosDW where the non-Col allele increased RosDW in both

environments, but the increase was three times higher in the drought environment than in the
control (Table 3). Another SNP with significant QxE, was associated with RDW and with its
plasticity response. This SNP was mapped in the SNFI-RELATED PROTEIN KINASE 2.2
(SnRK2.2) gene (Fujii et al., 2007; Fujii et al., 2011; Kulik et al., 2011). The effect of the Col
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allele of this SNP was the opposite, and four times higher, in the drought environment
compared to the control.

An additional association was found between a SNP mapped in the SHORT ROOT HAIR 1
(SRH1) gene (Huang et al., 2013) and RDW. The effect of the non-Col allele in the drought
environment was twice the effect of the Col allele in the control environment. Another
significant SNP was mapped in the RIBOSOMAL PROTEIN S3 (RPS3) gene (Barakat et al.,
2001) and was associated with RL/RosDW with significant QxE effect. The effect of the non-
Col allele of this SNP in the drought environment was twice the reversed effect of the allele in
the control environment. This SNP was in the interval of the previously mapped RDW QTL,
RDW4, in chapter 2.

Two relevant SNPs were found to be associated with —log10(p) values below the threshold of
4 (respectively at = 3.6 and 3.7), but because they resided in the confidence intervals of two
QTL mapped in the Sha x Col RIL population (chapter 2), DW2, for RosDW, and RL4, for
RL, respectively, they were still considered to indicate candidate genes, potentially underlying
the QTL. The SNP associated with RosDW located in the FLOWERING LOCUS C (FLC)
gene (Andres and Coupland, 2012), while the SNP associated with RL located with the
YELLOW LEAF SPECIFIC 7 (YLS7) gene (Yoshida et al., 2001), also known as TRICHOME-
BIREFRINGENCE-LIKE 17 (TBL17).

Mapping plasticity

The ability of a genotype to produce distinct phenotypes in different environments as a way to
adapt to the environment, is known as phenotypic plasticity. Out of 100 significant SNPs
mapped for plasticity, the difference between trait values in control and drought environments
(Figure 3), 23 SNPs were in common with the SNPs mapped with QxE effect (as indicated in
Table 3). Table 4 lists SNPs associated with plasticity, selected based on a predicted
biological function related to drought stress response. The SNP previously mapped in
SnRK2.2 for its QxE effect on RDW, was also found for plasticity in RDW and in RL. A SNP
associated with RosFW was mapped in the GLYCINE-RICH RNA-BINDING PROTEIN 4
(GR-RBP4) gene, related to cold adaptation (Kwak et al., 2011). This SNP was specific for
FW plasticity . Another SNP associated with RosFW was mapped in the
GERANYLLINALOOL SYNTHASE 4 (GES4) gene (Attaran et al., 2008). A SNP in a gene
encoding ARABIDOPSIS THALIANA Delta(3) (Goepfert et al., 2008), was associated with
RL/RosDW. In addition to a SNP that was associated with both RosDW and mapped in the
ASCORBATE PEROXIDASE 5 (APX5) (Panchuk et al., 2002), two more SNPs were
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associated with RDW and mapped in CYTOCHROME P450 71042 (CYP710A42) (Morikawa
et al., 2006) and NUCLEOSIDE DIPHOSPHATE KINASE 3 (NDPK3) (Hammargren et al.,
2008) genes with functions related to the response to oxidative stress. A SNP in the
RESPONSIVE TO DEHYDRATION 21B (RD21B) gene (Shindo et al., 2012), a gene which is
highly expressed in pollen and in roots, was associated with RDW. Seven SNPs mapping to
the FORMS APLOID AND BINUCLEATE CELLS 1C (FABIC) gene (Whitley et al., 2009)
are associated with RL/RosDW.
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Figure 2: Manhattan plots displaying GWAS 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 (E).
Arrows indicates significant SNPs in genes with annotated functions, as reported in table 3,
next to SNPs in YELLOW LEAF SENECENCE7 and FLOWERING LOCUS C, which were
below the —log10(p) threshold of 4.
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Table 3: List of candidate genes with a QxE effect on shoot and root traits, selected based on GWA analysis of the Arabidopsis HapMap
population. RL/RosDW refers to the ratio between root length and rosette dry weight. MAF is minor allele frequency. —log10(p) indicates the
QTL significance level, with the values between parentheses those obtained for univariate mapping of plasticity.  indicates the effect of a SNP
in drought or in control environments with positive values when the positive effect on the trait value is coming from the Col allele.
Chromosome numbers (Chr.) and SNP positions in kb are given. Both SNP position and description is based on TAIR v.10
(www.arabidopsis.org). LD lists genes found to be in linkage disequilibrium within 10 kb on both sides of the significant SNP.

. SNP
Trait B § . LD
(unit) Chr. Gene (P[g]i) MAF -log10(p) drought | control Description

1 AT1G21860 | 7671 0.371 4.4(2.9) -0.587 | 0.214 | SKUS similar 7 (sks7). Involved in response to oxidative stress

Encodes a protein with similarity to MAPKKKs.Involved in

Rosette | 1| ATIG73660 | 27691 | 0317 | 40(0.9) | 0592 | 0229 | photoperiodism, flowering, protein phosphorylation, response to | AT/ 070t
fresh salt stress G73650
weight PHY TOCHROME INTERACTING FACTOR 3-LIKE 2 (PIF

(8) 3 | AT3G62090 | 22989 | 0.174 4.2(2.9) 0.722 | -0.272 | 3). Involved in cell wall macromolecule metabolic process, red AT3G62080
or far-red light signaling pathway, xylem development .

SULFATE TRANSPORTER 4.1 (SULTR4;1). sulfate AT5G13510

5| ATSG13550 | 4355 | 0446 | 40(14) | 0656 | 0136 | oo brane transport toAT5G13560

TARGET OF RAPAMYCIN (TOR). Involved in cell adhesion,

Rosette | | | AT1G50030 | 18528 | 0.154 | 4.1(3.7) | -0.76 | -0.237 . P U AT1G50010
dry cell division, cell wall organization
weight | 4 | AT4G13770 | 7992 | 0.194 | 52(5.6) | -0.321 | 0.615 EEESCGEHROME P450 (CYP83AI). Response to UV, response
(8 . . —
4 | AT4G25000 | 12852 | 0.134 | 4.0(3.9) | -0.738 | -0.023 | Alpha-amylase-like (AMY1). Response to abscisic acid AT4G24974
stimulus and gibberellin
I | AT1Ge3540 | 23567 | 0203 | 43(13) | -0.749 | -0.161 | Hydroxyproline-rich glycoprotein family protein (HRGP) AT1G63530

(unknown function)

Root .
length | 3 | AT3G05790 | 1727 | 0414 | 4228 | 0577 | -0.089 | LON PROTEASE 4 (LON4). Involved in cellular response to
(cm) oxidative stress

Leucine-rich repeat protein kinase family (LRPK). Involved in
protein phosphorylation

3 | AT3G23750 | 8557 | 0.140 4.13.2) 0.231 0.802
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Table 3 (continued): List of candidate genes with a QxE effect on shoot and root traits, selected based on GWA analysis of the Arabidopsis
HapMap population. RL/RosDW refers to the ratio between root length and rosette dry weight. MAF is minor allele frequency. —log10(p)
indicates the QTL significance level, with the values between parentheses those obtained for univariate mapping of plasticity. B indicates the
effect of a SNP in drought or in control environments with positive values when the positive effect on the trait value is coming from the Col
allele. Chromosome numbers (Chr.) and SNP positions in kb are given. Both SNP position and description is based on TAIR v.10
(www.arabidopsis.org). LD lists genes found to be in linkage disequilibrium within 10 kb on both sides of the significant SNP.

SNP
. . - B B - .
Trait (unit) | Chr. Gene (Plé)ts)) MAF log10(p) | drought | control Description Tair 10 LD
Galactosyltransferase family protein (GTF) involved in AT2G32440 to
2 | AT2G32430 | 13773 | 0.074 | 5.1 (5.8) [ -1.679 | 0.903 protein glycosylation AT2G32480
Cytochrome P450 (CYP71B19), involved in response to
3 | AT3G26170 | 9576 | 0.074 | 5.1 (3.7) | -1.886 | 0.411 oxidative stress -
Root dry SNF1-Related protein Kinase 2-2 (SnRK2-2). Involved in
weight (g) 3| AT3GS0500 | 18742 | 0.394 14.3(4.3) | 0866 | -0.346 response to osmotic, salt stresses and water deprivation i
SHORT ROOT HAIR 1 (SRH1). Involved in lateral root
4 | AT4G34580 | 16515 | 0.103 | 49 (3.3) | -1.497 | 0.811 development and root hair elongation -
s | AT5G49780 | 20230 | 0.063 | 4.1 3.7) | -1.872 | -0.218 Leucine-rich repeat protein kinase family (LRPK). i
) T ' ) Involved in protein phosphorylation
1| ATIG72600 | 27340 | 032 | 48(4.0) | 0.165 | -0.772 | Hydroxyproline-rich glycoprotein family protein (HPRG) AT1G72620
) T ) ) (unknown function)
3 AT3G02250 | 425 0.06 [ 54(0.3)| -2.942 | -0.508 | Involved in response to salt stress -
ARABIDOPSIS THALIANA PLASMA-MEMBRANE
4 | AT4G20260 | 10942 | 0.086 | 5.3 (22) | 2.375 | -0.329 | ASSOCIATED CATION-BINDING PROTEIN 1 ;
RL/RosDW (ATPCAPI). Involved in reponse to cold, salt, osmotic,
(cm/g) water stresses and root hair elongation
AT5G35526,
Ribosomal protein S3 family protein. Involved in response AT5G35535,
5 | AT5G35530 | 13711 | 0.274 | 4.8 (3.8) | -1.082 | 0.556 to salt stress AT5G35540,
AT5G35550
s | AT5G35580 | 13760 | 0477 | 5.0 21) | -1311 | 0232 Protein kinase superfamily protein. Involved in protein i
) T ) ) phosphorylation, expressed in roots
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Figure 3: Manhattan plots displaying GWAS results for plasticity using univariate 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 (E).

Extreme accessions and comparing amino acid sequences of candidate genes

Ten drought tolerant and ten drought sensitive accessions were selected based on their
RosDW ratio between drought and control environments (Table 5). The selected extremes did
not exhibit any marked geographic distribution. In general, most of the drought sensitive
accessions showed a higher total root length in the drought environment compared to the
control environment (RL ratio often >1), while no significant difference was observed
between RDW of drought tolerant and drought sensitive accessions.
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Table 4: List of candidate genes mapped for shoot and root plastic response selected based on GWA analysis of the Arabidopsis HapMap
population. RL/RosDW refers to the ratio between root length and rosette dry weight. —log10(p) indicates the QTL significance level.  indicates
the effect of a SNP with positive values when the positive effect on the trait value is coming from the Col allele. Chromosome numbers (Chr.)
and SNP positions in kb are given. Both SNP position and description is based on TAIR v.10 (www.arabidopsis.org). LD lists genes found to be
in linkage disequilibrium within 10 kb on both sides of the significant SNP.

Trait (unit) | Chr. g{(l))s) Gene _1(()1%)10 B Function LD
| 2523 | AT1G61120 41 -0.1004 GERANYLLINALOOL SYNTHASE (GES). Involved in abscisic acid mediated i
Rosette ' ' signaling pathway and response to water deprivation
fresh 3 8608 | AT3G23830 43 0.1969 GLYCINE-RICH RNA-BINDING PROTEIN 4 4 QR-RBP4. Involved in response to AT3G23840
weight (g) cold, osmotic stress, salt stress, and water deprivation
5 819 | AT5G03360 4.0 -0.1073 | DC1 domain-containing protein. Involved in response to oxidative stress -
Cysteine/Histidine-rich C1 domain family protein. Intracellular signal transduction, AT2G21830,
Rosette dry 2 9315 | AT2G21850) 44 0.0112 response to oxidative stress AT2G21840
ight . . . .
weight (g) 4 17029 | AT4G35970 43 0.0095 | Ascorbate Peroxidase 5 (APXS) involved in the response to oxidative stress -
1| 27960 | ATIG74380 | 4.7 1067 XYLOGLUCAN XYLOSYL TRANSFERASE 5 (XXTS5). Involved in glucose catabolic i
' " | process, root hair elongation, xyloglucan metabolic process
Root length ) 2347 | AT2G19230 46 76.9 Leucine-rich repeat transmembrane protein kinase protein involved in amino acid )
(cm) ' ) phosphorylation,
3 18742 | AT3G50500 | 42 60.8 SNF1-RELATED PROTEIN KINASE 2-2 (SnRK2-2). Involved in response to osmotic, i
' ) salt stresses and water deprivation
1 11092 | AT1G31080 4.4 0.0038 [ F-box family protein with unknown biological function. Expressed in root ATI1G31090
2(2) | 14536 | AT2G34490 4.1 0.0028 | Cytochrome P450 (CYP710A2) encodes a protein involved in response to oxidative stress A/;f%gégjgg(;o
Root dry - —
weight (g) 4 6732 | AT4G11010 41 0.0023 NUCLEOSIDE DIPHOSPHATE KINASE 3 (NDPK3). Involved in response to oxidative AT4G11000,
stress AT4G11020
4 9626 | AT4G17140 4.0 0.0026 [ Involved in root hair cell differentiation -
5 17271 | AT5G43060 | 4.2 0.0038 | RESPONSIVE TO DEHYDRATION 21B (RD21B). Involved in response to salt stress -
FORMS APLOID AND BINUCLEATE CELLS 1C (FAB1C). Involved in cellular AT1G71015,
1(7) | 26785 | ATIGT1010 43 11591 protein metabolic process, phosphatidylinositol metabolic process AT1G71020
RL/RosDW i ARABIDOPSIS THALIANA DELTA(3). Involved in abscisic acid mediated signaling i
(cm/g) 4 8306 | AT4G14430 41 18153 pathway, response to water deprivation and root hair elongation
5 14934 | AT5G37600 41 1155.6 GLUTAMINE SYNTHASE 1.1 (ATGLN1.1). Involved in nitrate assimilation, response i
' " | to glucose and sucrose stimulus
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Table 5: The ten most drought sensitive and drought tolerant accessions identified in the
HapMap population, ranked according to the lowest, respectively highest rosette dry weight in
drought relative to control ratio (RosDW, in bold). The values of the rosette fresh weight
(RosFW), root length (RL) and root dry weight (RDW) ratios are also presented. RL-Rank
represents the rank position of these accessions when considered for RL ratio in ascending
order (see Table 6).

Accession Name Country RosFW RosDW RL RDW RL-Rank
CS76197 Nd-1 Germany 0.16 0.33 0.81 0.74 177
CS76127 Est-1 Estonia 0.22 0.40 1.11 1.06 247
CS76301 Wei-0 Switzerland 0.19 0.41 0.63 1.31 132
CS22689 RRS-10 USA 0.21 0.45 0.34 0.54 65
Drought | CS28336 Ha-0 Germany 0.17 0.46 0.38 0.60 71
sensitive | CS76103 Bu-0 Germany 0.27 0.47 1.26 1.03 262
CS76109 Can-0 Spain 0.26 0.48 1.21 1.27 252
CS76304 Wt-5 Germany 0.19 0.49 1.13 1.73 244
CS76156 Kulturen-1 Sweden 0.48 0.49 1.17 0.90 249
CS76140 Hi-0 Netherlands 0.57 0.51 1.47 1.30 287
CS76199 NFA-8 UK 0.55 0.98 0.91 0.63 205
CS76167 Lillo-1 Sweden 0.79 0.98 0.93 1.42 67
CS28350 Hn-0 Germany 0.91 0.98 0.69 1.12 146
CS28241 Es-0 Finland 0.80 1.03 0.42 0.91 49
Drought | €S28091 Boot-1 UK 0.91 1.06 0.66 0.72 139
tolerant | CS28193 Com-1 France 0.86 1.08 0.33 0.78 62
CS76214 Pro-0 Spain 0.52 1.12 1.07 1.32 230
CS28013 Alst-1 UK 0.88 1.13 0.39 0.70 72
CS28014 Amel-1 Netherlands 0.81 1.16 0.49 1.01 60
CS28018 Ang-0 Belgium 1.16 1.66 0.52 1.06 59

Another twenty accessions were selected based on their RL ratio between drought and control
environments (Table 6). Again, the selected accessions did not exhibit any marked geographic
distribution. In general, accessions with longer roots in the drought environment exhibited

higher RDW than accessions with shorter roots.

Table 6: Accessions with extreme root length (RL) identified in the HapMap population,
ranked according to short and respectively long root length in drought relative to control ratio
(RL in bold). The values of rosette fresh weight (RosFW), dry weight (RosDW) and root dry
weight (RDW) ratios are also presented. RosDW-Rank represents the rank position of these
accessions when considered for RosDW-Rank ratio in ascending order (see Table 5).
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Accession Name Country RosFW RosDW RL RDW R?{S;:I)l}{v_
CS28787 Uk-1 UK 0.42 080 023 1.33 250
CS76198 NFA-10 UK 0.44 076 023 0.74 224
CS28241 Es-0 Finland 0.80 1.03 0.24 091 322
CS28692 Rou-0 France 0.63 076 029 0.95 225
Short | CS76164 Ler-1 Poland 0.53 0.60 029 0.59 110
root CS28018 Ang-0 Belgium 1.16 1.06 031 1.06 350
CS22689 RRS-10 USA 0.21 0.45 034 0.54 35
CS76092 Appl-16 Sweden 0.36 057 035 0.59 94
CS76106 C24 Portugal 0.46 0.58 0.48 0.81 96
CS76113 Col-0 USA 0.47 0.61 0.61 0.36 116
CS76116 Cvi-0 Cape Verde Islands 0.32 0.72 117 1.28 203
CS76192 Mt-0 Lybia 0.27 0.69 136 145 184
CS76142 Hov4-1 Sweden 0.62 0.73 139 1.13 209
CS76140 Hi-0 Netherlands 0.57 0.51 147 1.30 63
Long | CS76251 Tottarp-2 Sweden 0.32 0.66 151 1.71 157
root CS76215 Pu2-23 Czech Republic 0.59 0.91 165 1.76 296
CS76220 Rmx-A180 USA 0.42 0.80 167 1.71 252
CS76219 Rev-2 Sweden 0.55 0.73 169 1.6l 210
CS76141 Hod Slovakia 0.86 1.07 172 1.29 330
CS76227 Sha Tajikistan 0.48 0.83 175 1.37 266

The Arabidopsis 1001 genomes browser http://signal.salk.edu/atg1001/3.0/gebrowser.php

(Weigel and Mott, 2009) was used to compare the amino acid of all genes reported in table 3
and 4 and all genes with unknown function between the extreme groups of the accessions
listed in tables 5 and 6 and to try to identify genes that show common sequence differences,
distinguishing both extreme groups. Only 5 genes showed such amino acid sequence
differences (data not shown). The most striking differences were observed when comparing
the predicted protein sequences of two genes, the RIBOSOMAL PROTEIN S3 (RPS3,
AT5G35530) gene mapped for RL/RosDW (Table 3) and the YELLOW LEAF SENESCENCE
7(YLS7, AT5G51640) gene mapped for RL. The RPS3 gene was compared between the
twenty extreme accessions selected based on RosDW ratio (Table 5) and presented in Figure
4. Five amino acids were consistently different between both groups (Figure 4-a). Based on
all possible combinations of those five amino acids, the re-sequenced accessions, that
overlapped with the current population, were classified into five haplotypes (Figure 4-b,c):.
haplotype “NFA-8”, with 31 accessions; haplotype Amel-1, with 14 accessions; haplotype
Lilloe-1, including 14 accessions, with the highest RL/RosDW; haplotype Wei-0, with 62
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accessions, including Col; and finally a remaining set of haplotypes, comprising 39
accessions, including Sha. The results showed that accessions with amino acids similar to Sha
had a higher RL/RosDW than accessions similar to Col. As a control, 10 genes upstream and
10 genes downstream of the RPS3 gene were also compared regarding their coding regions,
but no common differences were observed between both groups (data not shown), indicating
the RPS3 gene to be uniquely highly variable in a relatively large genomic region, supporting
its candidacy to be the causal gene identified by the associated SNP.

