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Chapter 1 — General Introduction

Johanna A. Bac-Molenaar




Chapter 1

Goal

Plant performance is determined by an interplay between the environment and the
genetic composition of the plant. Plants, as sessile organisms, have the ability to sense
changes in the environmental conditions and to respond to them by adapting their
growth and metabolism. Genotypic differences are responsible for the diversity in re-
sponses observed within and between species. Many experiments are performed in the
last years to elucidate the genetic regulation of plant responses to environments. This has
increased our knowledge about plant performance significantly, but still not all genes
involved in growth and stress responses are identified. And if those genes are identified,
their position and role in the underlying regulatory network is in many cases not yet
known.

In this thesis I identify and study the role of genes that are underlying natural variation
in plant performance in various diverse environments, with a focus on genes involved
in the regulation of plant performance under drought and heat stress. To reach this goal
a genome wide association (GWA) mapping approach is taken in the model species
Arabidopsis thaliana.

Natural variation and local adaptation

Central in this thesis are heritable plant traits for which variation is observed in nature.
These kind of traits are under selection by humans since some of them settled as farmers.
Farmers selected the seeds of the best performing plants to sow them in the next growing
season. As a consequence of this domestication process plant performance was increased,
but genetic variation was reduced. Later in history, farmers started to breed for new vari-
eties by crossing to combine positive traits of parental lines. Gregor Mendel (1822-1884)
discovered that traits are inherited according to rules that are based on logic. Although
he could only test simple qualitative traits that are regulated by a limited number of genes,
it is nowadays generally accepted that Mendelian genetics also apply for complex quan-
titative traits that are regulated by large numbers of genes. In the same century, Charles
Darwin (1809-1882) and Alfred Wallace (1823-1914) were fascinated by the enormous
variety present in nature, both variation between and within species. They suggested that,
like humans select plant traits in agriculture, also in nature environmental conditions
have selective power on organisms. Their experiments focused on the study of variation
in geographically separated groups of the same species and on subsequent speciation,
but they extrapolated their findings to hypothesize about the origin of all species. Their
ideas inspired many researchers and are still the basis of what nowadays is called the
evolution theory. It took until the fifties of the twentieth century before researchers came
to the consensus that not proteins, but deoxyribonucleic acids (DNA) are the bearer of
genetic information (Avery 1944, Hershey 1952). In the same decade also the double
helix structure of DNA was elucidated (Watson 1953). In 1980 the first method to de-




General Introduction

velop molecular markers was published (Botstein 1980). Molecular markers enabled us
to genetically characterise individuals and to distinguish them from each other based on
differences between their DNA sequences (Semagn 2006). In 2000 the first plant genome
was sequenced of the model species Arabidopsis (Arabidopsis Genome Initiative 2000)
and thereafter access to genetic information became increasingly easier because of ad-
vances in sequencing technologies (Metzker 2010, Wang 2015).

Coupling genotype to phenotype

The enormous amount of genetic information that is available nowadays can only be
useful for the understanding of the regulation of heritable traits if a connection can be
made between the genotype and the phenotype. Linkage mapping is an effective way
to study the regulation of heritable traits (Alonso-Blanco 2000). Linkage mapping is
performed in the segregating off-spring of a cross between two accessions of the same
species (Alonso-Blanco 1998). Each individual of the segregating population is geno-
typed with a number of markers that are polymorphic between the parental lines and
that are evenly distributed over the whole genome. The relative position of each marker
in the genome is determined and through linkage analysis of the markers a genetic map
is made. In addition, each individual of the segregating population is phenotypically
characterised for the trait of interest. Thereafter each marker is statistically tested to
identify linkage between the phenotypic trait and the genotypic marker. Linkage map-
ping results in the detection of quantitative trait loci (QTLs), genomic regions that are
associated with the trait of interest. Statistical methods are optimized to identify accurate
QTL positions and to minimize false discovery rates (Ooijen 1992, Jansen 1993). Link-
age mapping can be done in all populations of which the pedigree is known, like F2-,
backcross-, double haploid (DH) and recombinant inbred (RIL) populations. RIL and
DH populations are preferred because they are immortal due to homozygosity and can
therefore be replicated. In case of quantitative traits, linkage mapping can result in the
detection of several QTLs that all contribute to the explanation of the phenotype. Causal
genes underlying QTLs are genes of which the gene sequence (exon, intron, promotor
or other cis-regulatory DNA elements) differs between the two parents. Genes that do
not differ between the parents will not be detected with this method. Linkage mapping
in one experimental population will therefore almost never result in the detection of all
important regulatory genes, because within one population only a very limited amount
of the total species variation is represented. Furthermore, hundreds of genes are usually
located within a QTL support interval. To identify causal genes more recombination
events must be introduced within the QTL region by additional rounds of crossing or
inbreeding. This process of fine-mapping allows to indicate a small genomic region to
be causal. Functional analysis of genes located in this small region will allow to identify
the causal gene. Linkage mapping became a popular method in both the model species
Arabidopsis and in crops to study the genetic regulation of processes on the whole-plant
level, and the metabolic (Keurentjes 2009) and gene expression level (Mackay 2009). It is
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also the basis of marker assisted selection which is commonly used nowadays in breeding
programs (Collard 2008).

To increase the amount of natural variation included in the population, multi-parental
populations have been developed (Balasubramanian 2009, Kover 2009, McMullen 2009,
Huang 2011). Multiple rounds of intercrossing are needed to obtain a population with
individuals that contain genetic information from all parents. Due to the increased
number of meiotic events included in those populations the mapping resolution is
increased. Development of these populations takes a long time and therefore only a
limited amount of multi-parental populations is developed.

In human genetics, experimental crosses are unethical and therefore linkage mapping
could only be applied on data collected in families. To make use of the genetic variation
present within human populations and to investigate the genetic regulation of diseases,
a mapping method was developed that could be used in populations of individuals with
unknown pedigree (natural populations). This method is called genome-wide associa-
tion (GWA) mapping. Linkage decay is very fast in a population of unrelated individuals
because the genetic composition of the members is the consequence of ages of selection
on natural variation due to spontaneous mutations and meiotic recombination events.
In experimental populations with closely related individuals linkage decay is much
less strong, because it only depends on recombination events introduced by crossing.
To achieve proper mapping results the presence of at least one marker in linkage dis-
equilibrium with each gene in the genome is required. In experimental populations
only hundreds of markers are needed to cover the whole genome, whereas in natural
populations more than hundred-thousand markers are needed for full genome coverage
(International HapMap Consortium 2003). Although the concept of GWA mapping was
already proposed in 1996 (Risch 1996), new genotyping techniques were needed to be
able to reach marker densities that allowed full genome coverage in natural populations.
In 2006 the first study using GWA mapping in a human population was published (De-
Wan 2006, Visscher 2012).

Although it is possible to create experimental mapping populations in plants, GWA
mapping in populations of accessions of the same plant species seems to have advantages
over linkage mapping. GWA mapping allows to test at once most of the genetic variation
present in a species. In addition, the fast linkage decay (Nordborg 2002, Kim 2007) will
result in the detection of QTLs with high resolution. Before association mapping was
applied to the whole genome, it was used for fine-mapping (Hagenblad 2004) and the
determination of causal nucleotides in QTL candidate genes (Olsen 2004).When I started
this project in January 2011, only a very limited number of studies performing GWA
mapping in Arabidopsis were published (Atwell 2010, Brachi 2010, Chan 2010). In ad-
dition a study was published about GWA mapping in barley (Cockram 2010). Thereafter
each year more GWA mapping studies in both Arabidopsis and crops were published.

10
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Although GWA mapping is relatively new in the field of plant sciences, in addition to
clear advantages also disadvantages were reported (Korte 2013).

Clear advantages of GWA mapping are the possibility to include most of the genetic vari-
ation present within the species and the high mapping resolution are. A point of attention
is the population structure, because it can be a confounding factor and therefore should
be corrected for in the statistical model. This is at the moment included in the standard
GWA mapping approaches (Seren 2012), but one should be aware that correction can
lead to false negatives (Brachi 2010). Disadvantages are related to three characteristics of
natural populations. First, for most causal variants more than two alleles will be present.
Most markers used in GWA mapping are bi-allelic (Kim 2007) and therefore the detec-
tion of the allelic effects of the causal variants can be hampered. Further, some of the
alleles of causal genes can have low frequencies. Low frequency markers are not tested
in GWA mapping to avoid false positive detection as a consequence of spurious linkage.
Therefore rare causal variants cannot be detected by GWA mapping. In addition, low
frequency markers with large effect can mask common causal variants with small effect.
Lastly, underlying genetic networks can be different between accessions with the same
phenotypic value. For example, within a natural population different mechanisms to deal
with drought stress can be present, all having their own genetic regulation. This genetic
heterogeneity weakens the detection of causal genes. These three characteristics of natural
populations differ from bi-parental populations in which always two alleles segregate in
a 50%/50% ratio (as long as no segregating disorders occur due to lethal combinations).
Therefore the mapping power to detect causal genes is lower in natural populations than
in bi-parental populations. Especially the power to detect rare causal alleles and causal
alleles with small effect is substantially lower. So, the success of GWA studies depends on
the genetic architecture of the trait, which, for most traits, is a priori unknown.

Societal impact of research on stress responses

At the moment two major challenges are greatly influencing the breeding and growing
practice of crops. The first challenge is the fast increase of the world population, especially
in Asia and Africa, which will lead to an increased demand for food, feed, construction
materials, and other plant-derived products. The second challenge is the expected change
in the climate that will lead to more extreme and more variable weather conditions. This
asks for increased yield on existing farmlands and for expansion of the area used for
agriculture by cultivation of crops on less favourable locations (Araus 2008, Tester 2010).
In addition, this increase in yield should be secured even when climate conditions change
over the years and yearly climatic patterns are distorted (Chaib 2006) (Mickelbart 2015).
These challenges can be dealt with in several ways. A promising approach is the devel-
opment of new cultivars with improved yield in variable climatic conditions. Knowledge
about the natural range of variation for these traits within species and about the underly-
ing genetic networks would be helpful to develop new cultivars.

11
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Short-term heat stress

In the last century, the global temperature has risen with almost one degree Celsius,
due to, amongst others, the emission of greenhouse gasses. It is expected that the global
temperature will keep rising in the coming years. In addition, more periods of extreme
heat are expected, also in temperate climates (Gourdji 2013). Elevated temperatures
influence both plant growth and reproduction (Wahid 2007, Bita 2013), but reproductive
tissues of plants are more sensitive to short-term heat than vegetative tissues. In tomato
reduced fruit set as a consequence of short periods of heat is already a research topic since
the beginning of the 20" century (Sugiyama 1965, Smith 2007). Also in several other
crops, like cereals (Barnabas 2008), soybean (Djanaguiraman 2013), and cherry (Hedhly
2004), reduced yield due to short-term periods of heat during the reproductive phase
are reported. Heat stress is therefore responsible for great losses in the agro-business
sector. Research of these phenomena revealed that during flower development not all
processes are equally sensitive to heat. The development of male organs is more heat
sensitive than the development of female organs. Upon short-term heat, disruption of the
male meiosis and reduction in anther dehiscence (Kim 2001) (Sato 2002), anther length
(Sakata 2010), and pollen viability (Endo 2009) are reported. In some crops, such as rice
(Ye 2012) and tomato (Grilli 2007), natural variation for the sensitivity to short-term heat
was used to perform linkage mapping. Although QTLs were identified, no regulatory
genes underlying this natural variation were identified so far. Also in the model species
Arabidopsis natural variation for short-term heat stress was described (Warner 2005,
Zinn 2010), but the genetic regulation has not been studied yet through gene expression
profiling or linkage mapping. A GWA mapping study for this trait, as described in this
thesis, could be a great step forward in the understanding of the genetic regulation of the
heat response.

Moderate drought

One of the most profound effects expected from the climate change is more irregular
rainfall. At the moment a substantial part of the world’s food production is done on
arable land in temperate climates. It is expected that in the coming years in those regions
periods without rainfall will occur more often and will be longer (Fang 2015). During
these moderate drought periods crops may survive, but plant growth and yield will be
decreased significantly (Skirycz 2011). Breeding has resulted in a limited number of
drought tolerant cultivars, but the mechanism behind this tolerance and the causal genes
are in most cases unknown (Ashraf 2010, Fang 2015). Research on drought tolerance in
the model species Arabidopsis has, for along time, been focused on the study of responses
to severe drought. But both mutant analyses (Skirycz 2011) and gene expression profiling
(Harb 2010) revealed that the responses to severe and moderate drought are regulated
differently. Therefore in the last years, more attention is given to research of the moderate
drought response (Granier 2006, Des Marais 2012, Ma 2014, Clauw 2015). Natural vari-
ation for moderate drought responses is reported (Aguirrezabal 2006, Bouchabke 2008)

12
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and linkage mapping for moderate drought related traits was done in two RIL populations
(Juenger 2005, Tisné 2010). In addition, gene expression changes upon moderate drought
are reported in both vegetative (Harb 2010, Baerenfaller 2012) and reproductive tissue
(Ma 2014) for many genes in the genome. These expression changes are partly genotype
dependent (Des Marais 2012, Clauw 2015). Moderate drought studies gave important
insights into drought tolerance mechanisms, but the knowledge is fragmented. For a
refined and comprehensive understanding of the genetic variation in moderate drought
responses much more research is required (Fang 2015). Therefore, GWA mapping under
moderate drought, as described in this thesis, will add to the reduction of this knowledge
gap and has the potential to identify alleles of regulatory genes that increase moderate
drought resistance. Orthologues of those genes in crops can possibly be used in breeding
programs.

Arabidopsis as model species

In this thesis, I chose to make use of the model species Arabidopsis thaliana. Although
Arabidopsis does not have any agricultural value, research of this species was and is very
valuable for the plant sciences. Knowledge gained in Arabidopsis forms in many cases
the basis for experiments performed in other species (Gonzalez 2009). For example,
Arabidopsis was the first sequenced plant species (Arabidopsis Genome Initiative 2000)
and the functional annotation of its genome is improving each day. When a new species
is sequenced nowadays the gene annotation is for a large part based on homology with
the Arabidopsis genome. Arabidopsis has outspoken advantages compared to many crop
species (Pang 1987). In nature Arabidopsis accessions are found on many locations with
large differences in climatic conditions and therefore natural variation within this species
is observed for almost all traits (Alonso-Blanco 2000), allowing to perform mapping
studies to identify underlying genetic regulation networks. In domesticated plants within
species variation is reduced and therefore, at the moment, collections of wild relatives are
composed to compensate for this reduction in genetic variation. Because Arabidopsis is a
self-pollinator, accessions collected in the wild are almost completely homozygous and as
a consequence hardly any segregation is observed in the off-spring. Homozygosity makes
it possible to replicate accessions within and between experiments and it allows for ex-
change of lines by exchange of seeds. The plant is small and has a short lifecycle, enabling
the performance of experiments with large sets of plants in relatively short time and
small space. Arabidopsis also has a small genome and therefore relatively few genes with
redundancy in function and relatively little non-coding DNA. In addition, Arabidopsis
is diploid and has only 5 chromosomes whereas many crops have higher ploidy levels
and larger numbers of chromosomes. The small genome, the low ploidy level, and the
small number of chromosomes are advantageous for re-sequencing, quantitative genetic
analysis, and creation of homozygous mutant or overexpression lines. Transformation by
floral dipping (Clough 1998) also facilitates the creation of transgenic lines.