One more SNP was mapped in YLS7 gene , with significance level —log10(p) = 3.7. This SNP
was in the interval of root length QTL, RL4, mapped in chapter 2. For both, the SNP and the
QTL, the Col allele increased RL in the control environment, and the non-Col allele, Sha
allele, increased RL in the drought environment. Based on the root length ratio, the two
contrasting groups, 10 accessions each, one with large root length ratio, included Sha, and one
with small root length ratio, included Col (Table 6), were examined for their amino acid
sequence of YLS7 (Figure 5-a). This shows clear common differences for 12 amino acids
between both groups. Haplotypes of the YLS7 (Figure 5-b) using the re-sequenced accessions
available in the 1001 genome browser were analysed based on the amino acid of YLS7. The
re-sequenced accessions were classified into four haplotype groups; 43 accessions with amino
acid sequences similar to Col, 6 accessions with long roots and amino acid sequences similar
to Sha, 32 accessions with long roots and amino acid sequences slightly different from Sha,
and the remaining 85 accessions, with several combinations of amino acid sequences. The
results (Figure 5-c) showed that haplotypes similar to Sha have the longest roots in the
drought environment, whereas, in the control environment, haplotypes similar to Col have
longer roots than haplotypes similar to Sha. Based on the amino acids of twenty genes, ten
genes up and ten genes down YLS7, no clear differences were found when comparing both
groups, except for gene AT5G51630, annotated as a disease resistance protein (Fig. 6). The
comparison revealed that accessions similar to Sha exhibited no significant difference
between RL in control and drought environments. In addition, no significant difference was
observed between RL of accessions similar to Sha and those similar to Col in the drought

environment (Figure 6).
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Figure 4: (A) Comparison of amino acids (AA) for AT5G35530 ( RPS3), a gene mapped for RL/RosDW, between accessions with highest and
lowest RosDW in table 5. Based on AA sequences, 160 re-sequenced accessions of the Hapmap population available in 1001 genome browser
were classified in panel (B) to five haplotypes; 31 accessions with AA sequences similar to NFA-81, 14 accessions with AA sequence similar to
Amel-1, 12 accessions with AA sequence similar to Lilloe-1, 62 accessions with AA sequences similar to Wei-0 (includes Col), and 39
accessions with all other possible AA sequences (includes Sha).
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Figure 5: (A) Comparison of amino acids (AA) for AT5G51640 (YLS7), a gene mapped for RL, and co-located with RL4, between accessions
with long and short root in table 6. Based on AA sequences, 160 re-sequenced accessions of the Hapmap population available in 1001 genome
browser were classified in panel (B) to four haplotypes; 43 accessions with AA sequences similar to Col, 6 accessions with AA sequence similar
to Sha, 32 accessions with AA sequence similar to Cvi, and the 85 accessions with all other possible AA sequences.
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Figure 6: (A) Comparison of amino acids (AA) for AT5G51630, a disease resistance protein mapped for RL, between accessions with long and
short root in table 6. Based on AA sequences, 160 re-sequenced accessions of the Hapmap population available in 1001 genome browser were
classified in panel (B) to four haplotypes; 31 accessions with AA sequences similar to Col, 82 accessions with short roots but with AA sequence
different from Col and similar to NFA-10, 26 accessions with AA sequence similar to Sha, and 4 accessions with long root but with AA sequence
different from Sha and similar to Cvi-0.
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Discussion

To assess the extent of natural variation in rosette and root morphological responses to
drought, 350 Arabidopsis accessions were grown on sand under greenhouse conditions. Such
experimental design is a reasonable compromise to avoid the difficulty of phenotyping roots
in natural field environments and the unnatural conditions present in hydroponics, aeroponics
or agar plates (Tuberosa, 2012). The high heritability of at least 58% for the measured traits
indicates homogenous growth of the population in both environments. The highly significant
correlation observed between traits and between environments suggests commonalities in
their genetic regulation, which is confirmed by finding co-location of significant SNPs for
correlated traits.

Earlier studies (Atwell et al., 2010; Filiault and Maloof, 2012; Yano et al., 2013) used
different subsets of Arabidopsis collections that overlapped with the 350 accessions used here.
These 350 accessions were selected from a much larger collection of 5707 Arabidopsis
accessions, based on a maximized genetic diversity and the elimination of population
structure (Li et al., 2010; Platt et al., 2010). However, because only 149 SNPs were used to
test for population structure some residual population structure will be present in the HapMap
set which accounts for false positives. Some statistical approaches were suggested to
overcome this problem (Yu et al., 2006; Zhao et al., 2007; Atwell et al., 2010; Brachi et al.,
2010), but they introduce the problem of false negatives, meaning that causative genetic
markers may not be detected, when they are strongly associated with population structure and
corrected for statistically (Brachi et al., 2010).

The commonly used approach for such GWA studies was univariate analysis for each trait
and treatment. Although this will identify genes with main effects, it does not account for
GxE. Especially for traits that appear to respond to environmental changes, considering GXE
will help to discover novel genes that act synergistically with environment (Thomas, 2010),
and also to identify superior and stable genotypes across different environments (Filiault and
Maloof, 2012). Therefore, the proposed MTMM approach for modelling bi-variant
association mapping and for effective mapping of QxE (Korte et al., 2012) was applied here.
No less than 58 SNPs were found to be associated with QxE effects, of which 23 SNPs
overlapped with SNPs associated with plasticity which validate the results. In addition, 38
SNPs were significant when mapped using bivariate MTMM and slightly below the threshold,
between 3.5 and 3.9, when mapped using univariate analysis and vice versa. This is in

agreement with earlier reports, e.g. (Filiault and Maloof, 2012; Yano et al., 2013), where the
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significance level was depending on the statistical approach used for mapping. In addition, we
calculated the correlation between the -logl0 values of all 214 k SNPs that resulted from
univariate and MTMM approaches and found a positive correlation of between 0.40 and 0.45
for all traits, which supports the expected overlap between them. Apparently, the discrepancy
in significance level is due to the applied statistical approach. It is difficult to choose a proper
threshold for the association analysis, as it is rather arbitrary. Previously, approaches in which
a —log10(p) threshold of 4 was used, gave good enrichment for a priori candidates (Atwell et
al., 2010; Li et al., 2010), which is why we used the same threshold. However, it has to be
noted that so far very few of the candidate genes coming from GWAS in Arabidopsis have
been confirmed. One example was the identification of heavy metal atpase3 (HMA3) as the
primary determinant of natural variation of cadmium in leaves (Chao et al., 2012).

GWAS has reduced power in detecting rare alleles even if they have large phenotypic effects.
Therefore, combining traditional linkage mapping with GWAS is an alternative for reducing
the rate of false positives and for detecting false negatives (Nordborg and Weigel, 2008;
Atwell et al., 2010; Bergelson and Roux, 2010; Brachi et al., 2010; Sterken et al., 2012;
Weigel, 2012). Therefore, we searched the confidence intervals for QTL presented in chapter
4 for SNPs associated with the same traits, that were at or close to the threshold. Only two of
those, FLC and YLS7, were found, at —loglO(p) values of 3.6 and 3.7 respectively. The
association involving FLC was with RosDW. FLC was suggested to be co-locating with
RosDW QTL, DW?2, identified in the Col x Sha RIL population (chapter 2). The pleiotropic
effect of FLC on increased leaf size, biomass yield and reduced height at flowering time was
reported in tobacco plants when transformed with FLC (Salehi et al., 2005). Other studies
suggested that when FLC interacted with FRIGIDA, another flowering time gene, it showed
pleiotropic effects on water use efficiency and nitrogen content (Loudet et al., 2003; McKay
et al., 2003; Tonsor et al., 2005; Lovell et al., 2013) and number of branches, nodes and fruits
(Scarcelli et al., 2007). We find this sufficient reason to consider the association of FLC with
DW to indicate a true candidate explaining the phenotype.

Similarly, we like to consider another association at a —log10(p) value of 3.7, which is the
association of a SNP in YLS7 with RL. This gene was originally found in a screen for
senescence induced genes (Yoshida et al., 2001). The protein sequence of YLS7 was
compared with that of the paralogous gene ESKI, using the Simple Molecular Architecture
Research Tool (SMART) browser, which is involved in the tolerance to freezing (Xin and
Browse, 1998; Xin et al., 2007), salt and drought (Lugan et al., 2009) (Figure 7). It shows that

the protein domains of the predicted amino acid sequence derived from the following,
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homologous genes: YLS7; ESKIMOI (ESK]I), also known as TBL29 (Xin and Browse, 1998;
Xin et al., 2007). The comparison revealed that proteins encoded by YLS7 and ESK] shared
three main domains, a transmembrane domain, a low complexity region, and a Domain of

Unknown Function (DUF).

Transmembrane domain

\l, Low complexity region

\l/ Pfam
ESKd I - .m!u! iFEm
YLS7 - g
DUF231

No.ofAA 0 100 200 300 400 500

Figure 7: Protein domain based comparison between two TBL genes; ESKIMO1 gene (ESKI)
and Yellow LEAF SPECIFIC GENE 7 (YLS7) The comparison is based on three main
domains; the transmembrane domain, the low complexity region, and the DUF231 domain.
No. of AA refers to number of amino acids per protein.

An earlier study reported that the terminal LCR, is enriched with stress response-related terms
(Coletta et al., 2010). The similarity in protein sequence and structure suggests that YLS7
may have a similar funciton as ESK1 and may also be involved in abiotic stress tolerance.
Although YLS7 was not reported to be associated with stress response in Arabidopsis, an
earlier study showed that YLS7 from Ponkan mandarin (Citrus reticulata) was down regulated
when fruits were stored in the cold (Zhu et al., 2011). YLS7 showed significant QxE with Col
increasing RL in the control environment and the non-Col allele increasing RL in the drought
environment. YLS7, co-located with the RL QTL, RL4, mapped in the Sha x Col RIL
population (chapter 5), with the marker with the highest LOD score mapping within 700 Kb
of YLS7. For both, the RL4 QTL and the co-locating SNP in YLS7, the favourable allele was
the Col allele in the control environment and the non-Col allele, which was from Sha in the
RIL population, was the favourable allele in the drought environment. YLS7 also co-located
with a QTL for seedling germination under salt stress, also mapped in the Sha x Col
population (Galpaz and Reymond, 2010). In addition, the haplotype analysis was in

agreement with the results in chapter 5 where Col exhibited a longer total root length in
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control environments while Sha exhibited a longer total root length in drought environment.
These results together support that YLS7 is a strong candidate to be the gene underlying the
RL4 QTL, however, final proof will be found by replacing the Col allele with the Sha allele
and conferring the Sha phenotype to the transgenic plants.

Many SNPs were significantly associated with the measured traits. We are aware that
significant SNPs associated with genes with unknown function are of great importance to
understand their functions, however, because no functional analysis confirmation was carried
out, only genes that are known to be involved in drought or stress responses were reported.
For example, one significant SNP was mapped SnRK2.2.2 (Fujii et al., 2007) and was
associated with RDW and with its plasticity and with RL plasticity. This gene was first
reported as a regulator of some of the response to sulphur starvation (Davies et al., 1999). In
addition, the Arabidopsis double mutant snrk2.2/snrk2.3 showed strong ABA insensitive
phenotypes in seed germination and root growth inhibition (Fujii et al., 2007). Other studies
showed that the Arabidopsis triple mutant snrk2.2/snrk2.3/snrk2.6 was extremely insensitive
to ABA and exhibits greatly reduced tolerance to drought (Fujii and Zhu, 2009; Kulik et al.,
2011).

Another association was found between RosDW and TOR, a growth regulator gene which
senses nutrient availability (Dobrenel et al., 2011; Liao et al., 2011; Ren et al., 2012; Caldana
et al., 2013). It was shown earlier that overexpression of TOR increases shoot biomass and
resistant to stresses (Dobrenel et al., 2011). In addition, the inhibition of 7TOR resulted in
slower root growth in Arabidopsis, leading to poor nutrient uptake, and slower leaf growth,
leading to poor light energy utilization(Ren et al., 2012). In the same way, we think that
drought sensitive accessions that showed small RosDW and RL do not express this gene.

The RPS3 gene (Barakat et al., 2001), which is induced by salt-stress in Arabidopsis roots
(McLoughlin et al., 2013), was associated with RL/RosDW. Distinguishing amino acid
differences were observed for this gene when comparing accessions with extreme phenotypes
for RosDW, grouped according to contrasting phenotype in drought tolerant and drought
sensitive accessions. To exclude that this is just one gene of a genetically very variable region
of the genome, we also examined 10 genes upstream and downstream of this gene. However,
all of these neighbouring genes are much less variable than the candidate gene, strengthening
its role as a candidate underlying the observed phenotypic variation. A haplotype analysis
showed that in drought environment, Sha and accessions with similar haplotypes, had a higher

RL/RosDW than accessions with the Col haplotype, which is very much in line with the QTL
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results described in chapter 5. These results, together with the results obtained from YLS7
increases our confidence to consider both a true association.

Drought stress induces stomatal closure, and leads to excess production of reactive oxygen
species (ROSs) and increased oxidative stress (Mittler, 2002; Cruz de Carvalho, 2008; Bhatt
et al., 2011). To suppress the effect of ROS under drought conditions, plants produce anti-
oxidative enzymes (Cruz de Carvalho, 2008; Mirzaei et al., 2012). In the current study, two
SNPs in SKS7 and CYP83A41 genes that are involved in the redox process, were associated
with RosFW and RDW, respectively. The effect of those SNPs was highly affected by
drought treatment which is in agreement with what was reported earlier in drought stressed
rice (Mirzaei et al., 2012), where anti-oxidative enzymes were up-regulated in drought grown
plants when compared to well-watered plants.

In this chapter we showed promising associations between SNPs in relevant genes and
drought tolerance related rosette and root traits. However, additional confirmation using
knock outs, reciprocal transformations, and studying differential gene expression and co-
expression networks will be required to validate their candidacy as genes underlying the
observed phenotypic variation. If so, this will also reveal more on the functions they have in
the response of Arabidopsis to drought, which knowledge can potentially be used to improve

drought stress tolerance in crops.
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Abstract

A recombinant inbred line (RIL) population was produced based on a wide cross between the
rapid-cycling and self-compatible genotypes L58, a Caixin vegetable type, and R-0-18, a
yellow sarson oil type. A linkage map based on 160 F7 lines was constructed using 100 SNP,
130 AFLP®, 27 InDel and 13 publicly available SSR markers. The map covers a total length
of 1150 cM with an average resolution of 4.3 cM/marker. To demonstrate the versatility of
this new population, 17 traits, related to plant architecture and seed characteristics, were
subjected to QTL analysis. A total of 47 QTLs were detected, each explaining between 6 to
54% of the total phenotypic variance for the concerned trait. The genetic analysis shows that
this population is a useful new tool for analysing genetic variation for interesting traits in B.
rapa, and for further exploitation of the recent availability of the B. rapa whole genome

sequence for gene cloning and gene function analysis.

Keywords: Brassica rapa, Recombinant Inbred Line population, QTL analysis, plant
breeding
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Introduction

Brassica rapa is an important, widely cultivated crop, with various forms or “morphotypes”,
such as leafy vegetables, turnips and oilseed rape (Zhao et al., 2005). While the use of B. rapa
as an oilseed crop is relatively modest, it is important as one of the parents of Brassica napus,
the most important oilseed crop. After the oil has been extracted from the seeds, the remaining
seed components (meal) are of economic interest for feeding animals. It has been known for
some time that breeding for yellow seed colour is advantageous for meal quality in B. napus,
because yellow-seeded genotypes have a thinner seed coat associated with a higher protein
content and less non-energetic and anti-nutritive fibre components (Liu et al. 2012).
Therefore, breeding programs aiming at combining yellow seed colour with yield associated
traits such as seed number, seed size, number of siliques per plant, pod shattering, carpel
number and vivipary, have been developed in B. napus through interspecific crosses with
yellow-seeded Brassica species (Tang et al., 1997; Badani et al., 2006; Wittkop et al., 2009;
Liu et al., 2012). A problem is that the expression of the yellow colour, at least in B. napus, is
highly dependent on environmental factors (Liu et al. 2012).

Pod shattering, caused by carpel abscission, is an undesirable characteristic in crop breeding
as it decreases the yield due to seed loss during harvesting. For B. napus the seed yield loss
can be as much as 20% of the harvest (Price et al., 1996). The absence of embryonic
dormancy during seed development, which prevents seeds to germinate prematurely on the
mother plant, can be expressed as vivipary. While this is more commonly observed in
cereals, it can also be found in oilseed rape, leading to large economic losses due to
significant reduction in seed quality. Resistance to vivipary is therefore a very favourable
trait in breeding programs (Zhang et al., 2008). Next to seed related traits, plant height, branch
number and leaf number at first flower opening are factors contributing to Brassica plant
architecture that differ considerably between genotypes. Plant architecture is of major
agronomic importance and has a strong effect on the suitability of a plant species for
cultivation, as it affects plant yield and harvest efficiency (Reinhardt and Kuhlemeier, 2002).
With the smallest genome size in the Brassica genus, the rapid life cycle of some of its
genotypes, and the relatively close relationship to the model plant species Arabidopsis
thaliana, B. rapa is considered to be one of the model dicot crops for genetic studies (Wang et
al., 2011). These studies require “immortal” mapping populations, i.e. populations that can be
easily propagated through seed without altering their genotypes, as indispensable tools in

identifying quantitative trait loci (QTLs) underlying traits of interest (Koornneef et al., 2004).
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Doubled haploid (DH) populations are the most commonly used type of immortal mapping
populations for Brassica species (Pink et al., 2008). However, the poor response of many B.
rapa genotypes to DH induction (Kole et al., 1997) together with the high degree of
segregation distortion often observed in DH populations (Voorrips et al., 1997), limits this
use. Instead, when using self-compatible genotypes with short generation times it is feasible
to develop Recombinant Inbred Line (RIL) populations through sexual propagation. In this
study two B. rapa genotypes, corresponding to two distinct morphotypes, the leafy vegetable
Cai Xin accession L58, of Chinese ancestry, and the yellow sarson oil seed DH line R-0-18,
of Indian ancestry, were crossed to generate a Recombinant Inbred Line (RIL) population.
Both parents are early flowering and self-compatible, which facilitates rapid propagation and
the ability to maintain the RILs through single seed descent.

Genetic linkage maps are required to properly query DH or RIL populations for the
identification of the chromosomal regions or QTLs that harbour the genes controlling
important agronomic traits. Single nucleotide polymorphisms (SNPs) represent the most
abundant and common type of genetic polymorphisms that can be readily converted into
genetic markers for marker assisted selection. Large-scale SNP discovery projects, using
high-throughput sequencing techniques, have become a powerful complement to the standard
genetic mapping procedures, and the use of resulting markers greatly improves the linkage
maps of diploid crops. The Illumina GoldenGate assay is an efficient SNP genotyping tool
that has been used already for soybean, tetraploid and hexaploid wheat lines and maize (Hyten
et al., 2008; Akhunov et al., 2009; Yan et al., 2010). Currently, SNP genotyping is replacing
the use of the AFLP technology, which has previously been very useful for analysing genetic
diversity and relationships in many plant species, including B. rapa, identifying a large
number of polymorphic loci (Zhao et al., 2005).

This paper describes the generation and genetic mapping of a large, versatile, rapid cycling B.
rapa RIL population dedicated for QTL analysis. As an illustration of the potential
importance of this population, we used it to identify 47 QTLs, responsible for most of the

observed morphological variation in 17 different traits.