In Arabidopsis, the study of plant responses to various stress environments is mostly

13
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done in one natural reference accession: Col-0. Although mutant and overexpression
analyses, gene expression studies, and metabolite profiling in this accession resulted in
the annotation of many genes, the study of one accession has some limitations. Genes that
are not present in this accession or genes with a non-functional Col-0 allele cannot be
studied. Furthermore, Col-0 only represents a limited number of response mechanisms
to stresses, although within species multiple response mechanisms and large variations
in the utilization of these mechanisms are reported. Therefore, exploitation of natural
variation present within the species Arabidopsis is the key to the full understanding of
the performance of this species in various environments (Alonso-Blanco 2000, Lavagi
2012). The study of experimental or natural populations and subsequent mapping are
tools to elucidate the genetic control of many plant traits. Therefore investigation of the
natural variation present within the species Arabidopsis and subsequent study of the
underlying genetic mechanism by GWA mapping is chosen as the subject of this thesis.

Scope of the thesis

In this thesis T aim at identifying genes that explain natural variation in plant performance
under various different environmental conditions. To achieve this, I followed a similar
strategy in all chapters: a natural population of 350 accessions of Arabidopsis, genotyped
with 215k SNPs, was grown under control and/or stress conditions and the resulting plant
performance was evaluated by phenotyping one or several traits. Associations between
phenotype and genotype were obtained via GWA mapping. Significant associations were
studied in more detail. Based on linkage disequilibrium (LD), functional annotation,
expression data, and the literature, genes in the support window were prioritized. Next,
the causality of the candidate genes was investigated. Since full validation may be a long
process, in most chapters of this thesis only a limited number of steps of the validation
process were taken.

Research described in this thesis is part of the STW-funded ‘Learning from Nature’
research program. This program consists of several research projects that all aim to use
natural variation to improve stress resistance of crops. Each research project focusses on
specific biotic or abiotic stresses or a combination of both and has specific target crops.
Each project consists of two experimental phases. First the same natural population of
Arabidopsis is used to investigate variation in tolerance towards the stress of interest.
Subsequently, GWA mapping is performed to search for genomic regions associated with
stress-tolerance. In the second phase results obtained in Arabidopsis are translated to ap-
plications in the target crop. In this second phase the industrial partners play a profound
role. The strength of the program is the similar experimental approach of all research
projects, which allows easy comparison of results and opens the possibility to distinguish
stress-specific from general regulators.

14
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This thesis consists of seven chapters including this introduction (Chapter 1). Chapters
2 to 6 describe the major findings of the research. In Chapter 7 the findings described
in previous chapters are compared and evaluated, resulting in general conclusions and
remarks.

In Chapter 2 natural variation in anthocyanin accumulation was studied under osmotic
stress conditions. GWA mapping of rosette colour resulted in a very strong association
with MYB90, located on chromosome 1. Re-sequence data were used to reveal which
allele of MYB90 is associated with higher anthocyanin accumulation and to identify
the causal SNP. Subsequently the ecological and evolutionary impact of the sequence
variation in MYB90 is discussed.

Chapter 3 describes natural variation in fertility reduction upon heat stress. Measure-
ment of the silique length along the main inflorescence revealed that the heat response is
developmental stage specific. GWA mapping was performed to identify QTLs specific for
the heat response before and after anthesis. Two QTLs were studied in more detail and
knockout lines of several candidate genes were tested to identify the causal genes.

Chapter 4 and 5 describe the study of natural variation in plant growth under control
and moderate drought stress conditions. Growth dynamics were followed over time by
top-view imaging and growth was modelled, using an exponential function. To identify
QTLs involved in growth, GWA mapping was performed on temporal plant size data and
on model parameters. Causal genes are suggested based on mutant phenotypes and gene
expression data.

Chapter 6 describes multi-environment GWA mapping of plant size data collected in 25
different environments and the identification of more than 100 markers with effects in
multiple environments. Each SNP was tested for GXE to distinguish between constitutive
and environment specific QTLs, because constitutive QTLs are promising candidates for
the translation of findings from Arabidopsis to crops.

Finally, in Chapter 7 the results in the preceding chapters are discussed in the light of
the current status of the research on the genetic regulation of plant performance under
different conditions. This results in general conclusions and remarks.

15
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Chapter 2 - GWA mapping of anthocyanin accu-
mulation reveals balancing selection of MYB90
in Arabidopsis thaliana

Johanna A. Bac-Molenaar"?, Dick Vreugdenhil' and Joost ].B. Keurentjes®

! Laboratory of Plant Physiology, Wageningen University, The Netherlands
2Laboratory of Genetics, Wageningen University, The Netherlands

Abstract

Induction of anthocyanin accumulation by osmotic stress was assessed in 350 accessions
of Arabidopsis thaliana. A wide range of natural variation, with phenotypes ranging from
green to completely red/purple rosettes, was observed. A genome wide association (GWA)
mapping approach revealed that sequence diversity in a small 15 kb region on chromo-
some 1 explained 40% of the variation observed. Sequence and expression analyses of
alleles of the candidate gene MYBY0 identified a causal polymorphism at amino acid
(AA) position 210 of this transcription factor of the anthocyanin biosynthesis pathway.
This amino acid discriminates the two most frequent alleles of MYB90. Both alleles are
present in a substantial part of the population, suggesting balancing selection between
these two alleles. Analysis of the geographical origin of the studied accessions suggests
that the macro climate is not the driving force behind positive or negative selection for
anthocyanin accumulation. An important role for local climatic conditions is, therefore,
suggested. This study emphasizes that GWA mapping is a powerful approach to identify
alleles that are under balancing selection pressure in nature.

Submitted to PLoS One

17



Chapter 2

Introduction

Accumulation of anthocyanins in the vacuole of plants is the most clearly visible sign of
stress. Anthocyanins have been studied for decades because of their strong color that di-
rectly attracts the eye of the observer. They are best known from their appearance during
the ripening of fruits (Winefield 2009) and from their accumulation in autumn leaves
(Hoch 2001), but they also play a prominent role in many stress responses. Accumulation
ofanthocyanins upon stress exposure is a conserved and desirable trait. It is found in many
plant species upon exposure to a wide variety of biotic and abiotic stresses (Chalker-Scott
1999, Hasdai 2006, Gutha 2010, Park 2012, Sperdouli 2012). Anthocyanins protect plants
against stress owing to four properties. First, anthocyanins protect the photosynthetic
machinery of plants exposed to an excess of light (especially UV-B) by absorbing blue
light and reflecting red light (Zhang 2010). Secondly, anthocyanins possess anti-oxidant
properties, which may scavenge reactive compounds known to occur under many stress-
es, such as reactive oxygen species, and, therefore, increase a plant’s tolerance towards
stress (Zeng 2010). Thirdly, anthocyanins may bind to various heavy metals, providing
a protective role in metal-tolerance by sequestering these toxic elements (Hale 2001).
Finally, anthocyanins are assumed to exhibit an osmo-regulatory function, allowing a
plant to remain turgid under low water availability (Chalker-Scott 2002, Hannah 2006).
Because of these characteristics, induced anthocyanin accumulation is a desirable trait in
many environments in which plants are temporarily experiencing stresses.

Anthocyanins are the end products of a specific branch of the flavonoid biosynthesis
pathway (Figure S1), (for a review of this pathway see (Winkel-Shirley 2001)). The ex-
pression of the structural and regulatory genes of the anthocyanin pathway have been
studied in detail in the Arabidopsis thaliana accession Col-0 and for each step in the
pathway at least one mutant in the Col-0 background has been studied (Petroni 2011).
These analyses revealed that many structural genes in the pathway are essential for the
synthesis of anthocyanins but that functional redundancy exists for transcriptional regu-
lators (Figure S1). Biosynthesis genes early in the pathway are regulated differently than
the genes at the end of the pathway (Gonzalez 2008). Early biosynthesis genes, leading to
the production of flavonols, are regulated by R2R3-MYB transcription factors (MYBII,
MYBI2 and MYBI111). The biosynthesis genes later in the pathway, leading to the synthe-
sis of pro-anthocyanidins and anthocyanins, are regulated by a complex of MYB, bHLH
and W40 transcription factor families (Zimmermann 2004). MYB75 (PRODUCTION OF
ANTHOCYANIN PIGMENT 1, PAPI1), MYB90 (PRODUCTION OF ANTHOCYANIN
PIGMENT 2, PAP2), MYB113 and MYB114 display redundant functions and can all be
part of this complex (Gonzalez 2008). Overexpression studies of these four MYB tran-
scription factors revealed that the up-regulation of either one of them is sufficient to
increase anthocyanin accumulation in young leaves and upon osmotic stress (Borevitz
2000, Gonzalez 2008). In addition to these transcription factors, many other structural
and regulatory genes of the pathway are up-regulated in the reference accession Col-0

18
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under various stress conditions (Kimura 2003, Vanderauwera 2005, Solfanelli 2006, Sper-
douli 2012). Moreover, a few studies report on variation in constitutive or stress induced
anthocyanin accumulation in different accessions of Arabidopsis (Hannah 2006, Hasdai
2006, Atwell 2010, Schulz 2015). For MYB75 (PAPI) and MYB90 (PAP2), sequence vari-
ation has been reported to be causal for natural variation in anthocyanin accumulation
(Teng 2005, Diaz 2006, Ilk 2015). Although these studies identified natural variation in
the ability to accumulate anthocyanins and even detected causal genes explaining the
observed variation, little insight was gained on their role in natural populations. Genetic
analyses of recombinant inbred lines (RILs), for instance, provides no information about
the prevalence of allelic differences or on the selective forces that may shape the genetic
architecture of populations.

Sequence diversity that causes differences in anthocyanin accumulation will be subject to
natural selection. Depending on the environment, low or high constitutive anthocyanins
levels and strong or moderate induction of anthocyanin production will be favored. Here
we investigated natural variation in constitutive and induced anthocyanin accumulation
in 350 natural accessions of Arabidopsis. GWA mapping revealed the transcription fac-
tor PAP2 (MYB90) as the major gene responsible for the observed variation in induced
anthocyanin accumulation. Two alleles of this gene dominate the world-wide population,
suggesting balancing selection for the polymorphism discriminating these two alleles.
No link could be found between the origin of collection of the accessions and the amount
of constitutive or induced anthocyanin accumulation. These results suggest that not the
macro climate, but the local climate conditions might be the driving force behind positive

or negative selection for anthocyanin accumulation.

Results

Accumulation of anthocyanins in the leaves can be favorable for a plant because of
their light-shielding, metal-binding and antioxidant capacity, and their function in
osmotic-regulation. However, this process is also energy-demanding and, therefore,
not favorable under all conditions. In this study we investigated the natural variation in
constitutive and induced anthocyanin accumulation and used a GWA mapping approach
to search for regulatory genes that are underlying the natural variation in anthocyanin
accumulation.

Anthocyanin accumulation is genotype dependent

Anthocyanin accumulation for 360 natural accessions of Arabidopsis was evaluated by
visual scoring of rosette-stage plants grown under control conditions or osmotic stress
conditions. Each plant was assigned to a category ranging from a completely green plant
(category 1) to a completely red/purple plant (category 5) (Figure 1A). These categories
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Figure 1 A Representative examples
of categories of anthocyanin accumu-
lation. Anthocyanin accumulation
was scored visually by assigning each
individual plant to an accumulation
category. B Geographical distribution
of the accessions in Europe. The color
indicates the anthocyanin accumula-
tion category in stress conditions.

correlated very well with antho-
cyanin content as determined
by spectrophotometric analyses
(Figure 2). Most plants (66%)
did not produce any visible
anthocyanins under control
conditions and only very few
accumulated substantial levels
(Figure 3). PEG treatment,
however, induced anthocyanin
accumulation in almost all
accessions, with most plants
being assigned to category 3 and
more than 98% to category 2 or
higher (Figure 3A). Levels of

accumulation were highly reproducible among replicates of accessions within and be-
tween experiments. Illustratively, a high correlation was observed between anthocyanin
accumulation in the association mapping experiment and the confirmation experiment
(Spearman’s p=0.93, p=0.04*10""). The broad sense heritability of anthocyanin accumu-
lation under control conditions was 35% and 47% under stress conditions, indicating
moderate to strong genetic control. A weak, but significant correlation was detected
between anthocyanin accumulation under control and treatment conditions (Spearman’s
p=0.19, p=0.00033), indicating that anthocyanin formation depends partly on the genetic
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Figure 2 Linear correlation between
accumulation category assigned to
plants by visual scoring and anthocy-
anin content quantified spectropho-
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Figure 3 Frequency distribution over the scoring categories. In total 2160 plants were scored, three rep-
licates of each of the 360 accessions in control and in PEG treated conditions. A Frequency distribution
based on number of plants. B Frequency distribution based on number of accessions.

background, independent of the environment. One accession (Pa-1, CS76204) responded
to the osmotic stress with signs of early senescence. The leaves turned yellow without
detectable levels of anthocyanin.

Evolution of anthocyanin accumulation is independent of macro-climatic differ-
ences

To identify geographical clines in the ability to accumulate high levels of anthocyanins,
the origin of collection of all accessions tested was analysed. Most of the accessions (321
out of 360) originate from Europe. To avoid bias due to low observation numbers in
other continents, only the European accessions were used to identify patterns in the
distribution of the different accumulation categories. Correlations between anthocyanin
accumulation and latitude and longitude were calculated. A weak significant correlation
was found between the latitude and the accumulation of anthocyanins under control
(p=0.15, p=0.006) and stress (p=0.13, p=0.023) conditions. This suggests a trend of
northern accessions accumulating more anthocyanin than southern accessions (Figure
1B). However, as can be expected from the weak clines, accessions with different accu-
mulation phenotypes often occur in close range of each other. In the United Kingdom,
for example, accessions of the whole range of accumulation under both control and stress
conditions occur, indicating that macro climate is not the most important factor deter-
mining selection of constitutive and stress-induced anthocyanin accumulation.

GWA mapping reveals a strong association on chromosome 1

In order to detect causal loci for the variation in anthocyanin accumulation, GWA
mapping was applied. This resulted in the detection of a highly significant association of
12 SNPs with the accumulation of anthocyanins induced by PEG (Figure 4B and Table
S2). This locus spans a region of 15 kb on chromosome 1 (Figure 4C). Three genes are
located in this region, viz., a calmodulin (AT1G66400) and two transcription factors
of the MYB-family, MYB114 (AT1G66380) and MYB90 (PAP2, AT1G66390). Both
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Figure 4 Outcome of GWA for anthocyanin accumulation under control (A) and stress conditions (B).
A Bonferroni-corrected threshold of a = 0.05 is represented by the dashed line. C Blow-up of the region
around the significantly associated SNPs. All genes positioned in the region are represented by arrows
(red color: genes known to play a role in anthocyanin accumulation).

transcription factors have been annotated to play a role in anthocyanin accumulation
(Gonzalez 2008). A third transcription factor (MYB113 (AT1G66370), also annotated to
play a role in anthocyanin biosynthesis (Gonzalez 2008), is located just at the border of
the associated region. The most significant SNP (~log(p-value)= 20.19) explained 43% of
the variance and contributed an effect size of 0.91. The latter indicates that plants of the
Columbia haplotype were on average categorized almost one class higher than plants of
the non-Columbia haplotype. Genome wide association mapping of anthocyanin accu-
mulation under control conditions did not lead to any association above the Bonferroni
corrected significance threshold (Figure 4A), indicating that the chromosome 1 locus
does not play a major role in constitutive anthocyanin accumulation. To discover wheth-
er the strong association on chromosome 1 masked other weak associations, the most
significant SNP (chrl, position 24769177) was used as a cofactor in the mixed model
analysis (Segura 2012, Seren 2012). The conditional GWA mapping, however, did not
result in additional SNPs above the Bonferroni corrected threshold.
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Anthocyanin accumulation is not determined by the level of gene expression of
MYBs

Natural variation can act on the level of transcription by modifying promoter regions or
on the effectiveness of protein function by modifying coding regions. To assess whether
any of the assigned candidate genes displayed expression variation that corresponds to
differences in anthocyanin accumulation, the three MYB genes at the associated locus
on chromosome 1 were subjected to qPCR analysis on plants grown under control and
stress conditions. The analysis included the phylogenetically related MYB75 transcrip-
tion factor (PAPI, At1G56650)(Stracke 2001), which was previously shown to explain
variation in anthocyanin accumulation in a recombinant inbred line (RIL) population
(Teng 2005). All genes (MYB90, MYB113, MYBI114 and MYB75) are part of the largest
class of MYB-transcription factors, the R2R3-class, and have high similarity in the overall
sequence, particularly the DNA binding domains (Stracke 2001). For all accessions tested,
all genes were up-regulated upon osmotic stress, except MYB114, which was not up-reg-
ulated in Ty-0. This up-regulation confirms the role of these genes in stress responses.
However, for none of the genes a correlation was found between the observed anthocyan-
in accumulation and gene expression levels, although natural variation for anthocyanin
accumulation and gene expression was detected both under control and stress conditions
(Figure S2). Strikingly, MYB90, the candidate gene in closest proximity of the associated
SNPs, showed the strongest response to the stress treatment in terms of expression, but
this did not correlate with the amount of anthocyanins accumulated. These observations
suggest that the causal mechanism for variation in anthocyanin accumulation is not
transcriptional modification but more likely resides in functional changes.