Materials and methods

Plant growth and generation of the RIL population

The two parental genotypes L58 and R-0-18 were crossed reciprocally and from each of the

two F1 offspring, one plant was randomly selected to be propagated by subsequent
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generations of self-fertilization using a single-seed-descent approach, aimed at minimizing
any bias in selecting plants. The seeds of L58 (B. rapa ssp. parachinensis) were provided by
Dr. Xiaowu Wang from the Institute for Vegetables and Flowers of the Chinese Academy of
Agricultural Sciences, Beijing, China; and seeds of R-0-18 (B. rapa var. trilocularis) were
obtained from Dr. Lars @stergaard, John Innes Centre, Norwich, UK. One of the two F1
combinations, L58 (@) x R-0-18 (&), was propagated until the F7 generation, the other
remained at F5 and could be used for future fine-mapping studies. All generations were grown
between April 2007 and June 2009 with four replications in a fully randomised design.
Individual plants were grown in 19-cm diameter black plastic pots filled with a potting soil
consisting of prefertilized peat, obtained from “Lentse potgrond” (www.lentsepotgrond.nl), in
a temperature-controlled greenhouse at 21° C with artificial long day light (16 hours). No cold
treatment or vernalization was applied for germination or flowering respectively. For every
generation, the first flower appeared about four weeks after germination in the early flowering
lines. The inflorescences were covered with perforated plastic bags to prevent cross-
pollination by insects. In case of poor seed set, hand pollinations were performed. The 160 F7
RILs were multiplied in the same conditions, ensuring homogeneous material for genetic

studies.
DNA extraction and genotyping

DNA was extracted from frozen F7 leaves according to a modified CTAB procedure (Beek et
al., 1992). The DNA was amplified with the Genomiphi-kit (/lustra™ GenomiPhi™ V2 DNA
Amplification Kit, GE Healthcare UK) to be suitable for GoldenGate assay analysis (Akhunov
et al., 2009). For SNP discovery, two B. rapa lines (Kenshin and Chiifu) were compared
using CRoPS®-technology (van Orsouw et al., 2007) to reveal more than 1300 putative SNPs.
The SNP-harbouring sequences were processed with the Illumina Assay Design Tool (ADT)
by [llumina (www.illumina.com). A total of 384 SNPs were selected, all having ADT scores
above 0.6. 100-500 ng of genomic DNA (GenomiPhi) per plant was used for Illumina SNP
genotyping at Keygene N.V. using the [llumina BeadXpress™ platform and the GoldenGate
Assay. Part of the DNA was used for SSR or AFLP detection as described by (Choi et al.,
2007) and Vos et al. (1995) respectively. Pre-amplification and selective amplification for
AFLP analysis were carried out as described by Zhao et al. (2005). For selective amplification
seven combinations of EM (EcoRI/Msel) primers (E34M15, E34M16, E37M32, E37M49,
E37M56, E40M38, and E40MS51) and four combinations of PM (Psfl/Msel) primers
(P23M48, P23M50, P21M47and P23M47) were used. The Pst I and EcoRI primers were
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labelled with IRD-700 at their 5 ends (Zhao et al., 2005). The reaction product of selective
amplification was mixed with an equal volume of formamide-loading buffer, denatured for 5
minutes at 94" C, cooled on ice and run on a 5.5% denaturing polyacrylamide gel using the
LI-COR system 4200 DNA sequencer (Li-Cor, Lincoln, Neb.) (Myburg et al., 2001). The
AFLP gel images were analysed by the AFLP-Quantar Pro software. All distinguishable
bands ranging from 50 bp to 500 bp were used in the data analysis. AFLP bands were scored
as 1 or 0 for presence or absence of the band, respectively. All weak and ambiguous bands
were scored as “unknown”. In addition, 36 public SSR primer pairs (Choi et al., 2007) were
used to screen for polymorphisms using the same LI-COR system to run a 5.5% denaturing
polyacrylamide gel. Furthermore, 27 polymorphic InDel markers, based on DNA
resequencing information of two parental lines of a DH population, which was used to

construct a B. rapa reference map for pseudochromosome sequence assembly, were screened

as described by (Tuberosa and Salvi, 2006).
Construction of a genetic linkage map and QTL analysis

The genetic map was constructed using JoinMap 4.0 (www.kyazma.nl). Monomorphic
markers, markers with a high number of unknown scores and markers with more than 75 %
allele skewedness towards either A or B were removed. Recombination frequencies were
converted to centiMorgan (cM) distances using Haldane’s mapping function. SNP markers
positions were confirmed by comparing their primer sequences with the B. rapa genome
using the Brassica database (BRAD) (brassicadb.org) of Brassica crops whole genome
sequence and genetics data (Cheng et al., 2011). It contains the complete Brassica A genome
sequence from the reference B. rapa genotype Chiifu-401-42 (Wang et al., 2011). InDel
markers were compared to the reference map (Tuberosa and Salvi, 2006; Choi et al., 2007),
which was previously used for chromosome alignment.

MAPQTL 6.0 (www.kyazma.nl) was used for QTL analysis. First, the interval mapping
procedure was performed to detect major QTLs. For each trait a 1,000 X permutation test was
performed to calculate the LOD threshold corresponding to a genome-wide false discovery
rate of 5% (P < 0.05). Markers with LOD scores equal to or exceeding the threshold were
used as cofactors in multiple-QTL-model (MQM) mapping. If new QTLs were detected, the
linked markers were added to the cofactor list and the MQM analysis was repeated. If the
LOD value of a marker dropped below the threshold in the new model, it was removed from

the cofactor list and the MQM analysis was rerun. This procedure was repeated until the
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cofactor list became stable. The final LOD score for each trait was determined by restricted
MQM (rMQM) mapping. In some cases, rMQM mapping showed that some cofactors should
be on the same linkage group, but at slightly different positions. In that case, the new marker
was selected as a cofactor and the whole procedure was repeated. The linkage map was

visualized using Mapchart (Voorrips, 2002).

Trait measurement

The 160 RILs (four replicate plants) and both parents (five replicate plants) were phenotyped
for 17 traits. These traits are categorised into two main groups. Seed related traits, including
seed colour, seed weight, seed oil, seed germination and seed vivipary; and morphological
traits, including flowering time, total height, plant height until the first flower, branch number,
silique length, silique beak length, silique number, number of seeds per silique, carpel
number, pod shattering, total leaf number and leaf number until the first flower. Seed colour
of fully mature F8 seeds was visually scored and ranked into nine different classes ranging
from yellow (1) to black (9). Seed germination data were obtained by sowing 30 seeds of each
line and scoring the percentage of germination 15 hours after sowing. The seeds were
sterilized in 2% sodium hypochlorite for 2 minutes. After rinsing 2 times with sterile distilled
water, they were sown in two rows of 15 seeds on square plates containing 50 ml of half MS
medium + 1% agar. The plates were placed vertically in a 25°C growth chamber with a 16/8
hours light/dark photoperiod. Silique length and number of seeds per silique were averaged
from three ripe siliques. Seed vivipary was scored as either 0 (no vivipary), 0.5 (medium) or 1
(high) based on visual estimation of the number of seeds with radicles when harvested.
Shattering was scored at harvesting time as either 0 (no open siliques), 0.5 (few open siliques)
or 1 (many open siliques) (Figure 1). Seed oil was extracted by a crude method of hexane
extraction, grinding 10 weighed F7 seeds of each line in 650 pl of hexane, shaking the mix for
two minutes followed by one minute of centrifugation at 14,000 rpm in an Eppendorf
microfuge. 600 pl of supernatant was transferred to a new tube and left overnight in the fume
hood to evaporate the hexane. The oil content was determined in mg oil per mg seed
(Goossens et al., 1999). All traits were measured for each of the four replicate plants, and the
average values were used for mapping, except for seed colour, seed germination and seed oil
content, for which only one replication could be measured. The heritability was calculated as
the ratio between the genetic variation (Vg), i.e. variance between the average values of all

RILs, and the total variation (Vt), with Vt = Vg + Ve, where Ve is the environmental
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variation, i.e. variance between the replications of all lines. All statistical analysis was

performed in SPSS 19.

Figure 1: Phenotyping of RIL population of B. rapa L58 x R-0-18. A: Seed vivipary; i.e.
premature germination of seeds still in the silique, or just after harvesting, B: silique length
(SL) and silique beak length (BL), C: pod shattering, corresponding to the fraction of opened
siliques at harvesting, D: carpel number, with the left two siliques having two carpels and the

two on the right having three.

Results
Genotyping and construction of the linkage map for the RIL population

The availability of the complete genome sequence of B. rapa (Wang et al., 2011) and the
genome analysis tools provided in the BRAD database (Cheng et al., 2011), were critical for
constructing a reliable genetic map of the L58 x R-0-18 RIL population suitable for QTL
mapping. Out of the 384 SNPs that could be queried by the Brassica GoldenGate assay we
used, 120 SNPs were polymorphic between the parents, of which 100 provided unambiguous
genotype calls for mapping. Based on the sequence of the SNP primers, the position of the
100 mapped SNP markers could be linked to their sequence position on the B. rapa genome,
thus confirming the mapping results and providing anchoring points for chromosome number
assignment and proper orientation of the chromosomal linkage maps with the genome
sequence. The same was done for the SSR markers previously used to create the B. rapa
reference linkage map (Choi et al., 2007). In total 94 InDel markers were screened, from
which 27 showed polymorphism between the two parental lines. Seven of these polymorphic
markers have been mapped on the reference map used for B. rapa pseudochromosome

assembly (Tuberosa and Salvi, 2006), while the other markers were assigned to the
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chromosomes according to the position of their corresponding sequence scaffolds. The final
linkage map was constructed for the L58 x R-0-18 F7 RIL population using 100 SNP, 130
AFLP, 27 InDel and 13 SSR markers. It covers a total length of 1150 cM with an average

resolution of 4.3 cM per marker (Figure 2).

Phenotyping the RIL population

A total of 17 traits were analysed for the F7 RIL population. Figure 3 shows the frequency
distributions of the measured traits over the whole population. Transgression beyond the
parental lines values was observed for most of the traits except seed colour, pod shattering,
seed germination and vivipary. Broad sense heritabilities ranged from 0.35, for stem
thickness, to 0.92, for flowering time (Table 1). Heritabilities could not be determined for
seed colour, seed germination and seed oil content, as for these traits only one replication
could be measured. Correlation analysis of all measured traits (Table 2) showed that
flowering time was highly positively correlated with total leaf number and leaf number until
the first flower. Silique number, seed number per silique, pod shattering and silique length
were also positively correlated. In general, plants with more siliques had longer siliques with

more seeds and higher seed oil content, all contributing to traits favoured for oil seed rape.

QTL analysis

In total 47 QTLs were mapped for the 17 analysed traits (Table 3 and Figure 4). Seed colour
was a very prominent phenotype segregating in the population. A major QTL for seed colour
(Sc1) was mapped to chromosome A9 with a LOD score of 30.8 and explaining 53.7 % of the
total seed colour variance. This region on A9 appears to be rich in genetic variation, with
several other QTLs co-located with Sc/, which are loci for pod shattering (S#), number of
seed per silique (Nsps/) and seed oil (So). The Sh QTL also explains a large portion, 18%, of
the genetic variance. Another QTL for seed colour (Sc2), with a LOD score of 12.1, was
mapped to chromosome A3, accounting for 15 % explained variance. Variation in vivipary
(Vi) was explained by two loci, one locus on A9 (Vil), with 20% explained variance, and
another on A6 (Vi2) that explains 13% of the variance. The carpel number QTL (Cnl) co-
localised with the silique length (Si/) QTL on A4, each explaining 15%, respectively 17% of
the variance. This region also harbours one of the silique beak length QTLs (B/3). As can be
seen from Figure 1, these traits appear to be pleiotropic effects of the same locus, as the
increase in carpel number often corresponds with malformed, shorter siliques with shorter

beaks.
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Figure 2: Genetic linkage map of the B. rapa L58 x R-0-18 RIL population, showing the
positions of 270 markers (100 SNP, 130 AFLP, 27 InDel and 13 SSR markers) distributed
over 10 linkage groups corresponding to the 10 chromosomes of the Brassica A genome.
Markers labelled with [6 digits|7 digits] are SNPs, markers labelled “E...M..” or “P...M..” are
respectively EcoRI/Msel or Pstl/Msel generated AFLPs, markers labelled “BrID....” are
InDels and the remaining markers are SSRs.
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Figure 3: Frequency distributions of non-normalized data of the reported traits for the L58 x
R-0-18 RIL population. The vertical axes indicate the number of lines per trait value class and
the horizontal axes indicate the different trait value classes. The parental values (indicated

with L and R) are the mean of five replicates.
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Table 1: Phenotype data for both parental lines (L58 and R-0-18) and the RIL population, for the 17 analysed traits. “%” indicates the
relative performance of R-0-18 compared to L58. “Min” and “Max” indicate the values of the RIL with respectively the lowest of the
highest value, while “Range” indicates the difference between these values. “Mean” is the average value for all RIL lines, with standard
deviation (SD), and h® is broad sense heritability. For all traits four replicate samples were measured, except for seed colour, seed
germination and seed oil content, for which only one sample could be measured. All 160 lines have been scored.

Parental lines RIL population

Trait (unit) abbreviation | L[58 | R-0-18 % Min Max | Range | Mean SD h?

Stem thickness (mm) St 7.5 4.5 60.0 2.0 10.8 8.7 5.1 1.7 0.35
Flowering time (days) Ft 28.8 38.4 133.6 22.0 79.8 57.8 34.6 8.2 0.92
Branch number Bn 8.4 8.9 105.9 3.0 17.0 14.0 8.7 2.9 0.69
Leaf number until first flower Lnf 11.8 17.8 151.8 5.0 46.0 41.0 15.9 6.6 0.89
Total leaf number Tin 13.9 17.8 128.1 5.5 46.8 41.3 15.9 6.9 0.89
Plant height until first flower (mm) Ph 171 658 384 88 943 855 344 154 0.81
Total plant height (mm) Tph 878 1078 123 398 1403 1005 864 156 0.76
Silique number Sin 46.5 48.8 104.8 0.0 108.5 108.5 323 24.1 0.73
Carpel number Cn 2.0 2.8 141.3 1.9 33 1.3 2.1 0.2 0.50
Silique length (mm) Sil 22.9 34.6 151.3 233 70.9 47.6 42.5 9.1 0.78
Silique beak length (mm) Bl 10.2 14.8 145.4 3.7 18.5 14.8 10.3 3.6 0.71
Pod shattering Sh 1.0 0.0 0.0 0.0 1.0 1.0 0.2 0.3 0.50
Number of seeds per silique Nsps 6.2 8.1 131.1 1.0 22.9 21.9 9.7 5.0 0.61
Vivipary Vi 0.0 0.0 - 0.0 1.0 1.0 0.2 0.3 0.68
Seed colour Sc 9.0 1.0 11.1 1.0 9.0 8.0 5.3 2.5 -

Seed oil content (mg oil/mg seed) So 0.4 0.4 112.8 0.3 0.7 0.4 0.5 0.1 -

Seed germination Sg 0.0 100.0 - 0.0 100.0 | 100.0 68.1 29.8 -
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Table 2: Pearson correlations for the analysed traits of the L58 x R-0-18 RIL population.

Trait St Ft Bn Lnf Tin Ph Tph Sin Cn Sil BI Sh Nsps Vi Sc So
St 1

Ft 571 1

Bn 376 382 1

Laf .562 .847 .563 1

Tln .566 .861 .557 988 1

Ph .183 275 354 315 .289 1

Tph 252 -014 157 .016 .012 .629 1

Sin .079 .084 .025 .067 .074 -.109 -.084 1

Cn 127 .064 .032 179 157 174 127 -.025 1

Sil -.191 -.108 -.078 -.105 -.123 .196 .107 .184 -.181 1

Bl -.137 -.003 -.053 -.028 -.021 175 .081 .198 -.006 .680 1

Sh .053 .072 .021 .033 .054 -.148 -.028 419 .045 .047 .186 1

Nsps .249 171 120 139 .143 .085 .097 367 .166 151 .075 355 1

Vi -.344 -.369 -.256 -.392 -.388 -.188 .018 .147 -.150 -.001 .103 -015 -.305 1

Sc -.094 -.075 -.007 -.121 -.120 .012 .004 .060 .142 -.166 .021 238 .170 -.095 1

So 205 285 .076 222 221 .010 -112 345 .020 -.040 -.048 113 .S16 -228 179 1
Sg .017 -.105 .091 -.104 -.080 .052 -.020 .032 .024 -.045 -.154 -.123 .007 173 -.127 -.004

St. stem thickness, Ft: flowering time, Bn: branch number, Lnf: leaf number until first flower, 7/n: total leaf number, Ph: plant height until
first flower, Tph; total plant height, Sin: silique number, Cn: carpel number, Si/: silique length, BI: silique beak length, Sh: Pod shattering,
Nsps: number of seed per silique, Vi: vivipary, Sc: seed colour, So: seed oil content, Sg: seed germination

Dark gray boxes means significant at P < 0.01; light gray boxes means significant at P < 0.05.
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Pleiotropy is also the likely cause of the co-localisation of flowering time QTLs Ft3, Ft4 and
Ft5 with QTLs for total leaf number (7/nl, Tin2, Tin4) and leaf number until the first flower
(Lnfl, Lnf3, Lnf4) on respectively A2, A7 and A8. Tln and Lnf share four of the six QTLs
found for these traits, in line with the correlation found between them. The locus on A8 also
seems to account for variation for branch number (Bn), harbouring the major Bn QTL (Bnl).
Plant height until the first flower (Ph) and total plant height (Tph) also share one common
QTL, on A10 (Phl and Tph?2).

Table 3: QTLs detected for the analysed traits in the L58 x R-0-18 RIL population. Per trait,
QTLs are numbered according to decreasing LOD score (LOD). LOD thresholds are
calculated per trait based on 1000 permutation tests and an experimental error rate of P <
0.05. R’ is the percentage of total phenotypic variance explained by each QTL. For each QTL,
the allelic effect is calculated as pA-uB (u= mean), where A and B are RILs carrying L58
respectively R-o-18 alleles at the QTL.

Trait gri [Linkage  LOD . li(ggl;g;g R? Effect
group  threshold
(cM)
Stem thickness Stl A7 3 4.7 58.9 13.1 1.3
St2 A4 2.8 7.6 8 1.1
Flowering time Ftl A7 2.8 54 349 11.2 5.5
Ft2 A5 4.9 60.8 9 -5.4
Ft3 A8 4.9 85.2 9 -5.1
Ft4 A2 3.7 64.3 6.6 4.2
Ft5 A7 3.1 106.3 6.5 -4.5
Branch number Bnl A2 3.1 5.5 64.3 13.1 2.1
Bn2 A3 3.2 38.3 7.4 -1.7
Bn3 A6 2.8 76.7 6.4 1.5
Leaf number Lnfl A8 2.9 8.8 91.3 15 -53
until first flower | 7,0 A4 4.9 90.1 8 3.8
Lnf3 A7 4.8 96.7 8 -3.9
Lnf4 A2 3.88 64.3 6.2 3.4
Lnf5 AS 3.2 35.171 5 -3.1
Lnf6 A9 2.9 79.578 4.5 -2.8
Total leaf Tinl A8 2.9 8.3 91.3 14 -5.3
number Tin2 A7 5.7 106.4 10.6 -4.8
TIn3 A7 4.1 58.9 7.6 4.1
Tin4 A2 4.6 64.3 7.3 3.8
TIn5 A4 3.3 77.8 5.1 3.2
Tin6 A3 3 38.29 4.6 -33
Plant height until | PAl Al0 2.8 4 59.2 9.3 95.4
first flower Ph2 A8 3.6 81.4 8.3 -90.2
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Ph3 Al 2.9 55.5 6.6 -85.2
Total plant Tphl A3 3 5 38.3 11.3 -112.3
height Tph2  AlO 4.1 64.4 9.5 96.1
Tph3 AS 3.2 69.7 7.1 87.2
Silique number Sin A6 3 4 72.4 11 16.0
Carpel number Cnl A4 2.7 4.4 84.1 15.2 0.2
Cn2 A2 2.5 17.5 8.5 -0.1
Silique length Sil A4 3 5 90.1 18.6 -8.1
Silique beak Bll Al0 3 5.7 53.6 14.4 2.8
length BI2 A8 4.4 0 11 2.4
B3 A4 4.1 90.1 10 -2.3
Bl4 Al 72.9 3 7.2 -2.0
Pod shattering Sh A9 3 5.5 60 18 0.2
Number of seeds | Nsps! A9 3 3.5 58.1 10 3.1
per silique Nsps2 A3 2.7 82.6 7.2 2.7
Vivipary Vil A9 3 3.9 111.3 20.5 0.3
Vi2 A6 2.6 61.1 13.3 -0.2
Seed colour Scl A9 3 30.8 56.6 53.7 3.7
Sc2 A3 12.1 52.5 15 2.1
Seed oil content So A9 3 3 58.2 9.1 0.1
Seed Sgl A5 3.1 4.1 137 14.4 -23.2
germination Sg2 A3 3.1 147.6 10.5 22.1
Chromosome
2 3 4 5 6 7 8 9 10
I | Seed colour
‘ Seed oil content
Il | Number of seeds per silique
I Pod shattering
R-0-18 -10 | I Silique number
-3 | Il Carpel number
) I ‘ Branch number
5 E |IN I ‘ I Total plant height
} HI Plant height until first flower
! I Stem thickness
L8 10 E I I Vivipary
Lod Value II II Seed germination
A II Silique beak length
Silique length
I‘ | Flowering time
| | 1 N Total leaf number
| | I | Leaf number until first flower

Figure 4: A clustered heat map showing the LOD profiles of the measured traits. Columns
indicate the 10 chromosomes in centimorgans, ascending from the left to right; rows indicate
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individual trait LOD profiles. A colour scale is used to indicate the QTL significance
corresponding to the LOD score. Positive values (red and black) represent a positive effect of
the trait by the L58 allele, negative values (blue and green) represent a positive effect on the
trait by the R-o0-18 allele. The width of a bar indicates the significance interval of the QTL
that was calculated by rMQM in MAPQTL 6. Hierarchical clustering, shown on the left,
reflects the correlation between traits based on the QTL profiles.