Analysis of re-sequence data reveals a QTN in MYB90

To gain more insight into the causal sequence variation of the MYB transcription factors,
the nucleic acid and translated amino acid sequences of the phenotyped accessions for
which re-sequence information was available (157 out of 360) were aligned. Because
no correlation was found between the up-regulation of gene expression upon osmotic
stress and the observed phenotype, the focus here was on the protein sequences and only
information of the exons was taken into account (Figure S3 and Table 1). As expected, the
coding sequences of the MYB family members are highly conserved, especially in the R2-
R3 DNA binding domain. For each transcription factor, sequence diversity was observed
with other MYB family members and also within the same gene between accessions.
Because the lowest coding sequence variation was observed for MYB90, this gene appears
to be the most conserved among the different accessions. Within the coding sequences of
MYB90 only ten mutations occurred of which 4 were non-synonymous (Table 1), where-
as between 27 and 41 mutations, of which between 22 and 26 were non-synonymous,
were observed for the other three MYB genes. Based on the observed non-synonymous
mutations, different alleles were defined for each of the proteins. In line with the observed
mutation frequencies, allelic diversity was lowest for MYB90, with five different alleles,
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Table 1 Statistics of the sequence diversity of MYB75, MYB113 and MYB114, MYB90 and results of
tests for deviations from neutrality of selection of Tajima ((Tajima 1989) and Fu and Li ((Fu 1993).
SNP=single nucleotide polymorphism; mutation: this number deviates from the number of SNPs if at
one position more than two different nucleotides are observed; syn=synonymous, non-syn= non-syn-
onymous. Significance is indicated by * (4=0.05) and & (a=0.10).

SNPs Fu and Li
sn Mom
gene mutations ¥ syn Tajima's D D* F* # of alleles
MYB75 36 13 21 -1.32 -2.00%  -2.02% 15
MYB113 41 13 25 -2.05* -3.16* -3.00* 19
MYB114 27 4 22 -1.18 2a7%  -2.23% 18
MYB90 10 6 4 -1.14 -6.94* -5.96* 5

whereas for the other three MYB genes, MYB75, MYB113 and MYBI114, two to three
times more alleles were observed, 15, 19 and 18 alleles respectively (Table 1). For all four
genes, the frequency distribution of alleles was skewed, with only a few alleles of each
transcription factor dominating the population (Figure S4). Skewed allele distributions
were expected because most non-synonymous mutations will have negative effects and
therefore will not be maintained in the population. In many cases the most favorable allele
will dominate a population but in case of balancing selection or substitution by a newly
arisen allele, i.e. a selective sweep, more than one allele can be present in a substantial part
of the population. For MYB75 clearly one allele is dominating with the most frequent
allele being present in 77% of the population and the second most frequent allele in only
5% of the population. All of the other 12 alleles have allele frequencies below 5%. For the
other three MYBs at least two alleles with allele frequencies above 10% occur, indicating
balancing selection or allele substitution. The difference between the two most frequent
alleles of the three MYBs is only one amino acid and no signs of genetic hitch-hiking were
observed, indicating that the discriminating SNPs have been maintained in the popula-
tion for a long time. Therefore, balancing selection is expected for MYB90, MYBI113 and
MYB114. However, balancing or positive selection was not supported by Tajima’s D or Fu
and Li’s D* or F* but weak purifying selection was suggested by both tests (Table 1). To
test for significant differences in anthocyanin accumulation between allelic haplotypes,
analysis of variance (ANOVA) was performed. Alleles with frequencies below 2% were
grouped and tested against alleles with higher frequencies. Significant differences were
found between alleles of MYB90, MYBI113 and MYB114, but not of MYB75. Subsequent
pair-wise comparisons revealed significantly higher anthocyanin accumulation for the
second most frequent allelic haplotype of MYB90 compared to all other alleles (Figure 5B,
allele frequency = 17%). In addition, also higher anthocyanin accumulation was observed
for the second allele of MYB114 (Figure S5B, allele frequency = 17%). This difference is
significant in pairwise comparisons with most other alleles, including the first, third and
fourth most frequent alleles representing 64% of the variation for MYBI114. However,
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Figure 5 Genotypic and phenotypic differences between alleles of MYB90. A Positions of non-synony-
mous SNPs and corresponding amino acid changes defining the alleles. Number of accessions carrying
the allele are indicated above the double line. B Anthocyanin accumulation per allele (mean +/- SD).
Means per allele are compared by ANOVA following pairwise comparison using Bonferroni corrected
significance threshold of a=0.05. Letters above the bars indicate significant differences.

the significance threshold was not reached for three alleles which together account for
11% of the variation for MYBI114. Not surprisingly, allele MYB90-2 and MYB114-2 are
discriminated by the SNPs that were in strong linkage disequilibrium (LD) with the
association peak (MYB90-2, LD=0.70; MYB114-2, LD=0.65). Allele MYB90-2 is the only
allele that contains a glycine instead of a glutamic acid at AA position 210 (Figure 5A),
whereas allele MYB114-2 is the only allele carrying a stop-codon at AA position 141 and
the protein is, therefore, truncated (Figure S5A). All other MYB114 alleles do not contain
this pre-mature stop-codon and their encoded proteins have the same size as the other
MYB-protein family members. Overexpression of allele MYB114-2, resulting in trun-
cated proteins, did not result in increased anthocyanin accumulation (Gonzalez 2008).
The SNP discriminating this allele from the other alleles is, therefore, most probably not
causal for the detected association. The two discriminating polymorphisms in MYB90
and MYBI114 are highly linked (LD=0.93). All accessions, except two, that contain allele
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MYBI114-2 also contain allele MYB90-2. For MYB113, significant differences were ob-
served between the first two alleles, but both are not significantly different from all other
alleles. The SNP that is discriminative between those two alleles is also polymorphic in
other alleles of MYB113 and can, therefore, not explain the strong association detected by
GWA mapping. Interestingly, significant lower anthocyanin accumulation was observed
for the two alleles of MYB90 with low (<2%) allele frequency. These two alleles were
present in two accessions, Kas-2 and Per-1, of which the very low anthocyanin accumu-
lation upon osmotic stress was confirmed in the second experiment used to determine
gene expression. This suggests that some rare mutations in MYB90 or its cis-regulatory
regions affect anthocyanin accumulation more severe than the mutation at position 210.
Possibly, such severe reduction in induced anthocyanin accumulation is not favorable in
any environment and therefore these alleles do not occur at higher allele frequencies and
are purged from the population. In conclusion, because differences in gene expression
could not explain the observed phenotype and given the allelic differences observed, the
polymorphism in MYB90, discriminating the second allele from the rest, seems to be
causal for the associations detected in GWA mapping. However, the SNP discriminating
the first two alleles of MYBI14 was found to be linked to both the polymorphism in
MYB90 and the associated SNP of the GWA mapping. This tight linkage cannot rule out a
joint role in the natural variation in anthocyanin accumulation for allele MYB114-2 and

allele MYB90-2 completely.