Discussion

The L-58 x R-0-18 population is a new RIL population, designed for general QTL mapping
studies. The parents of this population were selected for a number of reasons. Rapid cycling
and self-compatibility were two important reasons, as these would permit the rapid
construction of the population and easy maintenance through single-seed-descent propagation.
These are also the reasons that both parents are more and more used as reference genotypes,
expanding their use for other purposes, such as the generation of a TILLING population in R-
0-18 (Schmidt et al., 2011), as reference species in micro-array design (Love et al., 2010), as
well as being used in setting up a diversity fixed foundation set (DFFS) and as parents in other
mapping populations. For the latter purpose, currently the genome sequences and transcript
profiles of both parents are being determined (Jian Wu, Xiaowu Wang e.a., unpublished
results). There are not many “immortal” B. rapa populations available for mapping studies,
with immortal meaning that the individual lines are genetically homozygous and can thus be
propagated through seeds while maintaining the established genotype in their progeny. There
are few other RIL populations (Kole et al., 1997; Iniguez-Luy et al., 2009), although others
may still be in development (www.brassica.info). In addition, there are several doubled
haploid (DH) populations available (Tuberosa and Salvi, 2006; Zhang et al., 2006; Choi et al.,
2007; Lou et al., 2007; Tuberosa, 2012), which are also very useful for genetic mapping
studies, although they generally comprise about half the number of recombination events
compared to RIL populations and often suffer more from regions with skewedness towards
one of the parental alleles.

The transgression beyond the parental lines, which was observed in the F2 generation
(Bagheri et al., manuscript under review) was encouraging to produce the F7 RIL family
through single-seed-descent. Out of 200 F2 lines, only 160 F7 lines were available for
genotyping. This 16% loss from F2 till F7 was mostly due to plant sterility, apparently from
reduced pollen production. Although this may have a genetic basis, it was not obviously

related to strong skewedness of the population towards one of the two parental alleles at a
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particular locus. To reduce the risk of skewedness we started off with a relatively large
population. Thus, most of the cross-overs between alleles located in skewed segregation
region could be detected and correct linkage distances could be calculated along any skewed
marker region. We did find the occasional marker with more than 75 % allele skewedness
towards either L58 or R-o0-18 alleles, but since all of these markers were flanked by closely
linked, non-skewed markers, the skewedness was found to be due to marker scoring problems
rather than genetic skewedness, upon which the improperly scored markers were removed.
The residual heterozygosity in the RIL population was not significantly higher than the
expected value of 1.56 %. Unintended selection during single-seed-descent propagation, for
instance for plant size or fecundity, could lead to increased heterozygosity at some loci
(Loudet et al., 2002). Since effort was made to randomly designate which plants would be
selected at each propagation cycle, we were able to avoid this type of distortion in this
population. The genetic map was constructed for the F7 RILs using a mix of AFLPs, SNPs,
InDel and SSR markers. The whole genome sequence information of B. rapa (Cheng et al.,
2011; Wang et al., 2011) ensured the correct genome location of the SNPs, SSR and InDel
markers for which primer sequences were available. This was very efficient in resolving any
mapping ambiguities and in assigning chromosome numbers to linkage groups. The current
map covers a total length of 1150 cM with an average resolution of 4.3 ¢cM. This map is
comparable to two B. rapa reference linkage maps based on DH populations, with a total
length of 1182 ¢cM (Choi et al., 2007) and 1234.2 ¢cM (Tuberosa and Salvi, 2006), and the map
reported for another RIL population, of 1125 c¢cM (Iniguez-Luy et al., 2009). The marker
resolution of 4.3 ¢cM per marker found for this population, is also in line with the reported
maps. In some cases, composite interval mapping (CIM), which is one of the QTL mapping
methods we used, can be affected by an uneven distribution of markers in the genome (Zeng
et al.,, 1999), which is why non-informative markers were omitted if they did not detect
additional recombination events, to keep the smallest informative marker set. Simulation
studies have shown that the advantages of increasing marker density beyond one marker every
4.3 cM are less significant than those obtained when increasing the size of the population
(Darvasi and Soller, 1994; Charmet, 2000). That means that with the current marker density,
there is no need to screen for additional markers in order to improve mapping efficiency.

In total 47 QTLs for 17 analysed traits were mapped. Seed coat colour is a very important trait
in Brassica oilseed crops. A yellow seed colour is known to be highly correlated with meal
quality, because of the thinner seed coat, corresponding to less anti-nutritive fibre

components, which is also associated with higher protein content (Tang et al., 1997; Badani et
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al., 2006; Wittkop et al., 2009; Liu et al., 2012). Seed coat colour is a maternally inherited
trait, with the alleles for black seed coat acting dominantly over the alleles for yellow seed
coat. In B. napus, seed colour is inherited in different ways, probably depending on the source
of the genetic variation, and is strongly affected by environmental factors (Liu et al., 2012).
Earlier studies (Stringam, 1980) proposed a two locus model for seed colour in B. rapa,
involving the Br/ and Br2 loci, both of which were not mapped at the time. In B. rapa studies
involving yellow sarson oilseed types, as used in this study, a major seed colour locus is
found on chromosome A9 (Lou et al., 2007). In this RIL population two major QTLs were
detected for seed colour, Sc/ and Sc2, on A9 and A3 respectively, explaining about 70% of
seed coat colour variation. The Sc/ locus on A9 co-located with previously reported seed
colour QTLs reported for both B. napus and B. rapa (Lou et al., 2007; Wang et al., 2011; Liu
et al., 2012). Near-infrared reflectance spectroscopy measurements of acid detergent lignin
(ADL) in seeds of both parental lines confirmed the expected difference in ADL
corresponding to yellow and black seed (R. Snowdon, personal communication) suggesting
that the B. rapa locus we mapped to A9 affects the same gene as the A9 locus cloned from B.
napus. This locus was found to harbour a mutation in the CCRI gene, encoding a cinnamoyl
co-A reductase involved in lignin biosynthesis (Liu et al., 2012). In the absence of the L58
allele at Sc/, seeds containing the L58 allele at Sc2 are brown, not yellow. Most of the
cultivated B. rapa is brown-seeded, while for commercial purpose oilseed B. rapa with brown
seeds is not preferred due to the darker colouring of the oil (Ramchiary et al., 2011).
Introgression of the Sc2 allele of yellow sarson types like R-0-18, could overcome this. In
addition to the reported Sc/ and Sc2 loci, we found an additional, but very weak, Sc3 QTL
(LOD = 2.23), which mapped to A5 and accounted for 2% of the phenotypic variance.
Previously, a QTL controlling yellow seed colour was mapped to A5 (Teutonico and Osborn,
1994), which could concern the same locus.

Of the five QTLs detected for flowering time (Ft), four flowering time QTLs, Ftl, Ft3, Ft4
and F15, co-localised with previously mapped QTLs (Osborn et al., 1997; Lou et al., 2007;
Edwards and Weinig, 2011; Lou et al., 2011). Another QTL, Ft2 co-localised with a
previously mapped, non-significant, QTL on A5 for a circadian clock parameter (Lou et al.,
2011). Flowering time is highly co-related with plant architecture traits like plant height (Ph),
leaf number until first flower (Lnf), total leaf number (Tln), and branch number (Bn). Ph2,
Tinl and Lnf1 co-localised with F13, while Ft4 co-localised with 7In4, Lnf4 and Bnl, the only
branch number QTL co-localising with a flowering time locus. Furthermore, Fz5 co-localised

with TIn2 and Lfn3; and finally Ftl co-localised with TIn3. Lnf3 and Lnf4 have been
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previously mapped by Lou et al. (2007), who also observed the general co-localisation of Ft
and Lnf'loci. TIn6 and Lnf6 are two separate loci, mapping to A3 and A9 respectively, which
did not co-localise with any Ft QTLs in this population, but which co-localised with Ff QTLs
detected by (Edwards and Weinig, 2011).

Resistance to pod shattering is a recessive complex trait, mainly based on data from B. napus,
which is difficult to assess because it can only be scored at maturity (Morgan et al., 2003).
There are no reports related to Brassica loci controlling pod shattering, although work has
been done on genetic engineering of pod shattering resistance, using ectopic expression of the
FRUITFULL gene from Arabidopsis (@stergaard et al., 2006). The pod shattering QTL (Sh)
on A9 is located in the same region as Sc/, but if indeed Sc/ is caused by variation at the
CCRI gene, as we expect, this is unlikely to be a pleiotropic effect of the same locus.
Fortunately the alleles for black seeds and easy shattering are in coupling phase (Table 2),
which means that selection for yellow-seeded lines could easily be accompanied by selection
for improved shattering resistance. Since there is limited genetic variation for pod shattering
resistance within the B. napus germplasm (Morgan et al., 2003), introducing pod shattering
resistance alleles from B. rapa into a B. napus breeding program could well be an interesting
approach.

Shattering has a significant positive correlation with the number of seeds per silique (Nsps)
and the silique number (Sin). A significant S& QTL co-located with Nsps/.The number of
seeds per silique is also highly positively correlated with other silique related traits such as
silique length (Sil) and silique beak length (BI). Therefore Sil and Bl are likely to have an
overall effect on silique related traits. Silique length (Sil) and beak length (BI) shared one
QTL, Sil and BI3 respectively. This co-localization is supported with high correlation between
the two traits. Lou et al. (2007) reported two genomic regions on Al and A7 and three loci on
A5, A7 and A9, controlling silique length and beak length respectively. The Sil QTL on A4
reported here, is a new locus that explains 18.6% of the variance.

Vivipary (pre-harvest sprouting) is another important oilseed quality trait. A major QTL
explaining 50. 8% of the total variance for vivipary had previously been mapped to
chromosome N11 of B. napus (Feng et al., 2009). We are not aware of previous work on seed
vivipary QTLs in B. rapa. The two QTLs we detected on A9 and A6, explain about 30% of
the vivipary variance. Vivipary is negatively correlated with seed oil content in our data. Also
in B. napus, vivipary decreased seed viability and vigour and resulted in lower seed oil
content (Ruan et al., 2008).

With the availability of the Brassica rapa genome sequence (Wang et al 2011) and the further

92



development of molecular genetic tools based on the parental genotypes we used for the L58
x R-0-18 RIL population, we anticipate that the population can be a very useful additional
tool to improve gene cloning approaches in B. rapa and thus contribute to more efficient B.

rapa breeding.
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Abstract

Plant growth and productivity are greatly affected by drought, which is likely to become more
threatening with the predicted global temperature increase. Understanding the genetic
architecture of complex quantitative traits and their interaction with water availability may
lead to improved crop adaptation to a wide range of environments. Here, we explore the
genetic basis of 20 physiological and morphological traits describing plant performance and
growth in a Brassica rapa RIL population grown on a sandy substrate supplemented with
nutrient solution, under control and drought conditions. Altogether we identified 54 QTL of
which many co-located in 11 QTL clusters. Seventeen QTL showed significant QTL by
environment interaction (QxE), indicating genetic variation for phenotypic plasticity. Of the
measured traits, only hypocotyl length did not show significant GXE between both
environments in all experiments. Correlation analysis showed that in the control environment,
stomatal conductance was positively correlated with total leaves dry weight (DW) and above
ground DW, whereas, in the drought environment, stomatal conductance showed a significant
negative correlation with total leaves DW and above ground DW. This correlation was
explained by conditional neutrality leading to antagonistic fitness effects in the drought
environment, controlled by a QTL cluster on chromosome A7. Our results demonstrate that
QxE is an important component of the genetic variance and can play a great role in improving

drought tolerance in future breeding programs.
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Introduction

Plant growth is greatly affected by environmental abiotic stresses from which drought is the
most common factor impeding crop productivity. Drought is likely to become more
threatening with the predicted global temperature increase (Smith and De Smet, 2012). Three
categories of plant adaptive strategies to drought have been recognised: drought escape by
early flowering, drought tolerance via increasing water use efficiency (WUE), and drought
avoidance via reduced transpiration and increasing water uptake (Tuberosa, 2012; Franks,
2011; Edwards et al., 2012; Juenger, 2013; Tardieu, 2013; Assmann, 2013).

Evaluating those responses in many genotypes in several environments may show phenotypic
plasticity, which is defined as the ability of an individual organism to alter its
physiology/morphology in response to changes in environmental conditions(Schlichting,
1986). When this plasticity differs between genotypes, so when there is genetic variation for
it, it is classified as genotype by environment interaction (GXE) (Assmann, 2013; Weigel,
2012). Better understanding of GXE will provide a solid foundation for genetic improvement
of stable crop productivity and will help to identify superior and stable alleles/genotypes
across different environments (Zhang et al., 2010). The genetic basis of the observed GXE can
be identified by genetically dissecting plant physiological and morphological responses to
environments via quantitative trait loci (QTL). This specifies the genetic component of GXE
and is expressed as QTL by environment interaction (QxE). (Tardieu, 2013; Weigel, 2012;
Mackay et al., 2009; Boer et al., 2007; Malosetti et al., 2004). Different QTL effects can
occur if the allele underlying the QTL is strongly expressed in one environment, but weakly
in another or if the allele has opposite effects on the same trait in different environments
(Mackay, 2001; Sukhwinder et al., 2012). A QTL for which one allele has opposite
(pleiotropic) effects on the phenotype in two different environments can lead to fitness trade-
offs, elevating fitness in one environment but depressing it in the other environment. Trade-
offs can be maintained in nature e.g. by antagonistic pleiotropy, when alleles at a locus
underlying a fitness component show clear home-site advantages (Juenger, 2013; Anderson et
al., 2011; Leinonen et al, 2013; Anderson et al., 2013). Therefore, considering such
antagonistic fitness effects is crucial while selecting for desirable QTL during marker assisted

breeding (MAB) programs.
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To facilitate improving MAB programs, a model crop plant is required. With the smallest
genome size in the Brassica genus, the availability of complete genome sequence of Brassica
rapa (Wang et al., 2011), its close relation with the plant model species Arabidopsis thaliana
and the genome analysis tools provided in the Brassica database (BRAD) (Cheng et al.,
2011), B. rapa is a useful dicot model crop for genetic and comparative studies.

In the present study we focused on drought avoidance, which enables plants to maintain a
high fitness level in drought conditions. Therefore we investigated QxE on growth related
traits in a B. rapa recombinant inbred line (RIL) population grown on a sandy substrate under
control and drought environments. We identified several QTL for main effects and QxE. We
found an antagonistic fitness effect for a stomatal conductance/shoot biomass QTL with the
same allele reducing stomatal conductance under drought and increasing it under normal

watering conditions, while contributing to higher shoot biomass in both environments.

Materials and Methods

Plant material and experimental setup

The recombinant inbred line (RIL) population (F7) used here was previously developed in our
lab from a cross between a Yellow Sarson (R-0-18) (&) and a Caixin type (L58) (%), and
genotyped with 270 markers (Bagheri ef al., 2012). The RIL population was screened three
times under control (continuous watering for three weeks) and drought (normal watering for
one week then plants were left to dry out) environments. In all screens, plants were grown in
13 cm deep square black plastic pots. Each pot was filled with 1.5 kg dried river sand and all
pots were watered until saturation with 1100 ml nutrient solution (1, 1.1, 5.9 mmol / litre, N,
P and K respectively). The same nutrient solution was used for watering plants every 2 days.
Two seeds were sown per pot and four days after germination, seedlings were thinned to one
per pot. Seven days after germination, watering was withheld as drought treatment, while the
control treatment was continuously watered. Initially, a pilot experiment was performed using
30 randomly selected RILs and both parental lines, with three replications per genotype per
environment, to test if the drought treatment would reveal significant differences between
RILs and between the two environments regarding total leaves fresh and dry weight.
Subsequently, a full RIL screening experiment was performed in which 140 RILs and both
parents were phenotyped for the 20 studied traits (see “Plant phenotyping”) under both
environments with 3 replications per RIL and 6 replicates per parental line per treatment.

Finally a QTL reproducibility experiment was performed, to confirm the different phenotypes
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for contrasting alleles at four identified QTL by screening 27 RILs selected for their
discriminating genotypes, with three replicates per RIL per environment.

All experiments were carried out under controlled greenhouse conditions, 16 hrs. light with
average temperatures of 22.3°C and 20.3°C and average relative humidity of 77.8 and 81.3 %
during day and night respectively. The experimental set-up involved a complete randomized

block design with one plant per RIL and two replicates for each parent per block.

Plant phenotyping

In the full RIL screening and QTL reproducibility experiments, 20 traits were analysed under
control and drought environments. We chose these traits as being the ones describing as best
as possible the different aspects of plant performance in the experiments. Directly before
harvesting, when less than 5% of plants had visible flower primordia, the number of leaves
(LN) was counted. Chlorophyll content (CHL) was measured (only in the full RIL screening
experiment) using a SPAD-502 chlorophyll meter (Minolta Co., Ltd. Japan). For this
measurement the average of three leaves per plant per replication per treatment was taken.
Leaf stomatal conductance (STC) was measured using a leaf porometer (Decagon Devices
Inc., USA), for one fully expanded leaf per plant per replication (either the 3™ or 4™ leaf).
Thereafter, total leaves fresh weight (LFW) and dry weight (LDW) was measured and the dry
weight of the 3™ and 4™ (i.e. fully expanded) leaves (3,4DW). Dry weights were determined
after drying plant materials at 65°C for four to five days until weight constancy. Leaf area
(LA) of the 3 and 4™ leaves was measured using a Licor LI-3100 (Licor Inc., Lincoln, NE,
USA) and subsequently their combined specific leaf area (SLA) was calculated as the LA
divided by the 3,4DW, as well as the dry weight ratio (DWR) between 3,4DW and LDW.
Hypocotyl length (HL) was measured using a ruler and hypocotyl DW (HDW) was
determined. The shoot DW (SDW) was calculated as the sum of LDW and HDW.
Subsequently, root systems were washed carefully to remove adhering sand, placed in a
plastic tray filled with water, spread and scanned with a flatbed scanner. From this, the total
root system length (RL), root volume (RV) and root diameter (RD) were measured using
WinRhizo (Regent Instruments Inc., Quebec, Canada). This was used to calculate the RL to
SDW ratio (RL/SDW), which illustrates the aboveground matter that is supported by a given
root length. Thereafter roots were dried to measure root DW (RDW) and to calculate the root
to shoot DW ratio (R/S). Similarly, to indicate the relative investment in shoots or roots, the

shoot to total plant (shoot + root) DW ratio was calculated (S/SR), for which total plant DW
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was calculated as the sum of SDW and RDW. Finally, the leaf water content (LWC) was
calculated as (LFW - LDW)/LDW.

Statistical and quantitative trait loci analysis

Statistical analysis was performed on raw data of each experiment using GenStat for
Windows, 15th Edition (GenStat; VSN International Ltd., Hemel Hempstead, UK). Analysis
of variance (ANOVA) was used to test the significance difference between treatments, lines
and for the interaction (GxE). Heritability was estimated as implemented in GenStat. In the
linear mixed model, genotypes were fitted as random and blocks as fixed. The generalized
heritability measure used, as described by Cullis ef al. (2006), and in a more general context

by Welham et al. (2010), is given by:

mean(pev(g;))

2
Gg

where the set of predicted genotype means (Best Linear Unbiased Predictors, BLUPs) are

hr=1-

gi1...gy with prediction error variance pev(g;) and estimated genetics variance component (52 .

Pearson correlations were calculated using GenStat.

Data from the 20 traits analysed in the full RIL screening experiment were used for QTL
mapping using a multi-environment analysis (MEA) approach, which accounts for GxE, as
implemented in the QTL library in GenStat. A step size of 10 cM, a minimum cofactor
proximity of 50 cM, a minimum separation of selected QTL of 30 cM, and a threshold of -
log10P = 2.8 were used for QTL analysis. Following the mixed model approach described by
(Boer et al., 2007; Malosetti et al., 2004), first the whole genome was scanned using simple
interval mapping and based on that cofactors were selected for two rounds of composite
interval mapping. Thereafter, a final QTL model was selected using backward selection on the
selected cofactors, where it estimated the allelic effect of each of QTL in each environment,
the effect of QxE, and the explained phenotypic variance of each QTL per environment. In
addition to determining phenotypic plasticity as QxE, a second method to determine plasticity
QTL was used as described by (Tétard-Jones et al., 2011), by QTL mapping the difference in

the mean phenotypic values per line between treatments.
Confirming reproducibility of four QTL clusters
To confirm the reproducibility of the major QTL detected in the full RIL screening

experiment, we selected four QTL clusters: on chr. 3 between 38-42 cM, on chr. 7 between
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30-40 cM, on chr. 8 between 85-95 cM, and on chr. 9 between 70-84 cM. The whole
population was genetically classified into 16 groups based on all possible allelic combinations
at the four selected QTL. Thereafter, for every tested QTL, phenotypic data of RILs with
contrasting genotypes for one QTL, but similar genotypes for the other QTL, were compared.
E.g., to test for the QTL on chr.3, ANNN RILs were compared with BNNN RILs in paired
groups, so AAAA with BAAA, ABAA with BBAA, ABBA with BBBA, etc. The 27 RILs
with the highest and lowest average values at each tested QTL were selected and grown as
described. For all measured traits, a correlation analysis between traits measured in the
control environments and between traits measured in the drought environments of the full RIL
screening experiment and the QTL reproducibility experiments was used to test for a

significantly similar response to the treatment as a confirmation of the level of reproducibility.

Results

Phenotyping the RIL population

The results obtained from the pilot experiment (data not shown) indicated there was ample
phenotypic variation for drought response, which justified phenotyping the whole RIL
population. A total of 20 traits related to growth and performance of plants were analysed
under control and drought environments. Figure 1 shows the frequency distributions of the
measured traits over the whole population. Transgression beyond both parental lines values
was observed for most of the traits except for root volume, root DW, hypocotyl DW, shoot
DW, S/SR and leaf water content, where transgression was only in one direction. The
drought treatment decreased fresh weight, leaf number, leaf area, total leaves DW, root length
and stomatal conductance, and increased the root-shoot ratio, R/S (Fig. 1, Table 1). For
stomatal conductance the reduction in the L58 parent was minor and not significant as was
also the case for some of the RILs. Correlation analysis of all measured traits in this
experiment was performed to unveil the genetic and physiological relationships of the various
traits (Table 2). The correlations may exist because of similar physiological mechanisms or
due to pleiotropy; however, correlations can also be caused by genetic linkage of loci
affecting different traits, which are not physiologically related or pleiotropic. For instance, the
analysis showed that in the control environment, chlorophyll content was positively correlated

with root diameter, which is hard to envision being due to pleiotropy.
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Figure 1: Frequency distributions of the non-normalized trait values for the L58 x R-0-18
RIL population under control (C) (dark grey bars), and drought (D) (light grey bars)
conditions. The vertical axes indicate the number of lines per trait value class, and the
horizontal axes indicate the different trait value classes (with units between brackets). The
parental values are indicated with L (L58) and R (R-0-18). The same trait abbreviations are
used as described in table 1.
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Table 1: Parental line means for the analyzed traits and performance of the phenotyped RIL population under control (C) and drought (D)
conditions. The following traits were measured: Chlorophyll content (CHL); Stomatal conductance (STC); Leaf Number (LN); Leaf area (LA);
Leaf Fresh Weight (LFW); Leaf Dry Weight (LDW); 3 and 4™ leaf Dry Weight (3,4DW); 3,4ADW vs LDW ratio (DWR), Shoot dry weight
(SDW); Specific Leaf Area (SLA); Hypocotyl Length (HL); Hypocotyl Dry Weight (HDW); Root system Length (RL); Root Volume (RV);
Root Diameter (RD); Root Length to Shoot Dry Weight ratio (RL/SDW); Root Dry Weight (RDW); Root to Shoot dry weight ratio (R/S); Shoot
to plant dry weight ratio (S/SR); Leaf Water Content (WC). “Min” and “Max” indicate the values of the RIL with respectively the lowest and the
highest value. “Mean” is the average value for all RILs, with standard deviation (SD) and broad sense heritability (h%). In the ANOVA test, s =
significant and ns = non-significant. For all traits three replicates were measured.

Trait Unit Parental lines RIL population ANOVA 2nd experiment h? ANOVA 3rdnd experiment
L58 R-0-18 Min Max Mean Sp® Treatment  RILs GxE Treatment  RILs GxE

CHL-C 31.84 3145 | 2820 4745 3577 347 S . R

CHL-D 3514 3096 | 27.40 4770 3687  3.58 0.50

STCC [ sy | 23787 26612 [ 17395 36425 26550 37.59 S . . | o3 . N N
STC-D 22050 165.67 | 12590 34070 231.80 39.17 0.81

LN—C 6.67 750 450 1400 724 175 S . . | 056 . . N
LN-D 5.60 6.60 367 1033 620 142 0.78

LA—C ) 2638 3579 | 633 4791 2373 847 0.26

LA-D om 1187 1004 | 128 2224 923 383 S s " 0.46 s S s
LFW—C 3.68 511 | 0772 7458 2994  1.136 0.44

LFW-D gram 121 077 | 0268 2046 0979 0324 S ns "1 036 S S ¥
LDW-C 0276 0619 | 0087 0637 0293 0.114 031

LDW-D gram 0.196 0275 | 0060 0370 0193  0.057 S s 1S 037 S S s
3.4DW-C 0.112 019 | 0032 0231 0099 0039 0.48

3,4DW-D gram 0082 0081 | 0017 0150 0069  0.029 S s 1S 057 s s s
DWR—C 0406 0314 | 0.106 0561 0356  0.09 ;

DWR-D 0419 0295 | 0.098  0.670 0366 0.117 i i i - ) ) i
SDW—C 0288 0671 | 0092 0665 0315 0.122 -

SDW-D gram 0205 0300 | 0074 0408 0210  0.062 ) ) ; ; ) - ;
SLAC S 23503 18448 | 139.00 42635 24620 52.43 ;

SLA-D cme 14445 12395 | 3542 32575 137.60 42.89 ; ; ; ; - - ;

104



Table 1 (continued): Parental line means for the analyzed traits and performance of the phenotyped RIL population under control (C) and
drought (D) conditions. The following traits were measured: Chlorophyll content (CHL); Stomatal conductance (STC); Leaf Number (LN); Leaf
area (LA); Leaf Fresh Weight (LFW); Leaf Dry Weight (LDW); 3 and 4™ leaf Dry Weight (3,4DW); 3,4DW vs LDW ratio (DWR), Shoot dry
weight (SDW); Specific Leaf Area (SLA); Hypocotyl Length (HL); Hypocotyl Dry Weight (HDW); Root system Length (RL); Root Volume
(RV); Root Diameter (RD); Root Length to Shoot Dry Weight ratio (RL/SDW); Root Dry Weight (RDW); Root to Shoot dry weight ratio (R/S);
Shoot to plant dry weight ratio (S/SR); Leaf Water Content (WC). “Min” and “Max” indicate the values of the RIL with respectively the lowest
and the highest value. “Mean” is the average value for all RILs, with standard deviation (SD) and broad sense heritability (h®). In the ANOVA
test, s = significant and ns = non-significant. For all traits three replicates were measured.

Trait Unit Parental lines RIL population ANOVA 2nd experiment h? ANOVA 3rdnd experiment
HL-C 1.60 3.40 0.500 4550 2439  0.738 0.90
HL-D om 1.10 278 | 0733 4300 2373 0.692 s s " 091 S s ns
HDW-C 0012 0052 | 0003 0048  0.021  0.011 0.33
HDW-D gram 0009 0025 | 0.004 0038 0017 0008 s s "1 0.60 s s s
RL-C 1398.50 1970.45 | 304.40 2300.00 1078.00 388.60 0.48
RL-D om 74180 94092 | 25479 1249.64 616.60 183.40 ¥ s S | 048 S s s
RV-C . 1.71 2.98 0442 2696 1381  0.455 . . | 038 N . .
RV-D 1.52 221 0.697 2990 1379 0361 0.46
RD-C 0395 0424 | 0340 0560 0411  0.030 0.36
RD-D mm 0500 0550 | 0429 0686 0548  0.046 ¥ ¥ S | 026 ns s S
RL/SDW-C B 4849.20 2936.90 | 2088.00 7298.00 3545.00 797.40 -
RL/SDW-D cm-g 3616.80 3138.90 | 1502.00 5525.00 3049.00 750.30 i i ) - ) i )
RDW-C 0.070  0.157 | 0.013 0122 0060  0.025 0.29
RDW-D gram 0080  0.100 | 0020 0.124 0063  0.020 ¥ ¥ "1 047 S s S
R/S-C 0242 0233 | 0.097 0410 0192  0.047 -
R/S-D 0369  0.339 | 0.151 0.557 0308  0.071 i i - i i i
S/SR-C 7713 74.75 2.04 60.30  21.53  10.84 -
S/SR-D 69.94  68.45 5532 9397  70.62 4.66 i i ) - ) ) )
WC-C 12.31 7.26 0684 7362 2701  1.043 -
WC-D 5.16 1.80 0.110 1.765  0.786  0.300 i i i - i i i
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Table 2: Pearson correlations for the analysed traits of the L58 x R-0-18 RIL population under; control (A) and drought (B) conditions. The
same trait abbreviations are used as in Table 1. Highlighted boxes refer to significant correlations at p<0.01 (dark grey) and p<0.05 (light grey)
significance levels.

A
CHL 1| -
STC 2 1-0.017] -
LN 3 1-0.075/0.115| -
LA 4 1-0.027]0.114 -
LEFW 51-0.010/0.188 -
LDW 6 10.07910.207 -
3,ADW 710.096[0.129 |-0.125 -
DWR 8 10.009 |-0.172 -
SDW 910.07210.207 -
SLA 10 -0.025/-0.161] 0.168 0.130 -
HL 11-0.128/0.116 |-0.092| 0.116 [ 0.150 1 0.102 | 0.135 | 0.015 [ 0.147 |-0.039| -
HDW 12(-0.023/0.139 -
RL 13/0.037/0.087 -0.028 -
RV 1410.100 | 0.106 -0.021 -
RD 15[0.161 |-0.037|-0.169|-0.181 0.160 0.134 |-0.033 -0.190| -
RL /SDW |16]-0.042{-0.215/0.018 |-0.152 -0.205/0.193 0.141 0.165 [-0.175| -
RDW 17]0.08710.105 0.021 0.057| -
R /S 18]0.068 |-0.086| 0.140 |-0.061-0.053-0.102]-0.035] 0.082 |-0.084 |-0.008 |-0.088| 0.123 0.096 -
S/SR 19[0.084 |0.161 0.041 -0.190 0.057| -
WC 20 -0.112]-0.078-0.044-0.039 0.114 0.106 |-0.066 0.086
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
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Table 2 (continued): Pearson correlations for the analysed traits of the L58 x R-0-18 RIL population under; control (A) and drought (B)
conditions. The same trait abbreviations are used as in Table 1. Highlighted boxes refer to significant correlations at p<0.01 (dark grey) and

p<0.05 (light grey) significance levels.

B

CHL 1 -

STC 210029 -

LN 3 10.000 |-0.075{ -

LA 4 1-0.035]-0.107 -

LFW 510.013 |-0.080/0.131 -

LDW 6 -0.047]-0.189 -

3,4DW 7 1-0.098-0.213 -

DWR 8 [-0.051/-0.062 0.121 (-0.141 -

SDW 9 1-0.066|-0.187 -0.160| -

SLA 10 0.072 10.141 |-0.122 0.123 |-0.119 -0.218]-0.103| -

HL 11[-0.141]0.156 |-0.090{-0.027] 0.041 | 0.022 |-0.013/-0.041| 0.083 |-0.007| -

HDW 12]-0.174|-0.107 0.175 0.040 -

RL 1310.005 |-0.169|0.198 0.130 -0.053 0.032 |-0.156 -

RV 14]-0.010 -0.034 -0.037/-0.099 -

RD 15-0.0421-0.093| 0.063 0.061 [-0.204]-0.180(-0.061]-0.214|-0.146| 0.116 |-0.219 -0.084] -

RL/SDW [16/0.067 | 0.045 -0.103 0.175 0.147 0.116 -

RDW 17]-0.047|-0.181 -0.116 -0.017-0.029 0.029 | -

R/S 18]-0.025/0.001 |-0.110{-0.133 -0.211]0.063 0.060 |-0.037{0.019 {0.217 -0.057 -

S /SR 19/0.080/0.0100.102 | 0.122 0.212 |-0.002{0.196 |-0.088-0.190 0.094 -

WC 20(0.043 | 0.126 0.085 -0.158 0.047 0.055 0.010{0.043
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

107



The correlation observed between root length and S/SR was positive in the control
environment (longer roots contributing to relatively more shoots) but negative in the drought
environment, indicating a proportionally higher investment in roots. Under both
environments, leaf water content was negatively correlated with shoot DW, root length, root
volume and root dry weight, while it was positively correlated with leaves FW and negatively
correlated with stomatal conductance under drought conditions. Stomatal conductance was
negatively correlated with leaves DW in the drought environment, but positively correlated
under control conditions. In general, plants with a longer root system had higher plant DW.

As expected, all traits measured in control and drought environments showed a positive

correlation, except for leaf water content.

Mapping QTL with main effects and QxE

In total 54 QTL were mapped for the traits analysed under control and drought environments
(Table 3, Fig. 2). Six QTL, STCI, LA4, SLAI, RD3, RL/SDW3, and S/SR2, had opposite
allelic effects when comparing both environments. The phenotypic effects of three QTL, LA,
SLAI and S/SR2, were respectively 9, 101 and 15 times higher in one environment than the
other (Table 3). SLAI co-located with 3,4DW1 with the alleles increasing the trait values in
the control environment were from L58 and R-0-18 respectively. Four QTL were mapped for
chlorophyll content of which CHLI, CHL2, and CHL3 showed the highest effect from the
L58 allele, while for CHL4 the R-0-18 allele had the highest effect in both environments.
Hypocotyl length was mapped to four loci with the R-0-18 alleles contributing most to
increased hypocotyl length. In total 11 QTL clusters were observed of which seven comprised

at least three co-locating QTL (Table 3, Fig. 2).
Stomatal conductance QTL (STC1) and fitness trade-offs in the drought environment

The correlation analysis showed that in the control environment, stomatal conductance was
positively correlated with leaves and shoot DW. On the other hand, in the drought
environment, stomatal conductance showed a significant negative correlation with leaves DW
and shoot DW. These correlations were associated with altering the trait value enhancing
allele for STCI from R-0-18 in the control environment to L58 in the drought environment.
The trait enhancing alleles for the QTL co-locating with STCI (LFW?2, LDW?2, 3,4DW?2) were
R-0-18 in both environments (Table 3, Fig. 2). This means that the R-0-18 alleles for these
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loci were enhancing fitness both under control and drought conditions, although having

contrasting phenotypic effects on stomatal conductance when comparing both conditions.

Table 3: QTL detected in the L58 x R-0-18 RIL population for the traits described in Table
1, using the multi environment analysis (MEA) approach. The same trait abbreviations are
used as in Table 1. Per trait, QTL are numbered according to chromosome number. R’ is the
percentage of total phenotypic variance explained by each QTL. Effects with positive values
represent a positive contribution of the R-0-18 allele to the trait value and those with negative
values represent a positive contribution of the L58 allele to the trait value. Highlighted QTL
(grey) show significant QxE effects and “Ratio” refers to the ratios between the effects of
each QTL in both environments.