Discussion

Natural variation in MYB90 is causal for anthocyanin accumulation

Variation for constitutive and osmotic stress induced anthocyanin accumulation was
observed within natural accessions of Arabidopsis. Osmotic stress induced accumulation
resulted in extreme variation, ranging from completely green to completely red/purple
plants. Usinga GWA mapping approach, a region on chromosome 1 explaining more than
40% of the observed variation was identified. Analysis of the alleles of three MYB-tran-
scription factors in this region, known to be involved in anthocyanin biosynthesis,
allowed us to identify two SNPs, one in MYB90 at AA position 210 and one in MYBI14
at AA position 141, which were discriminative for gene alleles that were associated with
higher anthocyanin accumulation. The biosynthesis pathway of anthocyanins reveals that
these MYB transcription factors upregulate the genes in the last part of the anthocyanin
biosynthesis pathway (Figure S1, (Petroni 2011)). Simultaneous knock-down by RNAi
of all four MYB transcription factors involved in the later steps of the pathway results
in anthocyanin deficiency under stress (Gonzalez 2008). Overexpression studies of the
four MYBs revealed that the up-regulation of either one of them is sufficient to increase
anthocyanin accumulation in young leaves under control conditions and upon osmotic
stress treatment (Borevitz 2000, Gonzalez 2008). MYB114 is truncated in Col-0, due to a
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mutation at AA position 141, which introduces a pre-mature stopcodon. Overexpression
of the truncated protein, corresponding to allele MYB114-2, does not lead to increased
anthocyanin accumulation, whereas overexpression of the full protein, corresponding
to allele MYB114-1, results in higher levels of anthocyanins (Gonzalez 2008). This ob-
servation is in contrast with our results that indicate that the truncated allele MYB114-2
is associated with higher anthocyanin accumulation and allele MYB114-1 with lower
accumulation. We, therefore, postulate that the allelic differences in MYBI114 are not
causal for the observed variation in anthocyanin accumulation in wild accessions. This
leaves the allelic variation in MYB90 as the cause to explain stress-induced anthocyanin
accumulation in natural accessions. Because the causal polymorphism is located at
the end of the protein outside the DNA-binding domain we speculate on an enhanced
functional activity of the modified protein. However, because of the tight linkage be-
tween MYBI14 and MYB90 we cannot rule out a genetic interaction between the two
transcription factors.

GWA mapping in natural populations reveals evolutionary significance of vari-
ation

GWA mapping and subsequent analysis of alleles of candidate genes using re-sequence
information of a large number of accessions resulted in the identification of a single gene
(MYB90) to be responsible for most of the variation present in anthocyanin accumula-
tion in natural populations. Classical QTL mapping studies in three different biparental
experimental populations also reported natural variation in anthocyanin accumulation
induced by stress (Teng 2005, Diaz 2006, Ilk 2015). In one of these studies, anthocyanin
accumulation in seedlings of a RIL population derived from a cross between the acces-
sions Landsberg erecta (Ler) and Cape Verde Islands (Cvi) was induced by high sucrose
levels (Teng 2005). In another study, RILs derived from a cross between the accessions
Bayreuth-0 (Bay-0) and Shahdara (Sha) were grown under low nitrogen conditions and
as a result displayed increased levels of anthocyanins (Diaz 2006). Finally, variation
for anthocyanin accumulation was observed upon cold acclimation in the Ler x Eri-1
population (Ilk 2015). These three QTL studies detected a major QTL on chromosome
1 and sequence variation in MYB75 was proven to result in differences in anthocyanin
accumulation (Teng 2005, Ilk 2015). It is suggested that besides MYB75 also MYB90
could contribute to this major QTL (Ilk 2015). GWA mapping of our data did not detect
the slightest association of MYB75 with anthocyanin accumulation. The different results
of these two approaches (i.e. experimental vs natural population mapping) poses ques-
tions about the biological relevance of the identified variants and the impact on selection
processes in natural populations.

Available re-sequence data identified the causal GWA SNP at AA position 210 of MYB90.
This SNP substituted a glycine for glutamic acid in 17% of the accessions analysed. Because
this is the only SNP discriminating allele MYB90-2 from all other alleles, it has probably
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been present in the population for a long time, suggesting balancing selection between the
haplotypes with the glycine and haplotypes with the glumatic acid residue. However, the
accessions Ler, Cvi, Bay-0 and Sha all belong to the glutamic acid haplotype and hence this
locus is not segregating in the RIL populations derived from these lines and no QTL could
be detected due to the lack of variation in MYB90. Re-sequence data of Eri-1 are not avail-
able, but it was suggested that this accessions has a different haplotype than Ler (Ilk 2015).

In contrast, allele specific analysis of MYB75 revealed that 77% of the natural accessions
share the most common allele while the other 23% are represented by 14 different alleles
with allele frequencies of 5% or less. This suggests that variation in MYB75 is the result
of random independent mutation events without a clear selection for, or against, a spe-
cific allele. Unfortunately, re-sequence data for MYB75 of Sha and Bay-0 are incomplete
with missing data at many positions and Eri-1 data are not available yet. However, Ler
and Cvi each carry a unique allele and accumulate anthocyanins at high and low levels,
respectively. Segregation at this locus, therefore, results in the detection of a strong QTL
at this position in the Ler x Cvi RIL population. GWA mapping failed to detect MYB75
as a causal locus explaining variation in anthocyanin accumulation because of the high
number of rare alleles, of which many may be functionally indifferent, at this locus. The
power to detect a rare allele using GWA is rather low especially if the population size is
limited. In addition, rare alleles will be highly linked to other rare alleles resulting in high
false discovery rates (Korte 2013). As a consequence SNPs with low allele frequency are
excluded in most GWA mapping studies. RIL populations are ideal to find such rare caus-
al alleles, but only a very limited amount of the variation that can be found in nature can
be tested (Bergelson 2010). In contrast, GWA mapping assesses most variation present in
nature and will detect causal genes that are relevant in natural settings because different
alleles are present in a substantial part of the population.

MYB?75 and MYB90 cannot account for all observed variation

The almost normal distribution of the values of stress-induced anthocyanin accumulation
in the natural population indicates that this trait is complex, meaning that the expression
and regulation of several genes together result in the observed phenotype. In our GWA
study only one region was found to associate with induced anthocyanin accumulation.
The causal polymorphism could explain 40% of the phenotypic variation, corresponding
to one accumulation category difference (Table S2). However, differences larger than one
accumulation category were observed and confirmed between natural accessions. The
other 60% of the phenotypic variation may be caused by random variation, but also by
genes with small effects or by alleles with allele frequencies lower than 5% that were
excluded from the analysis. Clear examples are accessions Kas-2 and Per-1, that have a
unique allele of MYB90 and both show strong deficiency in anthocyanin accumulation
upon osmotic stress. That anthocyanin accumulation is not a monogenic trait is also
confirmed in QTL mapping studies. Besides the major QTL on chromosome one, also
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other small (Teng 2005, Diaz 2008) or large effect (Ilk 2015) QTLs were detected in the
bi-parental studies. This suggests that besides the two key-players, MYB90 and MYB75,
most probably more regulatory genes are involved, which have a small effect size com-
pared to MYB90 and MYB75.

Allele frequencies of MYB90 are explained by local adaptation

Anthocyanin accumulation can be induced by many different stresses and in many cases
anthocyanins have been shown to help plants cope with stress (Hasdai 2006, Jiang 2007,
Gutha 2010, Sperdouli 2012). It is reported that anthocyanins protect against high light
and ROS (Zeng 2010, Zhang 2010), that they can bind to metals (Hale 2001) and that
they function in regulating the osmotic potential within plant tissues (Chalker-Scott
2002). Because of these functions, the production of anthocyanins as a response to
stress is a beneficial trait for plants in many climates. However, anthocyanin production
is an energy-demanding process and therefore strong natural selection against their
accumulation is expected (Mitchell-Olds 2010). The large natural variation observed in
this study suggests that anthocyanin production is part of the local adaption process.
Allele MYB90-2, which was associated with higher anthocyanin accumulation, is present
in almost 17% of the population. The presence of two alleles at high frequency in the
world-wide population suggests balancing selection. Allele MYB90-2 might be favored
in some environments, whereas the other alleles might be favored in other environments.
The large geographical distribution of the different alleles also suggests that the selection
pressure for stress-induced anthocyanin accumulation is not specific to one particular
environment but widespread.

Interestingly, anthocyanins not only accumulate in response to stress but are also
produced in plants grown under control conditions. Even though the accumulation of
anthocyanins was much lower under control conditions, variation between accessions
was consistent. For almost 100 accessions, 25% of the population, all three replicates were
assigned to accumulation category two, whereas for 135 accession, 37% of the population,
no anthocyanin accumulation was observed in any replicate. Constitutive production
of anthocyanins can be beneficial in local climates where stress occurs on regular basis
e.g. daily or annually, and therefore can be anticipated. For example, in plants grown in
equatorial regions with high UV-B levels (Hoch 2001) or in winter-annuals that have to
cope with low temperatures in autumn and winter (Hannah 2006). However, no associa-
tion with variation in anthocyanin accumulation under control conditions was detected,
suggesting that natural selection for constitutive anthocyanin production does not act
on a limited number of genes or has evolved independently in many accessions. A very
weak correlation was found between the accumulation of anthocyanins under control
and stressed conditions. This further suggests that the selection criteria and targets for
constitutive and induced accumulation are different.
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For both control and stress conditions, a very weak correlation was found between
anthocyanin accumulation in different accessions and the latitude of their origin of col-
lection. Further comparisons of the geographical distribution did not reveal additional
geographical trends. This is in contrast with a study of anthocyanin accumulation during
autumn leaf senescence in deciduous species, in which a clear latitudinal cline, correlated
with UV-B radiation, was observed (Hoch 2001). This emphasizes the fact that anthocy-
anins have many different functions within and between species, and therefore may be
positively selected for in several different environments.

Conclusion

This GWA study reveals that sequence variation in a small 15 kb region on chromosome 1
is the basis of a large part of the observed natural variation in anthocyanin accumulation
induced by osmotic stress. Using re-sequence data and expression studies, the causal SNP
was identified at amino acid position 210 of MYB90. The two most frequent alleles of
MYB90 differ only at this position. These two alleles dominate the population and in less
than 5% of the population another allele was observed. This suggests balancing selection
between the two alleles. Analysis of the geographical origin of the studied accessions sug-
gests that the macro climate is not the driving force behind positive or negative selection
for induced and constitutive anthocyanin accumulation. We assume, therefore, that local
climate differences are determining the allelic constitution of natural accessions. These
results emphasize that GWA mapping is very powerful in finding sequence variation that
plays a major role in natural selection.

Materials and Methods

Plant materials

For association mapping a collection of 360 accessions selected to capture most of the genetic variation
present within the species Arabidopsis thaliana was used (Baxter 2010, Li 2010, Platt 2010). Each acces-
sion is genotyped with approximately 215k SNP markers (Col vs non-Col) (Kim 2007, Atwell 2010).
For confirmation of results a selection of 12 accessions from this collection was grown representing
the whole range of anthocyanin accumulation: ¢s76210, cs28786, cs76150, cs28014, ¢s28279, ¢s28564,
22689, ¢cs76113, ¢s76297, cs28099, ¢s28420, cs76141.

Experimental design

Association mapping: Plants were grown in six replicate blocks. Each accession was present once in each
block. Within each block the plants were grown in nine trays each containing 40 plants. Within a tray
the plants had a fixed position. The nine trays were positioned randomly within a block.

In a second experiment the plants were grown in four trays each containing 40 plants. Each tray was
treated as a block. In each block all twelve accessions were replicated at least 3 times in a randomized
design.
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Growth conditions

Seeds were sown in petri-dishes on wet filter paper. After four days of cold treatment, they were placed
in the light at room temperature for 1.5 day to germinate. Germinated seeds were placed on rockwool
blocks saturated with nutrient solution (Hyponex, ImM N, 1.1 mM P, 5.9 mM K). Three times a week
the perforated trays containing the rockwool blocks were placed in nutrient solution for approximately
five minutes. For the osmotic stress treatment, the trays were fed with nutrient solution containing 0.1
g/ml poly ethylene glycol (PEG8000) on day 8, 11, 13 and 15. Control blocks were fed with nutrient
solution only. For the association mapping experiment, three blocks received PEG treatment and three
blocks received control treatment. In the confirmation experiment, three blocks received PEG treat-

ment and 1 block received control treatment.

Quantification of anthocyanin accumulation and RNA extraction

On day 27 (GWA experiment) or day 21 (confirmation experiment), each plant was scored visually for
anthocyanin accumulation. Five categories were considered, ranging from 1 (totally green plant) to 5
(totally red/purple plant) (Figure 1A). Frozen rosette tissue was grinded with a mortar and pestle. RNA
was extracted from 10-15 mg tissue (Ofate-Sanchez 2008). Anthocyanins were extracted according
to the procedure described by (Neftf 1998). In brief, 50-200 mg tissue was incubated overnight in 300
ul of methanol containing 1% fuming HCI at 4°C in the dark. Thereafter 200 ul MilliQ water and 500
ul chloroform were added. After centrifugation (14,000g, 5 min) 400 pl of the aqueous top layer was
taken and 400 pl 60% methanol containing 1% HCI was added. Anthocyanin content was determined
spectrophotometrically as the difference between absorbance at 530 nm and 657 nm.

cDNA synthesis, PCR and data analysis

For plants of the confirmation experiment, gene expression of MYB75 (PAP1), MYB90 (PAP2),
MYBI113 and MYBI114 was determined by qPCR in control and PEG-treated plants. Three biological
and 2 technical replicates were analysed. RNA concentration was determined using Nanodrop ND-1000
(Nanodrop Technologies Inc.) cDNA was synthesized from 500 ng RNA using iScript™ cDNA Synthesis
Kit (Biorad). cDNA samples were diluted 10x with sterile milliQ water. For each qPCR, 2.5 pl of cDNA,
5 pl of iQ SYBR Green Supermix (Bio-Rad) and 0.25 pl of primer mix (from a 10 pM working solution
of forward and reverse primer) was added and supplemented with water to a final volume 10 pl. The
RT-qPCRs were run on a CFX96 (Bio-Rad). The qPCR program consisted of a first step at 95°C for 3
min and afterwards 40 cycles alternating between 15 s at 95°C and 30 s at 60°C. Routinely, a melting
curve analysis was performed after the qPCR run (between 55 and 95°C with 0.5°C increments for 10
s each). AT1G18610 and AT1G13320 were used as reference genes (Dekkers 2012). See Table S1 for
primer sequences. Primer efficiency was determined from the linear part of the amplification curves
using the program LinregPCR, (Ruijter 2009). Relative expression values were determined using the
program qBase+ (Biogazelle).

Geographical distribution
The latitude and longitude of the place of origin of all accessions was obtained from the ABRC website.

Statistical analysis

GWAS was performed using the EmmaX software package, based on (Kang 2010). A mixed model was
used which corrects for population structure based on the identity-by-state matrix (also called kinship
matrix) of all SNPs. SNPs with an allele frequency lower than 0.05 were excluded from the analysis.
Significance was determined using the Bonferroni correction for multiple testing. Conditional GWAS
was performed using the on-line GWApp tool (Seren 2012). The most significant SNP (chrl, position
24769177) was used as co-factor. A significance threshold of a=0.05 was used after Bonferroni-cor-
rection for multiple testing. Broad-sense heritabilities were calculated as H?= Vg/ (Vg+Ve) where V is
the between accessions variation and V, is the within accessions variation. Spearman’s rank correlation
coeflicient (p) (2-tailed, a=0.05) (SPSS, (IBM Corp 2010)) was used to determine correlation between
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data series.