QTL Cpntrol D'rought Ratio
Trait ' _ environment environment
QTL name L;rrl(l)(sl%e h?gﬁ:;?ge(;fl‘( log-l op | Effect R? Effect R’
CHLI Al 24.23 4.2 -0.855 5.7 -0.855 54
CHL CHL2 A6 59.11 45 | 0885 59| -0.885 56
CHL3 A9 77.21 8.9 -1.304 1421 -1.304 134
CHL4 A10 56.32 5.9 1.011 10.4 1.011 9.7
STC STCI A7 96.75 3.0 6.395 1.9 -9.754 79 | -1.5
N LNI A7 40.75 11.1 0.799 156 | 11.103 235
LN2 A10 62.99 4.6 0.426 5.4 4.650 8.1
LAI Al 70.54 6.0 -3.343 15.6 | -0.358 0.9 9.3
LA2 A7 32.05 4.8 -1.251 2.2 -1.251 10.7
LA LA3 A8 85.20 5.2 1.321 2.4 1.321 11.9
LA4 A9 24.28 3.4 1.865 4.8 -0.394 1.1 -4.7
LFWI A3 42.66 32 0.313 7.6 0.062 3.7 5.0
LFW LFW?2 A7 105.32 3.6 0.092 0.7 0.092 8.1
LFW3 A8 85.20 6.1 0.120 1.1 0.120 13.7
LDWI A3 42.66 3.5 0.036 9.9 0.010 3.0 3.7
LDW LDW?2 A7 100.81 3.9 0.016 2.1 0.016 8.4
LDW3 A8 91.33 7.3 0.023 4.0 0.023 16.5
3,4DW1 A5 69.71 2.8 0.011 8.7 0.003 1.3 34
3,4ADW 3,4DW2 A7 34.89 7.4 -0.011 8.5 -0.011 14.9
3,4DW3 A7 100.81 3.0 0.007 3.1 0.007 5.5
DWRI A3 120.61 3.9 0.024 6.1 0.024 4.2
DWR DWR2 A4 75.90 2.9 0.020 4.4 0.020 3.0
DWR3 A7 40.75 18.3 -0.054 31.1 -0.076  42.8 1.4
SDW1 A3 42.66 3.2 0.038 9.7 0.011 2.9 3.6
SDW SDW?2 A7 83.27 3.0 0.016 1.8 0.016 7.0
SDW3 A8 91.33 7.0 0.025 4.2 0.025 16.3
SLA SLAI A5 60.82 4.6 -20.3 15.0 0.201 0.0 10_1.4
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HLI A3 94.58 6.6 0.245 11.0 | 0.245 12.5
HL2 A4 54.79 3.7 0.176 5.7 0.176 6.5
HL HL3 Ab 101.21 6.6 0.265 1291 0.265 14.7
HL4 A7 18.39 4.7 0.200 7.3 0.200 8.3
HDW1 A3 38.29 4.9 0.003 4.9 0.003 8.8
HDW?2 Ab 62.85 4.0 0.002 3.8 0.002 6.8
HDW HDW3 A7 3.99 6.8 0.004 14.0 | 0.002 5.9 2.0
HDW4 A8 33.95 4.1 0.003 6.3 0.003 11.3
RLI AS 69.71 4.1 126.3 10.6 | 30.215 27 | 42
RL RL2 A8 21.23 3.3 120.1 9.6 | 32.583 3.2 3.7
RL3 A8 86.57 5.0 62.1 26 | 62.124 115
RVI AS 69.71 32 0.141 9.6 0.056 24 | 25
Ry RV2 A8 86.57 5.7 0.124 7.4 0.124 11.8
RDI A3 5.92 5.6 -0.010 108 [ -0.010 4.6
RD2 AS 35.17 4.8 -0.008 7.8 -0.008 33
RD RD3 Ab 48.53 2.6 -0.005 2.8 0.010 50 | -2.0
RD4 A8 95.50 43 -0.007 6.0 -0.007 2.6
RL/SDW1 A3 21.88 23 -133.0 2.8 -133.0 3.1
RL/SDW2 A7 18.39 6.2 -236.8 8.8 -236.8  10.0
RL/SDW | RL/SDW3 A7 125.27 2.7 160.8 4.1 -142.8 36 | -1.1
RL/SDW4 Al0 62.99 4.0 182.5 52 182.5 59
RDW1 AS 69.71 3.1 0.005 4.4 0.005 6.7
RDW RDW?2 A8 86.57 4.9 0.006 6.7 0.006 10.3
RS R/S1 A7 18.39 3.6 -0.014 8.2 -0.014 3.7
R/S2 A9 84.14 3.0 0.004 0.7 -0.021 8.5 5.1
S/SR1 A4 90.12 32 -0.010 6.3 -0.010 4.7
SISR S/SR2 A9 69.95 34 0.001 0.0 -0.013 82 | -14.9

Mapping QTL underlying plasticity

Seventeen of the mapped QTL showed a significant QxE effect (table 3) indicating the loci
contributing to phenotypic plasticity between both environments. In addition to the GenStat
method to determine these plasticity loci, an alternative method to describe QTL that are
affected by the environments has been suggested by Tétard-Jones et al. (2011). This uses the
differences between the trait value averages of the lines in the two environments to determine
QTL. Using this procedure 15 plasticity QTL were mapped (Table 4), with nine of them co-
locating with previously mapped QTL, six of which were found to show QxE (Table 3). Thus,
this analysis detected six new plasticity QTL, which did not exceed the statistical significance

levels with the GenStat method.
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Figure 2: A clustered heat map showing the -log1 0P profiles of the measured traits. Columns
indicate the 10 chromosomes in centiMorgans, ascending from the left to right, rows indicate
individual trait -loglOP profiles. A colour scale is used to indicate the QTL significance
corresponding to the -loglOP score. Red and black represent a positive effect on the trait value
from the R-o0-18 allele, whereas blue and green represent a positive effect on the trait value
from the L58 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. The same trait abbreviations are used as described in table 1. C and D refer to
control and drought environments respectively. Black dotted lines indicate the QTL with an
antagonistic fitness effect at the bottom of A7, and the other four lines refer to the QTL
confirmed in the reproducibility experiment.

Table 4: QTL mapped for phenotypic plasticity in the L58 x R-0-18 RIL population.
Plasticity was calculated as described by (Tétard-Jones ef al., 2011) as the difference in the
mean phenotype between different treatments per trait. The same trait abbreviations are used
as in Table 1. QTLs are numbered according to chromosome (Chr) number. Effects with
positive values represent a positive contribution of the R-o0-18 allele to the trait value and
those with negative values represent a positive contribution of the L58 allele to the trait value.
R’ is the percentage of total plastic variance explained by each QTL. Highlighted QTL were
mapped before using the MEA approach (Table 3).
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Trait QTL name Locus Chr. | Position Effect -logloP R?
STC STC1 903607|9917837 | 7 96.8 17.22 3.8 11.0
LA LA1 E3835M11 1 69.0 -2.69 4.6 13.3
LDW LDW4 E3850M9 5 69.7 0.03 3.2 9.2
3,4DW 3,4DW3 Ra2A01-A7 7 83.3 -0.01 2.9 8.3
SDW Sbw4 E3850M9 5 69.7 0.03 3.0 8.8
SLA2 E3749M6 1 94.1 17.26 3.0 7.4
oA SLA1 BriD101239-A5 5 65.7 -22.36 4.0 12.4
HL HL5 902225(9924661 | 8 95.5 -0.08 3.0 8.0
RL4 E3732M5 1 92.1 -101.68 33 7.9
RL RL1 E3850M9 5 69.7 96.41 2.9 7.1
RL3 E3416M22 8 91.3 112.99 4.0 9.8
RV RV3 E3732M5 1 92.1 -0.12 3.0 8.1
RD RD3 899015(9918455 | 6 43.5 -0.02 3.6 9.7
RL/SDW RL/SDW3 C7P119 7 119.0 304.08 3.4 11.8
R/S R/S2 BriD10177-A9 9 68.3 -0.02 2.7 7.0

Reproducibility

From the 11 QTL clusters that were mapped, four were selected to be tested for
reproducibility in a subsequent experiment. The first cluster mapped to A3, including the RD/
and RL/SDWI1 QTL for both positively correlated traits, with trait value enhancing effects
from the L58 alleles. Moreover, LFWI1, LDW1 and SDW1, all contributing to shoot biomass,
were mapped to the same cluster, with positive alleles coming from R-0-18. The second
cluster was mapped to A7, composed of LNI, LA2, 3,4DW2, DWR3, R/SI, and RL/SDW?2, all
with a positive contribution of the R-0-18 allele except for LNI. This is in line with the
negative correlation of leaf number with the other traits. The third cluster, on A8, included
eight co-locating QTL, LFW3, LDW3, SDW3, LA3, RL3, RVI2, RD4 and RDW?2, of which the
RD4 1.58 allele increased the trait value, while for the other QTL, the R-0-18 allele increased
the trait value, in line with the negative correlation of RD with the other traits. The fourth
cluster included three QTL, CHL3, R/S2 and S/SR2, mapping to A9. The S/SR ratio showed a
negative correlation between control and drought environments and therefore the trait value
enhancing effect of S/SR2 in the drought environment came from the L58 allele, whereas in
the control environment it came from the R-0-18 allele. In total 27 lines were selected from
the RIL population, to properly represent the 16 possible genotypes for all allelic

combinations for the four selected QTL clusters. These lines were regrown under similar
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conditions, and rephenotyped (supplementary table 1). A correlation analysis (Table 5)
between traits measured in the two control environments and between traits measured in the
two drought environments of the full RIL screening and QTL reproducibility experiments
showed that all traits were positively correlated in at least one environment, but often both,
except for fresh weight, leaf water content and root diameter. This indicates that the
phenotyping was robust and the detected QTL clusters are reproducible, making them

attractive candidates for further gene cloning experiments.

Table 5: Correlation analysis between the control conditions and the drought conditions of
the full RIL screening experiment and the reproducibility experiment. The same trait
abbreviations are used as in Table 1. Dark grey means significant at the 0.01 level, and light
grey means significant at the 0.05 level. The same trait abbreviations are used as described in
Table 1.

Trait Control
STC .260
LN
LA .
LFW 122 -.027
LDW 270 258
3,4ADW 474 239
DWR .296 128
SDW 266 259
SLA .159
HL
HDW 211 324
RL .209 .085
RV -.002 292
RD .071 -.107
RL/SDW .095 378
RDW .073 251
R/S 310 352
S/SR
WC .105 .088

Discussion

The current study was carried out in a greenhouse using pots filled with sand. This type of pot

experiments is a reasonable compromise to avoid the difficulty of phenotyping roots in natural
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field environments and the unnatural conditions present in hydroponics, aeroponics or agar
plates (Tuberosa, 2012). However, aspects of root growth in our pot system will still be
substantially different from field conditions.

Upon screening the RIL population, we found significant GXE between control and drought
environments for stomatal conductance, leaf number, root length and root diameter. This GXE
was reflected in QxE detected using the MEA approach for these traits, except for leaf
number. MEA is more powerful than the traditional single environment analysis in detecting
more significant QTL with higher explained variance. Additional advantage is that it allows
quantification of QxE, because it accounts for GXE and tests all detected QTL in all
environments and thus shows their effects in each environment (Crossa and Federer 2012).
QxE occurs if the QTL effects are strongly expressed in one environment but weakly in
another, or if the QTL has opposite effects on the same trait in two different environments
(Zhang et al., 2010; Mackay, 2001; MacMillan et al., 2006). Examples of the first case are
LFWI, LAl, LDWI, 3,4DWI, RLI, RL2, RV1, R/S2, HDW3 and SDW 1, while examples of the
latter case are found for LA4, SLAI, RD3 and S/SR2. The latter kind of QXE obstructs the
transferability of QTL mapping results from one environment to another (Mackay, 2001), as
selection will be in opposite directions in the two environments. Knowing about the QTL with
opposite effects on several traits in different environments, also known as antagonistic
pleiotropy, is of great importance in breeding programs because breeding for one trait might
negatively affect other traits (Juenger, 2013; Anderson ef al., 2011; Leinonen et al., 2013;
Anderson et al., 2013). The QTL cluster mapped at the bottom of A7 included a stomatal
conductance QTL (STCI), shows signs of antagonistic pleiotropy, with the R-0-18 allele
increasing stomatal conductance under control conditions, but decreasing it under drought
conditions, while having positive effects on biomass under both environments through the co-
located LDW3, SDW2 and 3,4DW3 QTL. However, the similar effect on biomass and the
contrasting effect on stomatal conductance could also mean these traits are not allelic, but the
result of close linkage of two loci. Further analysis should reveal this. Stomatal conductance
showed clear plasticity, decreasing significantly in the drought environment. Such response is
generally correlated with reduced photosynthesis, but also with reduced water loss as an
adaptive response to drought (Chaves et al., 2003; Condon et al., 2004; Aroca et al., 2012;
Tardieu, 2013). Due to the co-location or antagonistic pleiotropy of the shoot biomass QTL
with STCI, when comparing both environments, stomatal conductance was negatively
correlated with shoot biomass (Table 2B). This reflects an interesting fitness advantage for

plants carrying the R-0-18 allele at this QTL cluster, meaning that under drought conditions,
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they show a relatively reduced stomatal conductance (contributing to increased drought
tolerance) accompanied with relatively increased shoot biomass, compared to plants carrying
the L58 allele. Recently, the plasticity and the evolution of flowering time and WUE has been
investigated in B. rapa under drought environments (Franks, 2011), and the relationship
between circadian rhythm, vegetative and reproductive traits, and leaf gas-exchange with the
variation of WUE in different watering regimes has been investigated (Edwards et al., 2012).
The negative correlation we found for stomatal conductance and shoot biomass under
drought, was also observed by Edwards et al. (2012) although this was not significant in their
study. It also agrees with the positive correlation between WUE and biomass in the drought
environment found by these authors and the co-location of WUE and stomatal conductance
QTL mapped in B. rapa grown under warm and long day conditions (Edwards ef al., 2011).
In our study, stomatal conductance in the control environment was not correlated with shoot
biomass traits, indicating conditional neutrality of STC/ in the well-watered environment.
Although the preferred targets for crop improvement in MAB are generally constitutively
expressed QTL (Bernardo, 2008), this QTL cluster is attractive to select for, even if it is not
constitutive in view of the QxE observed for STCI, as the allele from R-0-18 contributes to
increased drought tolerance without having fitness costs due to reducing biomass.

The leaf area response and the underlying QTL in both environments were confirmed by the
positive correlation observed between the full RIL screening and QTL reproducibility
experiments. Stomatal closure and limited expansion of young leaves under drought have an
indirect negative effect on root growth (Chaves et al., 2003; Roycewicz and Malamy, 2012).
This was observed by the reduction in root length, concomitant with an increase in root
diameter in the drought treatment, corresponding to similar observations reported before for
Brassica and other crops (Edwards et al., 2012; Zhu et al., 2011; Poorter et al., 2012). It thus
looks like it that under drought stress in pots, B. rapa does not invest in longer roots to take
up more water, but in thicker roots to act as a water storage buffer.

Under drought, the root-shoot biomass ratio increased compared to the well-watered
conditions in our experiments. Biomass allocation under limiting environments can be
explained by a functional biomass equilibrium when plants allocate more biomass to roots
when the factor limiting growth is below ground, e.g. water or nutrient shortage, to enhance
the uptake of that limiting factor (Poorter et al., 2012). The correlation of the root-shoot ratio
with drought tolerance has previously also been documented for Arabidopsis and tobacco

(Werner et al., 2010), as well as B. rapa (Edwards et al., 2012; Kage et al., 2004).
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Of the traits we examined, GXE was found for most of them, either in the full RIL screening
or the reproducibility experiment (Table 1). With so many traits for which we found GxE, it is
not surprising we also found QTL with QxE indicating plasticity for many traits. We used two
ways to detect QTL related to phenotypic plasticity, first using the MEA approach (table 3)
and subsequently using the difference between average values per line when comparing both
treatments per lines (table 4). As previously found by Tétard-Jones et al. (2011), there is
considerable overlap between both methods, but the latter method also detects some novel
QTL, not found previously. This is probably due to the additional statistical power that can be
gained by directly using the phenotypic difference values for mapping, meaning QTL will be
detected that did not exceed the threshold in the MEA approach.

Although almost all traits showed a positive correlation between the results from the full RIL
screening experiment and the reproducibility experiment, confirming the initial results we
obtained, this was not the case for leaf fresh weight and root diameter, suggesting a high level
of GxE for those traits, or for water content, where a high environmental effect probably
prevented mapping a QTL for this trait. The only trait for which no plasticity QTL was found
was chlorophyll content (CHL), which is in line with the inability to detect GXE for this trait
(Table 1). There is genetic variation for CHL though, with four detected QTL (Table 3).
There is also a difference in CHL between drought and control conditions, which agrees with
previous observations for four Brassica species (Ashraf and Mehmood, 1990), but genotypes
appear to respond similarly to drought exposure in decreasing CHL, explaining the lack of
GxE. The four CHL QTL mapped to regions previously identified to contain QTL for
chlorophyll a and b content in B. rapa (Ge et al., 2012), with CHLI co-locating with one of
the three QTL previously identified for chlorophyll fluorescence (Edwards et al., 2011).
Increasing crop productivity under drought conditions is the ultimate goal for MAB programs.
In that respect, the significant antagonistic effect of relatively reduced stomatal conductance
along with relatively higher shoot biomass under drought conditions due to the STC1/shoot
biomass locus at the bottom of chromosome A7, is very interesting, as it suggests that
selection on reduced water loss during drought, through reduced stomatal transpiration, is
expected to have disproportionally little effect on shoot biomass reduction, which is a
favourable combination. In addition, we reported many QTL underlying several
morphological and physiological traits, which appeared to be robust and thus provided the
first step towards identifying genes governing those traits. The availability of the whole B.
rapa genome sequence (Wang et al., 2011) together with possible comparative alignment

with the related model species A. thaliana (Schranz et al., 2006), will facilitate fine mapping
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and cloning of candidate genes underlying the desired QTL . This approach will not only be
useful in breeding B. rapa, but also in breeding other closely related species like B. juncea

and B. napus (Cheng et al., 2011; Li et al., 2013).
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Supplementary table 1: Phenotypic data of the selected lines for the analysed traits in two experiments, the full RIL screening experiment (2nd
exp.) and the QTL reproducibility experiment (3rd exp.) under control (C) and drought (D) conditions. RIL number are provided (RIL), as well
as alleles for the indicated markers (a or b).

Marker 8990629911548 9018669957577 P2147M82 BrID10541
Stomatal conductance leaf number
Chromosome 3 7 8 9
RIL| Position (cM) 43.732 32.051 85.204 69.953 | 2nd exp.-C 3rd exp.-C 2nd exp.-D 3rd exp.-D|2nd exp.-C 3rd exp.-C 2nd exp.-D 3rd exp.-D
10 a b a b 259.2 230.5 279.3 247.6 7.5 6.0 6.3 5.5
25 a b a b 276.1 286.2 206.7 288.4 6.5 6.0 43 4.7
47 a b a b 315.5 238.7 239.2 292.9 8.0 5.0 5.0 5.0
109 a b a b 280.4 272.0 294.8 292.1 9.5 6.3 9.3 5.5
172 a b a b 219.2 231.9 194.1 303.2 5.5 5.0 5.7 3.5
197 a b a b 3373 278.0 197.8 284.4 10.5 10.0 10.3 8.0
199 a b a b 218.0 225.7 240.2 265.3 8.0 7.0 6.3 5.2
32 b a a b 228.3 237.5 222.5 259.3 6.0 7.3 5.7 5.7
51 b a a b 287.4 239.3 181.2 297.8 7.0 7.0 6.3 6.5
68 b a a b 2714 230.7 269.7 3329 6.0 6.0 6.0 3.5
123 b a a b 279.6 237.1 1722 2143 7.0 6.3 6.0 4.0
130 b a a b 2274 204.4 218.1 288.9 7.0 6.5 6.0 5.0
185 b a a b 294.7 203.1 242.9 258.5 5.5 4.3 5.0 4.0
33 b a b a 313.0 199.1 178.4 250.2 7.5 5.5 5.0 53
66 b a b a 2413 191.8 268.9 3235 8.0 7.0 6.3 53
99 b a b a 262.1 231.9 243.8 275.6 6.0 6.0 5.0 4.0
115 b a b a 296.7 250.0 230.4 293.0 8.0 6.0 5.0 5.5
121 b a b a 236.0 226.6 240.8 259.8 8.0 6.3 6.7 6.5
152 b a b a 273.6 256.2 289.1 288.9 6.5 5.0 6.0 5.7
46 b a b b 2434 239.7 179.7 247.8 6.0 5.5 53 43
57 b a b b 342.8 225.8 238.5 270.6 7.0 5.7 5.7 43
79 b a b b 3173 2335 276.3 303.3 8.0 7.0 6.3 5.0
149 b a b b 250.2 234.6 286.3 312.9 8.5 6.3 6.3 5.0
78 b b a b 3224 247.2 277.0 317.6 7.5 5.3 6.3 5.0
165 b b a b 280.4 181.3 181.5 265.3 10.0 7.5 9.0 8.7
168 b b a b 280.0 254.8 242.1 252.0 12.0 10.0 10.0 7.0
179 b b a b 243.7 203.4 192.3 162.2 14.0 11.7 9.3 9.5
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Supplementary table 1 (continued): Phenotypic data of the selected lines for the analysed traits in two experiments, the full RIL screening
experiment (2nd exp.) and the QTL reproducibility experiment (3rd exp.) under control (C) and drought (D) conditions. RIL number are
provided (RIL), as well as alleles for the indicated markers (a or b).

3rd and 4th leaf dry weight Leaf dry weight ratio Shoot dry weight Specific leaf area
2nd exp.-C  3rd exp.-C 2nd exp.-D  3rd exp.-D | 2nd exp.-C  3rd exp.-C  2nd exp.-D  3rd exp.-D | 2nd exp.-C  3rd exp.-C  2nd exp.-D  3rd exp.-D | 2nd exp.-C  3rd exp.-C 2nd exp.-D  3rd exp.-D
0.039 0.034 0.033 0.058 0.243 0.210 0.185 0.341 0.173 0.101 0.198 0.186 301.102 438.529 164.848 373.756
0.037 0.099 0.022 0.027 0.384 1.028 0.358 0.391 0.108 0.368 0.074 0.080 330.631 421.050 122.093 419.724
0.067 0.053 0.027 0.091 0.409 0.324 0.321 0.368 0.180 0.119 0.091 0.277 302.090 414.313 137.625 279.726
0.098 0.094 0.041 0.067 0.279 0.268 0.197 0.374 0.366 0.202 0.219 0.184 177.925 371.576 95.309 491.803
0.032 0.203 0.052 0.014 0.372 2.333 0.344 0.309 0.093 0.440 0.164 0.048 195.876 330.049 113.333 333.212
0.038 0.199 0.037 0.048 0.200 1.059 0.164 0.219 0.200 0.778 0.244 0.231 411.327 338.164 58.378 394.953
0.040 0.060 0.027 0.026 0.234 0.347 0.169 0.132 0.185 0.280 0.170 0.213 363.140 580.122 134.815 458.984
0.065 0.147 0.072 0.080 0.467 1.052 0.470 0.522 0.144 0.505 0.159 0.229 347.092 416.753 130.694 318.093
0.124 0.152 0.062 0.088 0.345 0.423 0.351 0.497 0.382 0.509 0.189 0.285 261.321 385.985 143.280 345.299
0.107 0.108 0.044 0.009 0.397 0.399 0.427 0.085 0.278 0.327 0.112 0.034 256.791 330.050 186.947 561.272
0.084 0.074 0.119 0.024 0.296 0.261 0.451 0.091 0.301 0.211 0.282 0.069 198.775 438.368 90.866 458333
0.139 0.265 0.063 0.064 0.335 0.640 0.335 0.338 0.452 0.705 0.211 0.173 232.572 345.181 141.587 393.763
0.137 0.105 0.091 0.040 0.481 0.369 0.446 0.195 0.319 0.243 0.238 0.126 242.659 356.744 121.044 305.029
0.126 0.097 0.048 0.056 0.351 0.268 0.387 0.448 0.380 0.219 0.132 0.145 260.396 484.997 152.083 396.341
0.046 0.046 0.052 0.041 0.408 0.412 0.347 0.272 0.138 0.191 0.163 0.116 426.350 606.358 113.333 409.485
0.113 0.183 0.102 0.038 0.440 0.714 0.487 0.180 0.268 0.470 0.219 0.104 240.976 371.923 129.246 405.956
0.198 0.136 0.139 0.086 0.311 0.213 0.491 0.303 0.665 0.340 0.300 0.274 182.088 371.102 114.330 248.340
0.126 0.090 0.082 0.081 0.321 0.228 0.385 0.381 0.420 0.263 0.230 0.252 193.016 427.743 105.183 252.619
0.154 0.118 0.091 0.066 0.327 0.250 0.453 0.329 0.499 0.279 0.211 0.174 148.877 435.329 136.996 474.369
0.185 0.306 0.138 0.057 0.477 0.788 0.592 0.245 0.417 0.616 0.255 0.153 200.342 341.615 161.135 399.591
0.153 0.129 0.083 0.140 0.357 0.300 0.385 0.646 0.446 0.331 0.239 0.280 268.609 423.906 135.880 232.309
0.154 0.272 0.088 0.054 0.306 0.542 0.312 0.192 0.540 0.675 0.315 0.153 172.950 294.436 105.019 339.938
0.123 0.236 0.055 0.059 0.239 0.457 0.231 0.250 0.545 0.611 0.256 0.171 296.911 390.529 181.455 429.309
0.122 0.132 0.084 0.092 0.371 0.402 0.445 0.488 0.362 0.303 0.209 0.235 221.226 341.929 116.905 273.507
0.091 0.050 0.064 0.085 0.281 0.154 0.262 0.347 0.352 0.192 0.281 0.403 282.491 597.790 139.375 367.138
0.051 0.060 0.044 0.016 0.145 0.173 0.223 0.081 0.380 0.264 0.214 0.067 153.882 376.578 107.471 495.137
0.076 0.081 0.039 0.047 0.166 0.176 0.232 0.279 0.481 0.657 0.180 0.249 187.249 374.017 81.197 384.205
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Supplementary table 1 (continued): Phenotypic data of the selected lines for the analysed traits in two experiments, the full RIL screening
experiment (2nd exp.) and the QTL reproducibility experiment (3rd exp.) under control (C) and drought (D) conditions. RIL number are
provided (RIL), as well as alleles for the indicated markers (a or b).

Hypocotyl length Hypocotyl dry weight Root system length Root volume
2nd exp.-C  3rdexp.-C  2ndexp.-D  3rd exp.-D | 2nd exp.-C  3rd exp.-C = 2nd exp.-D = 3rd exp.-D | 2nd exp.-C ~ 3rd exp.-C  2nd exp.-D = 3rd exp.-D | 2nd exp.-C ~ 3rd exp.-C ~ 2nd exp.-D  3rd exp.-D
2.533 2.900 2.550 3.000 0.011 0.008 0.020 0.015 568.887 243.233 456.460 540.509 0.807 0.463 1.009 0.419
3.767 5.000 3.667 4.833 0.012 0.041 0.014 0.012 459.583 558.682 289.226 483.350 0.682 0.615 0.819 0.386
2.367 2.900 1.967 2.850 0.016 0.008 0.008 0.029 595.375 336.435 328.831 478.296 0.873 0.579 0.828 0.436
1.833 1.700 1.567 1.450 0.015 0.005 0.013 0.004 1398.002 422.535 747.970 397.321 1.673 0.636 1.536 0.748
2.300 2.250 2.500 2.250 0.006 0.016 0.013 0.003 304.384 565.706 453.561 162.763 0.442 0.380 1.193 0.599
1.600 1.000 2233 2.100 0.011 0.016 0.018 0.014 691.691 502.812 711.463 411.009 0.860 0.350 1.301 0.407
2.800 4.250 2.933 4.167 0.012 0.025 0.010 0.019 569.735 202.567 254.788 280.887 0.747 0.759 0.765 0.661
1.400 1.633 1.467 1.767 0.004 0.019 0.006 0.011 516.007 585.910 497.943 513.795 0.765 0.490 1.032 0.327
2.833 3.067 2.333 3.000 0.023 0.029 0.012 0.022 1215.168 520.984 581.770 530.062 1.428 0.551 1.446 0.636
1.300 1.400 1.533 1.700 0.008 0.011 0.009 0.002 835.873 583.688 481.615 189.412 0.932 0.370 1.242 0.606
2.233 2.400 1.933 2.567 0.016 0.012 0.017 0.005 1508.600 379.616 950.346 198.853 1.622 0.556 1.601 0.955
2.600 2.350 2.467 1.900 0.038 0.036 0.023 0.009 1257.257 583.279 611.456 440.897 1.545 0.587 1.347 0.619
4.550 4.333 4.300 5.233 0.034 0.020 0.034 0.016 923917 418.168 875.330 292.031 1.163 0.577 1.737 0.803
1.633 1.500 1.600 1.867 0.019 0.008 0.008 0.009 1408.333 492.561 627.924 559.696 1.869 0.465 1.352 0.473
2.800 2.867 2.467 3.000 0.026 0.011 0.014 0.009 1008.039 200.823 574.237 450.189 1.324 1.050 1.345 0.564
2.300 2.867 2.400 2.667 0.012 0.021 0.010 0.006 912.519 486.024 666.267 268.869 1.095 0.514 1.279 0.660
2.700 2.900 2.300 3.300 0.028 0.017 0.016 0.031 1781.868 418.002 582.949 415918 1.720 0.592 1.249 0.915
2.033 2.000 1.933 2.500 0.027 0.013 0.017 0.026 1037.729 344.981 830.862 362.465 1.714 0.467 1.620 0.791
2.000 1.833 2.267 2.167 0.027 0.010 0.011 0.011 1832.121 416.780 559.083 364.178 1.800 0.596 1.284 0.634
2.533 3.500 2.400 3.567 0.029 0.042 0.022 0.012 1582.049 630.937 623.272 478.166 1.928 0.446 1.585 0.431
2.200 2.633 2.367 2.867 0.017 0.020 0.022 0.033 1310.825 393.077 642.428 372.346 1.860 0.654 1.337 0.750
3.833 3.850 3.833 3.733 0.038 0.024 0.034 0.012 1268.560 643.322 678.485 385.005 1.672 0.467 1.675 0.833
2.233 1.967 1.700 2.200 0.030 0.019 0.018 0.011 1878.768 641.397 920.608 466.362 2.315 0.430 2.202 0.513
2.800 3.100 2.533 2.850 0.032 0.021 0.021 0.021 1317.439 554.756 777.230 547.189 1.645 0.609 1.416 0.667
2.333 2.450 2.300 2.733 0.028 0.009 0.036 0.043 1294.230 298.440 982.614 640.895 1.652 0.815 1.766 0.523
3.000 2.750 3.000 3.067 0.031 0.014 0.019 0.007 980.392 240.509 450.762 310.155 1.188 1.111 1.364 0.576
2.433 3.900 2.767 4.500 0.022 0.042 0.012 0.026 1422.536 703.735 473.983 443.432 1.790 0.409 1.691 0.433
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Supplementary table 1 (continued): Phenotypic data of the selected lines for the analysed traits in two experiments, the full RIL screening
experiment (2nd exp.) and the QTL reproducibility experiment (3rd exp.) under control (C) and drought (D) conditions. RIL number are
provided (RIL), as well as alleles for the indicated markers (a or b).

Root diameter RL/SDM Root sry weight R/S
2nd exp.-C  3rdexp.-C  2ndexp.-D  3rd exp.-D | 2nd exp.-C  3rd exp.-C = 2nd exp.-D = 3rd exp.-D | 2nd exp.-C ~ 3rd exp.-C  2nd exp.-D = 3rd exp.-D | 2nd exp.-C ~ 3rd exp.-C ~ 2nd exp.-D  3rd exp.-D
0.426 0.490 0.554 0314 3287.096 2410.632 2300.708 2904.401 0.027 0.021 0.044 0.055 0.168 0.224 0.244 0.321
0.455 0.373 0.627 0.319 4247.534 1519.190 3887.452 6072.232 0.023 0.041 0.032 0.025 0.239 0.124 0.528 0.375
0.435 0.468 0.573 0.340 3301.217 2836.723 3633.489 1729.199 0.033 0.020 0.030 0.068 0.202 0.177 0.361 0.273
0.396 0.437 0.514 0.498 3823.161 2091.758 3415.388 2159.942 0.078 0.024 0.092 0.044 0.221 0.120 0.448 0.243
0.435 0.293 0.588 0.677 3278.818 1286.718 2759.446 3415.801 0.013 0.040 0.054 0.035 0.147 0.095 0.354 0.781
0.403 0.298 0.485 0.356 3463.651 646.620 2921.821 1777.335 0.033 0.085 0.061 0.067 0.178 0.112 0.271 0.311
0417 0.663 0.654 0.564 3087.438 724.404 1502.287 1319.955 0.025 0.023 0.030 0.031 0.147 0.089 0.189 0.160
0.490 0.326 0.534 0.288 3580.065 1159.337 3125.818 2243.974 0.024 0.058 0.043 0.040 0.172 0.119 0.281 0.183
0.389 0.369 0.559 0.393 3183.290 1022.875 3080.323 1862.155 0.060 0.049 0.059 0.043 0.167 0.102 0.332 0.165
0.384 0.288 0.572 0.640 3010.348 1785.344 4314.254 5546.480 0.035 0.033 0.053 0.013 0.129 0.106 0.517 0.402
0.370 0.439 0.480 0.780 5013.626 1799.695 3372.814 2872.216 0.068 0.023 0.079 0.023 0.240 0.114 0.299 0.357
0.390 0.365 0.530 0.421 2782.980 827.405 2902.481 2546.087 0.086 0.087 0.083 0.061 0.208 0.131 0.442 0.374
0.405 0.412 0.502 0.599 2899.017 1721.330 3671.686 2320.775 0.053 0.030 0.090 0.041 0.186 0.136 0.439 0.376
0412 0.347 0.528 0.329 3708.092 2248.623 4745.015 3855.541 0.074 0.022 0.056 0.032 0.207 0.105 0.455 0.232
0.436 0.938 0.549 0.395 7297.577 1053.266 3518.612 3868.155 0.057 0.029 0.050 0.033 0.506 0.163 0.335 0.307
0.389 0.379 0.520 0.564 3405.343 1034.975 3047.419 2596.100 0.040 0.037 0.072 0.024 0.154 0.083 0.345 0.245
0.348 0.426 0.530 0.532 2679.904 1228.453 1945.108 1517.672 0.082 0.026 0.052 0.042 0.129 0.080 0.182 0.172
0.426 0.436 0.498 0.561 2473.140 1309.558 3618.737 1440.640 0.106 0.023 0.077 0.058 0.269 0.092 0.359 0.259
0.356 0.430 0.541 0.476 3609.134 1493.657 2647.593 2092.575 0.084 0.027 0.051 0.040 0.177 0.099 0.254 0.244
0.399 0.301 0.553 0.340 3790.548 1024.083 2446.441 3127.994 0.111 0.061 0.084 0.036 0.285 0.107 0.362 0.256
0.424 0.463 0.513 0.514 2942.147 1188.142 2688.732 1330.281 0.062 0.038 0.072 0.059 0.144 0.123 0.331 0.239
0.419 0.305 0.561 0.525 2347.446 952.505 2153.692 2508.721 0.075 0.048 0.079 0.036 0.149 0.074 0.280 0.252
0.399 0.294 0.554 0.388 3444.963 1050.036 3596.592 2732.058 0.119 0.051 0.096 0.050 0.230 0.086 0.405 0.314
0.395 0.373 0.483 0.395 3640.340 1832.289 3713.474 2325.990 0.074 0.024 0.069 0.047 0.223 0.087 0.363 0.221
0.400 0.606 0.488 0.327 3677.836 1553.431 3496.434 1590.178 0.066 0.019 0.091 0.116 0.202 0.105 0.370 0.321
0.396 0.767 0.631 0.491 2581.792 910.674 2107.022 4606.261 0.055 0.015 0.066 0.023 0.158 0.060 0.338 0.379
0.400 0.273 0.665 0.353 2955.817 1071.080 2631.287 1779.778 0.063 0.061 0.043 0.049 0.137 0.100 0.253 0.218
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Chapter 6: General discussion

Plants and especially crops often grow in environments that are suboptimal, which prevents
them from expressing their full genetic potential for growth and reproduction (Atkinson and
Urwin, 2012). To further understand how plants adapt to stress environments, this thesis
focused on phenotyping shoot and root traits of Arabidopsis thaliana (Arabidopsis) and
Brassica rapa grown in control and drought environments (chapters 2,3 and 5). We screened
morphological traits of Arabidopsis RIL, HapMap and B. rapa RIL populations grown on
sand in greenhouse conditions. This type of experiments is a reasonable compromise to avoid
the difficulty of phenotyping roots in natural soils and the unnatural conditions present in
hydroponics, aeroponics or agar plates (Tuberosa, 2012). The main focus of these experiments
was to study drought avoidance and drought tolerance. Both mechanisms together with
drought escape, e.g. early flowering to finish the life cycle, are the main three strategies by
which plants can colonize terrestrial ecosystems and optimise their growth in environments
with limited water availability (Tuberosa, 2012; Assmann, 2013; Juenger, 2013; Tardieu,
2013). In Arabidopsis no evidence for drought avoidance via early flowering was observed,
however, there was significant genotype by environment interaction (GxE) between control
and drought environments (Chapter 2).

Natural variation for plant morphological and physiological traits is genetically controlled by
quantitative trait loci (QTL). QTL are very often environmentally sensitive, resulting in QTL
by environment interaction (QxE) (Nicotra et al., 2010; Weigel, 2012; Assmann, 2013;
Juenger, 2013; Tardieu, 2013). To better understand how plants have adapted naturally to
drought stress and to illustrate the effect of QxE, I analysed in this thesis distinct phenotypic
responses, phenotypic plasticity, and the differential genotypic responses in different
environments (GxE). My main objectives were: (i) to genetically dissect and identify QTL,
and preferentially even the causal candidate genes, underlying the plant morphological or
physiological response to drought; (ii) to understand how plants differentially interact with
their control and drought environments; (iii1) to transfer data gained from model plant to a real
crop, a well characterised B. rapa RIL population was established and phenotyped under

drought conditions.

Mapping plasticity and genotype by environment interaction
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Plasticity is the ability of a genotype to produce distinct phenotypes in different environments,
often as a way to adapt to the environment, and when phenotypic plasticity differs between
genotypes this is considered as GXE. Mapping plasticity in chapters 2, 3 and 5 via mapping
the difference between the control and the drought environments resulted in one of the
following three cases. (i) A QTL for the trait, but not for plasticity. This is the case when a
QTL has only a main effect in both environments (Figure 1-A), and the effect is the same. (i1)
A plasticity QTL that co-located with a main effect QTL but not showing any QxE (Figure 1-
B). In this case, the QTL effect explaining the difference between both environments for each
genotype is comparable. (iii) A plasticity QTL that co-locates with QTL with QxE. In this
case genotypes show differences in their response to the environment, which adds the GXE

component (Figure 1-C).

o ——Genotype 1 ——Genotype 2
= 5
>
2 4
=3
5 2
1
[
§ 0
TI Environment 1 Environment 2
——Genotype 1 —Genotype 2 ——Genotype 1 ——Genotype 2 Genotype 3
2 6 g6
S 5 B
2 4 _ 24
% X %3 ><
o
s 2 £ 2
= =
g ! 5 1
2 0 S0
jB Environment 1 Environment 2 jc Environment 1 Environment 2

Figure 1: Reaction norms of two and three genotypes illustrating three cases involving
response to the environment. (A) No plasticity or GxE, phenotypic values are similar over
environments. (B) Phenotypic plasticity, the trait values change across environments but the
rank order of genotypes across environments remains unchanged (non-crossed parallel
reaction norms). (C) GxE causes significant rank changes among genotypes evaluated in
different environments (crossed reaction norms), however some genotypes still show only
plasticity.
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In general, the results reported in chapters 2 and 3 showed that 90 % and 82 % of the QTL or
SNPs associated with plasticity, respectively, were from that kind of response described in
Figure 1-C, where, plasticity QTL co-locate with QTL or SNP with QxE. This result is in
agreement with what was reported in barley (Lacaze et al., 2009) who reported co-locating of
plasticity QTL with only QTL showing QxE. However, another study in barley (Tétard-Jones
et al., 2011) showed some QTL mapped for plasticity only and did not co-locate with other
main effect QTL or QTL with QxE which is in agreement with the results reported in chapter
5 where 40 % of the QTL underlying plasticity did not co-locate with QTL with main effect
or with QxE. These results indicates that the kind of QTL underlying plasticity depend on the

studied plant species and/or the tested population.
Towards gene identification

In Arabidopsis, many studies have identified QTL, but only a few genes underlying
morphological or physiological responses to drought using natural variation have been
identified. For example, the ERECTA gene was identified as a regulator for transpiration
efficiency (Masle et al., 2005) by affecting stomatal density. PHYTOCHROME B (PHYB) was
proposed to increase drought tolerance by enhancing ABA sensitivity when soil water
becomes limiting (Gonzalez et al., 2012).

In chapters 2 and 3, two approaches were followed to propose a candidate gene to be
underlying the natural variation of the measured traits. In the first approach (chapter 2), we
looked for possible pleiotropic effects of molecularly identified flowering time (FT) QTL,
reviewed in (Alonso-Blanco et al., 2009), of which many were segregating in the Sha x Col
RIL population. By studying the natural genetic variation of Arabidopsis response to drought
under long days (LD) and short days (SD), large number of QTL with QxE in response to
light conditions and/or water treatment were mapped. Moreover, seven FT QTL co-located
with QTL underlying rosette and root traits. For example, FLOWERING LOCUS T (FT),
TWIN SISTER OF FT (TSF), FLOWEING LOCU C (FLC) and the FLC paralogue, MADS
AFFECTING FLOWERING 2-5 (MAF2-5) were suggested to have pleiotropic effect on
rosette fresh weight and water content response to drought under long and short days
conditions. A recent study on flowering time mutants in Arabidopsis (Riboni et al., 2013)
revealed that under long days, drought conditions promote the flower-promoting gene
GIGANTEA (GI) to regulate FT and 7SF via abscisic acid (ABA) signalling. Another study
(Lovell et al., 2013) reported the role of FRIGIDA in drought escape not only by early
flowering but also by fast growth and low water use efficiency (WUE). Fast growth and
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reduced life cycle by early flowering are typical drought escape mechanisms which leads
plants to put less energy on biomass leading to low WUE or low transpiration efficiency.

The second approach that was followed in chapter 3 is genome wide association (GWA)
mapping which proposed several genes to be associated with drought response. This study
reported several significant SNPs associated with genes known to be involved in drought
stress as well as genes of un-known function. Many of the mapped genes were indirectly
involved in drought tolerance such as genes involved in oxidative stress or producing
antioxidants (Cruz de Carvalho, 2008; Mirzaei et al., 2012) which shows the power of the
GWA mapping approach in identifying drought related genes. This is in turn emphasizes the
importance of applying GWA mapping in crop plants. Several recent GWA studies have been
conducted in the Brassica genus, using B. napus (Ecke et al., 2010; Honsdorf et al., 2010;
Xiao et al., 2012) and B. rapa (Zhao et al., 2007; Pino Del Carpio et al., 2011). However, the
problem in these studies was either using a small population or a limited numbers of markers.
A recent study with an attempt to overcome both problems introduced B. napus population of
313 inbred lines genotyped with 7367 markers, which provides a valuable resource for further
genetic studies (Delourme et al., 2013). In the future, and once the sequence of the B.
oleracea and B. napus genomes are publically available, the availability of the whole B. rapa
genome sequence information (Wang et al., 2011) will rapidly overcome the problems
associated with marker density, as it will allow the creation of high-density SNP-based maps
for a sufficiently large collection of inbred genotypes of different origin, and thus facilitate

proper GWA mapping.
Combining QTL and GWA mapping

GWA mapping in its current state suffers from the high rate of false negative and false
positives (Brachi et al., 2010). In addition, the results reported in chapter 3 on GWA study
using the HapMap population, showed that the significant level of a SNP can vary based on
the statistical approach used for mapping which may increase the number of false negative.
This discrepancy between different statistical approaches is in agreement with what reported
recently in Arabidopsis (Yano et al., 2013) where a gene associated with seed dormancy was
significant using one statistical approach and not significant using another approach. On the
other hand, traditional QTL mapping, as presented in chapters 2, 4 and 5, based on
populations derived from bi- or multi-parental crosses, suffers from the relatively low
resolution due to restricted recombination, and the strong limitation on the number of

segregating alleles. Therefore, combining traditional QTL mapping with GWA mapping was
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proposed as the preferred alternative to overcome most of these problems (Nordborg and
Weigel, 2008; Atwell et al., 2010; Bergelson and Roux, 2010; Brachi et al., 2010; Sterken et
al., 2012; Weigel, 2012). Brachi et al., (2010) already introduced a proof of concept of this
assumption by screening flowering time in 13 RIL families and in a collection of 184
accessions. By mapping already known flowering time genes, their results showed clearly that
QTL mapping increased their power to distinguish true from false association in GWA
mapping and allowed to identify false negatives. In chapter 3 of this thesis, the SNP that
mapped in YELLOW LEAF SENESCENCE 7 (YLS7) and was associated with root length
(RL), although its probability just did not reach the arbitrary significance threshold we set at —
log10(P)=4, was considered as a false negative association. Another reason for considering
this association was the significant association between this SNP and the ratio between RL
and rosette dry weight (RosDW), when using a different version of the univariate approach. It
was therefore proposed as the gene underlying RL natural variation, and the sequence analysis
of alleles further confirmed its candidacy, although final proof has not yet been provided. In
addition, one non-significant SNP mapped in FLC was associated with RosDW (chapter 3),
and the same gene was found to be co-locating with a QTL for RosDW in the RIL population
(chapter 2). Few more significant SNPs were mapped in the interval of significant QTL, but
because the function of the marked gene was not known, or the QTL interval was large, or no
common difference in amino acid sequence was found between extreme groups, those co-
locations were not reported. It is not ideal to only consider the co-location between QTL and
GWA mapping of RIL and HapMap populations grown in the same conditions, but better to
also consider other studies that reported on the same traits and/or on similar treatments. That
was the reason why in chapter 3 some co-locations were reported, found with QTL identified
in the same Sha x Col RIL population, but grown on agar under salt stress (Galpaz and
Reymond, 2010). Moreover, it will always be useful and justified to include other populations
sharing Col as one of the parents, or populations with parents showing a strongly differential
response for the studied trait, in the further analysis and interpretation of GWA mapping
results.

This approach will not be limiting to Arabidopsis, as a recent study in B. napus (Zou et al.,
2010) showed there was overlap between GWA results and several QTL mapping studies.
However, for the QTL studies described in chapter 4 and 5 using B. rapa, no GWA mapping
populations were yet available for comparison and thereby looking for the overlap and

identify possible association was not yet possible.
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Drought stress, metabolites and anti-oxidants

Many compounds, e.g. plant hormones; specific sugars; anti-oxidants; osmolytes, such as
glycine betaine; Reactive Oxygen Species (ROS) and their detoxifying enzymes play a role
in plant response to stress. For example, the level of ROS increases in Arabidopsis plants
subjected to various stresses leading to significant damage in cell structure. This phenomenon
1s known as oxidative stress, a shift in the balance between reduced and oxidized
biomolecules within cells leading to oxidative stress. In chapter 3, three significant SNPs with
significant Q x E were mapped in genes involved in the oxidative stress. Plants respond to
oxidative stress by producing proline, antioxidants such as ascorbic acid, anthocyanins and
tocophorol as well as by up-regulating enzymes such as superoxide dismutase and catalases,
which will scavenge ROS or convert them into less reactive compounds (Mittler, 2002; Cruz
de Carvalho, 2008; Bhatt et al., 2011; Setter, 2012; Bhargava and Sawant, 2013). Although
proline is well known to be related to abiotic stresses and drought (Verslues and Sharma,
2010; Lv et al., 2011; Sharma et al., 2011; Liang et al., 2013), no significant association was
found for any of measured traits with proline biosynthesis, storage or activity. Although it was
shown that Sha had fourfold less proline accumulation at low water potential than Ler or Col
(Kesari et al., 2012), in chapter 2, where the Sha x Col RIL population was screened, no QTL
known to be related to proline was mapped. Not mapping proline in both studies can be as a
result of false negative or imply that although proline accumulates under drought stress, it is
not essential for increasing the performance of the morphological traits studied here.

Proline accumulation in plants experiencing abiotic stresses is regulated by ABA (Sharma et
al., 2011), which is the most important hormone involved in regulating drought avoidance or
tolerance (Setter, 2012; Tuberosa, 2012). Although in the current thesis ABA was not
measured, it is likely that the variation in stomatal conductance as was observed in Brassica
(chapter 5) relates to variation in ABA levels. Under drought conditions, the direct effect of
ABA and the indirect negative effect of stomatal closure and limited expansion of young
leaves on root growth was observed in chapter 5. This effect was via reducing the root length
and increasing the root dry weigh, which is explained by a trade-off between longer roots to
take up water and greater carbon investment in roots (Tardieu, 2013). Therefore, it will be
useful to map ABA accumulation in response to drought for the whole population, as it is
likely to add additional valuable information on the morphological and physiological

mechanisms underlying drought tolerance.
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As reported in chapter 5, the only QTL mapped for stomatal conductance co-located with a
QTL for WUE, indicating that closing stomata leads to less water loss and consequently better
WUE, which is defined as carbon gain at the cost of water loss. In general, under drought
stress, a good predictor of stomatal conductance and WUE in C3 plants is & "°C, *C/"*C,
where the variation of A’C is wider than in C4 plants (Tuberosa, 2012). In general, the
response of C3 photosynthesis to drought is very well studied, however, it is significantly
different from the response of C4 crops, such as maize and sorghum, that are pivotal to the
current and the future global food security (Ghannoum, 2009).

In order to investigate the impact of drought on the metabolite composition and their
concentrations, it is important to measure the total amount of these compounds and the whole
plant biomass in control and drought conditions (Selmar and Kleinwéchter, 2013). Measuring
the whole plant biomass is not possible unless plants are grown in vitro, in hydroponics or on
sandy soil. However, it is well known that the accumulation of metabolites strongly depends
on the growth environments (Setter, 2012; Selmar and Kleinwichter, 2013), which raises
doubts on the applicable values of in vitro metabolic studies on developing drought tolerant
crops. Although in this thesis I did not consider metabolite response to drought, the growing
system used here introduced a natural system for phenotyping the whole plant response to
drought.

In general, it remains a challenge to identify which metabolites provide the most meaningful
phenotypic information. Furthermore, to understand how these metabolites interact with the
environment, there is a need to repeat each experiment in different environments, which is
time consuming, expensive, or technically demanding (Setter, 2012; Joosen et al., 2013).
Therefore, using a next generation genetical genomics approach which includes
environmental perturbation within a single experimental design (L1 et al., 2008; Joosen et al.,
2013) will allow testing different environments at low cost. Such an approach aims for the
creation of subpopulations of RILs, one for each environment to be tested, with an optimal

distribution of parental alleles over all available markers.
Conclusions and recommendations

This thesis illustrated the importance of GXE and how it can be affected by QxE. This was
achieved by mapping shoot and root traits using QTL and GWA mapping in Arabidopsis and
Brassica populations grown on sand. There is still a need to confirm these results by using

heterogenous inbred families, combining QTL and GWAS results, gene expression studies
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and genetic transformation of strong alleles in null-allele backgrounds. In general, studying
GxE at the genomics, proteomic and transcriptomics levels will facilitate better use of the
available information for both crop improvement and the understanding of adaptation to
different ecological habitats. In the future this should be done for single as well as for

combined stresses.
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Summary

Drought is the major abiotic stress affecting plant growth and limiting crop productivity
worldwide. To cope with drought, plants have evolved three adaptive strategies namely
drought escape, drought avoidance and drought tolerance. Breeding for such complex
strategies is not straightforward and better understanding of plant morphological and
physiological response to drought is needed. Therefore knowledge on how Quantitative Trait
Loci (QTL), or genes underlying them interact with their environments will significantly
increase our understanding and the success of breeding for drought tolerance.

Three main goals of this thesis were achieved by phenotyping shoot and root traits of
Arabidopsis thaliana and Brassica rapa grown on sand supplemented with mineral solutions
in greenhouses. These goals were: (i) to genetically dissect and identify QTL, and
preferentially even the causal candidate genes, underlying the plant morphological or
physiological response to drought. (ii) To understand how plants differentially interact with
their control and drought environments. (iii) In order to transfer data gained from model plant
to a real crop, a B. rapa RIL population was established and phenotyped under control and
drought conditions.

An already existing Arabidopsis RIL population, selected on the basis of the differential root
response to drought of the two parental lines, Sha and Col, was evaluated in control and
drought environments both under long and short day photoperiods (chapter 2). The examined
population exhibited significant genotype by environment interaction (GxE) for all traits in
both photoperiods, which was reflected by significant QTL by environment interactions
(QxE),using the MEA procedure of Genstat. Besides the 27 QTL mapped with significant
QxE, 21 QTL were mapped with main effects. No significant effect of the drought treatment
on flowering time (FT) under LD conditions was observed. However, a significant GXE for
FT was observed in the SD condition. Two flowering time QTL showed conditional neutrality
when comparing day length conditions. Besides, four QTL were mapped for root length,
where three of them showed an additive effect and only one showed a significant QxE.
Moreover, the plasticity QTL, detected by mapping the difference per line between both
environments, either overlapped with QTL with QxE and main effect or were identified only
for plasticity response.

In order to identify candidate genes that are underlying shoot and root response to drought, a
large population of Arabidopsis accessions collected from all over its natural distribution area,

genotyped with > 200,000 SNPs, was used in a Genome Wide Association Study (GWAS)
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(chapter 3). The results showed that 16 significant SNPs with main effect, 58 SNPs
underlying GxE, and 100 SNPs affecting plasticity were associated with the measured traits.
Again the QxE and plasticity QTL showed a large overlap, expressed in high correlation R?,
between the significance levels of SNP’s mapped with QxE and those mapped for plasticity.
One co-location between a significant SNP associated with root length (RL) and a QTL
mapped for RL in the Sha x Col RIL was reported. Additional candidate genes known to be
affected in their differential expression by abiotic stress as well as novel genes associated with
rosette and root growth traits in control and drought environments are evaluated.

In order to apply the same methodology in crop breeding, a contribution was made to the
genetic mapping of a new B. rapa RIL population, consisting of 160 lines and genotyped with
270 different markers (chapter 4). Because this population exhibited segregation for several
traits, it was encouraging to evaluate its morphological and physiological responses to drought
which was achieved in chapter 5. The Brassica RIL population showed significant GXE and
QxE. Altogether 54 QTL of which seventeen QTL showed significant QxE were mapped. In
addition, 15 QTL for plasticity, from which 9 co-located with QTL with main effect or QxE
were mapped. Correlation analysis showed that in the control environment, stomatal
conductance was significantly positively correlated with total leaves dry weight (DW) and
above ground DW. In contrast and in the drought environment, stomatal conductance showed
significant negative correlation with total leaves DW and above ground DW. This correlation
was described as conditional neutrality leading to an antagonistic fitness effect in the drought
and control environment, controlled by a QTL cluster on chromosome A7.

The results presented in the present thesis demonstrate that QxE is an important component of
the genetic variance and can play a great role in improving drought tolerance in future
breeding programs. There is still a need to confirm these results by using heterogeneous
inbred families, combining QTL and GWAS results, and gene expression studies. In general,
this thesis illustrates the effect of considering GXE, while mapping QxE in terms of mapping

more significant QTL.
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Samenvatting

Droogte is de belangrijkste abiotische stressfactor, die plantengroei negatief beinvloedt, en die
daardoor in vele delen van de wereld de productiviteit van gewassen beperkt. Planten hebben
drie strategieén ontwikkeld om zich aan droogte aan te passen namelijk: het ontsnappen aan
droogte, het vermijden van droogte en droogtetolerantie. Het veredelen op dergelijke
complexe eigenschappen is niet zonder complicaties en daarom is een beter begrip van de
morfologische en fysiologische reacties van planten op droogte noodzakelijk.

Het is nodig te weten hoe QTL (loci die kwantitatieve eigenschappen bepalen), of de genen
die voor deze eigenschappen coderen, interacteren met de omgevingsfactoren. Deze kennis
zal medebepalend zijn voor het succes van veredeling op droogtetolerantie.

Drie belangrijke doelstellingen werden bereikt door scheut- en wortel- eigenschappen bij
Arabidopsis thaliana (zandraket) en Brassica rapa (raapzaad/Chinese kool) te fenotyperen
bij planten die in de kas opgeweekt werden op zand. Deze doelstellingen waren: ten eerste het
genetisch ontrafelen en identificeren van QTL en liefst ook van de kandidaat genen die de
morfologische en fysiologische respons van de planten op droogte bepalen. Ten tweede: te
begrijpen hoe planten op verschillende manieren reageren op de droogte- respectievelijk de
controle-behandeling. Ten derde: kennis van de modelplant Arabidopsis vertalen naar een
gewas. Hiertoe werd een B. rapa RIL (recombinante inteeltlijn) populatie ontwikkeld en
gefenotypeerd onder droogte-condities.

Een reeds bestaande Arabidopsis RIL populatie werd geselecteerd op basis van de
verschillende reactie van het wortelsysteem van de ouders op droogte. Deze populatie met
Sha en Col als ouders werd geanalyseerd in controle- en droogte-omstandigheid bij opkweek
zowel onder lange als onder korte dag (hoofdstuk 2). De onderzochte populatie vertoonde
een significante interactie tussen het genotype en de omgevings-condities (GXE) voor alle
eigenschappen in beide daglengten, wat weerspiegeld werd in QTL met een significante QTL
x omgevings (Q xE) interactie. Er werden naast 27 QTL met een dergelijke interactie
component 21 QTL gelokaliseerd met alleen een significant hoofdeffect. Hoewel er geen
statistisch significant effect van de droogte op bloeitijd werd gevonden onder lange
dagcondities, werd onder korte dagomstandigheden wel een significante interactic met de
behandeling waargenomen. Voor twee bloeitijd QTL was de detectie afhankelijk van de
daglengte-condities, wat beschreven wordt als conditionele neutraliteit. Daarnaast werden er 4
QTL gevonden voor wortellengte, waarvan er drie een additief effect hadden en slechts één

QTL een interactie met de toetsomgeving vertoonde. QTL die geidentificeerd werden op
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basis van het verschil tussen de behandelingen werden als plasticiteits QTL beschreven. Zij
overlapten met de bovengenoemde QTL, op twee na die alleen bij deze analyse
geidentificeerd werden.

Om de kandidaat genen die de scheut- en wortel-systeem QTL bepalen te vinden, werd een
grote populatie van Arabidopsis accessies, die over de hele wereld verzameld waren en die
gegenotypeerd waren met meer dan 200.000 SNPs (polymorfe basepaar posities), gebruikt
(hoofdstuk 3). In het experiment werden 16 significante SNPs met een hoofdeffect, 58 SNPs
met een genotype x omgevings effect en 100 SNPs met een plasticiteits effect gevonden.
Zoals verwacht was er een grote overlap tussen de twee laatstgenoemde categorieén QTL,
hetgeen te zien was aan een hoge correlatie tussen de significanties uitgedrukt als LOD scores
van beide analyses. Er werd een co-lokalisatie gevonden van een QTL die geidentificeerd was
voor wortellengte in de Sha x Col RIL populatie en een significante SNP geassocieerd met
wortellengte in de accessie-collectie. Daarnaast werden andere kandidaat-genen
bediscussieerd waarvan beschreven was dat hun expressie athangt van het niveau van
abiotische stress. Ook werden genen voor rozet- en wortelgroeieigenschappen als kandidaat
geévalueerd, die daar tot nu toe niet mee geassocieerd werden.

Met het doel dezelfde genetische methoden toe te passen op een cultuurgewas werd
bijgedragen aan het genetisch in kaart brengen van een nieuwe B. rapa RIL populatie, die uit
160 lijnen bestaat en die gegenotypeerd was met 270 moleculaire merkers (hoofdstuk 4).
Omdat deze RIL populatie uitsplitsing voor diverse eigenschappen vertoonde, was het
aantrekkelijk om de morfologische en fysiologische respons op droogte in dit materiaal te
analyseren, hetgeen beschreven is in hoofdstuk 5. In deze Brassica populatie werd interactie
van de genetische verschillen met de omgevingscondities aangetoond en werden er
conditiespecifiecke QTL gevonden. Er werden 54 QTL geidentificeerd waarvan er 17 een
interactic met de testcondities vertoonden. Daarnaast werden 15 QTL gevonden voor
plasticiteit, waarvan er 9 co-localiseerden met de QTL die gevonden werden met de Q x E
analyse. De correlatie-analyse liet zien dat in de controlecondities de geleidbaarheid van de
huidmondjes positief gecorreleerd was met het drooggewicht van de bladeren en met het
drooggewicht van alle bovengrondse delen, terwijl in droogtecondities deze correlatie met
deze parameters negatief was. Deze correlatie wordt beschreven als door omstandigheden
bepaalde neutraliteit die leidt tot een tegengesteld ‘fitness’ effect in de droogtecondities,
bepaald door een QTL cluster op chromosoom A7.

De resultaten die in dit proefschrift zijn gepresenteerd laten zien dat Q x E (interactie van

QTL met omgevingsfactoren) een belangrijke component is van de genetische variatie en een
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grote rol kan spelen bij de verbetering van de droogtetolerantie in toekomstige
veredelingsprogramma’s. Er blijft de noodzaak om deze resultaten te bevestigen met
heterogene inteelt families en het combineren van QTL met genoombrede associatie- en
genexpressie studies. In algemene zin laat dit proefschrift zien wat het effect is van het
meeanalyseren van de genotype-omgevings interactiec waardoor meer significante QTL

gevonden kunnen worden.
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