Sequence analysis and definition of alleles

The sequences of MYB75, MYBI113, MYBI114 and MYB90 were extracted from the 1001 genome browser
for all accessions for which data were available (157 accessions, for list see S1). For all further analyses
only the exon-sequences were used. If an accession contained missing data in an exon it was removed
from the analysis of the corresponding protein. For each MYB transcription factor, alleles were defined
based on non-synonymous SNP diversity. The most common allele was classified 1%, the second most
frequent 2" etc. Deviations from neutrality were tested by calculating Tajimas D (Tajima 1989) and Fu
and Li’s D* and F* (Fu 1993) using DNASP software, version 5 (Librado 2009).

Supplementary data
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Figure S1 Biosynthesis pathway of anthocyanins and flavonols (simplified from (Petroni 2011)). The
early biosynthesis genes are regulated by MYB transcription factors. The late biosynthesis genes are reg-
ulated by a complex of two MYB-, two bHLH- and one W40-transcription factor. Enzyme and gene ab-
breviations are as follows: PAL, phenylalanine ammonia lyase; C4H, cinnamic acid 4-hydroxylase; 4CL,
4 coumarate CoA ligase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3-hydrox-
ylase; DER, dihydroflavonol reductase; FLS, flavonol synthase; ANS/LDOX, anthocyanidin synthase/
leucoanthocyanidin dioxygenase; UFGT, UDP-flavonoid glucosyl transferase; MYB11, At3g62610;
MYBI12, At2g47460; MYBI111, At5g49330; TTG1, At5g24520; TTLS8, At4g09820; GL3, At5g41315; EGL,
At1g63650; PAP1, MYB75, Atlg56650; PAP2, MYB90, Atl1g66390; MYB113, Atlg66370; MYB114,
At1g66380
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relative expression (log) relative expression (log)

relative expression (log)  relative expression (log)

Accumulation category

PAP1/MYB75
=PEG
= Control
PAP2/MYB90
MYB113
MYB114

Anthocyanin Accumulation

Figure S2 Relative expression of 4
MYB-transcription factors in control and
PEG-treated plants. For each gene, the
values are relative to the average and are
normalized using the expression of two
reference genes. Error bars represent stan-
dard deviations. Accessions are ordered
from low to high anthocyanin accumula-
tion upon osmotic stress.
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Figure S3 Comparison of sequence diversity between and within four MYB family members, MYB75,
MYBI113, MYB114, MYB90. A Alignment of amino acid sequences of MYB75 (PAP1), MYB113,
MYBI114, and MYB90 (PAP2). Green and blue high-lights indicate respectively, synonymous and
non-synonymous differences in the AA codon of the MYB indicated in the first column between acces-
sions. The most frequent AA codon is represented (NB the most frequent AA codon will in some cases
not represent Col-0). Red letter indicates that the amino acid at that position deviates from the common
(conserved) amino acid present in the other MYB-proteins. Box around the letter indicates a SNP in the
codon that is in strong LD (r*>0.65) with the highest associated SNP found in the GWAS.
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Figure S4 Frequency distribution
of alleles of four MYB transcription
factors, MYB75, MYB113, MYBI114
and MYB90, in the population.
The alleles are ordered from most
to least frequent and alleles with a
frequency lower than 2% are pooled
together.
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Position Alleles
Nucleo- Amino 1st 2nd 3rd 4th 5th 6th 7th 8th 9th | <2%
tide Acid 44 26 21 19 10 8 6 4 4 11 Codon Amino Acid
41 12 C C G C C C C C C C aCt/aGt Thr/Ser
65 20 G G G G G G G G G |G A aGg/aAG Arg/Lys
103 33 C C C C C G C C C C Caa/Gaa GIn/Glu
237 78 G G G G G G G G G |G aaG/aaT Lys/Asn
391 129 N S S S R N ) G ACa/GCa/ATa  Thr/Ala/lle
392 C C C C C C C C C |C
395 130 c ¢ clc cPBl c BFlc cCg/cTg Pro/Leu
405 134 A A A A A A A C A A aaA/aaC Lys/Asn
418 138 AT A A A A A A A|A Tag/Aag Stop/Lys
442 146 A A A A C A A A A A Aat/Cat Asn/His
463 153 c ¢ ¢ ¢ ¢ cPElc cicl ctomc Leu/Phe
481 159 G G G G G G G G G |G A Gtt/Att Val/lle
487 161 G G G G G G G G G I G Gta/Tta Val/Leu
497 164 C C C C C C C C C C cTa/cCa Leu/Pro
523 173 G G G G G G G G G |G A Gtt/Att Val/lle
548 181 A A A A A A A A A |AG aAc/aGc Asn/Ser
613 203 ¢ ¢ C IR C C Il C C|C6G CCt/GGt/CGt  Pro/Gly/Arg
614 G G G G G G G G G |G C
629 208 G G G G G G G G G|GA|l gAc/gGe Asp/Gly
664 220 G G G G G G G G G |G A Gca/Aca Ala/Thr
670 222 G G G G A G G G G G Gaa/Aaa Glu/Lys
678 225 G G G G G G G G G |GC gaG/gaC Glu/Asp
6 .
a
5
> 4
[=]
%ﬂ 3
o 2
1
0

1st 2nd 3rd 4rd 5th 6th 7th 8th 9th <2%
MYB114 Alleles

Figure S5 Alleles of MYB114 A Positions of non-synonymous SNPs and corresponding amino acid
changes defining the alleles. Number of accessions carrying the allele are indicated above the double
line. B Anthocyanin accumulation per allele (mean +/- SD). Means per allele are compared by ANOVA
following pairwise comparison using Bonferroni corrected significance threshold of a=0.05. Letters
above the bars indicate significant differences.
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Table S1 Primers used for gPCR

) primer
ene rimer sequence ( 5'-> 3' remark

g i au ( ) efficiency
forward TAACGTGGCCAAAATGATGC

AT1G13320 2.13 reference
reverse GTTCTCCACAACCGCTTGGT
forward CTCAGGTTGATGAAGCGTCT

AT1G18610 2.15 reference
reverse AAAACCCACCCTATCTCCAG
forward TCTTCTTCTTCGCCTTCATAG

AT1G56650 2.02 MYB75, PAP1
reverse ATCTTACAACACGGTTCATG
forward TCCGATGAAGTTGATCTTG

AT1G66370 1.98 MYB113
reverse TCATCGTGCTTCTTACTCAA
fi d GTCAAGAACTACTGGAACACC MYB114 t -

AT1G66380 orwar 204 : , not over exon
reverse ATATCGAC GGGCC intron border
forward CAAGAGAGGAAGACTTAGCAA

AT1G66390 2.05 MYB90, PAP2
reverse GATGGGTGTTCCAGTAATTT

Table S2 SNPs significantly associated with the accumulation of anthocyanin in stress conditions.

chro- Minor Explained  Explained
mo- allele genetic phenotypic
some position -log(p) frequency Effectsize variance variance gene gene annotation
1 24756576  13.92 0.15 0.7 27.87 1002  Promoter MYB domain protein 114
AT1G66380 (MYB114)
t MYB i in 114
1 24758488 1111 0.13 0.67 2268 g5 Promoter domain protein
AT1G66380 (MYB114)
t MYB d i tein 90
1 24759985  16.98 0.14 0.81 35.06 126 Promoter omain protein
AT1G66390 (MYB90)
1 24760088  16.09 0.13 0.8 335 1204  Promoter MYB domain protein 50
AT1G66390 (MYB90)
promoter -
1 24765632 8.85 0.29 0.42 16.39 5.89 calmodulin like 23 (CML23)
AT1G66400
promoter .
1 24767033 19.92 0.13 0.91 42.03 15.1 calmodulin like 23 (CML23)
AT1G66400
promoter -
1 24769084 11.75 0.2 0.57 23.5 8.45 calmodulin like 23 (CML23)
AT1G66400
t
1 24769177 18.42 0.14 0.82 37.28 13.4 promoter calmodulin like 23 (CML23)
AT1G66400
promoter -
1 24769757 16.48 0.17 0.73 33.11 11.9 calmodulin like 23 (CML23)
AT1G66400
promoter o
1 24769770 16.5 0.17 0.73 33.11 119 calmodulin like 23 (CML23)
AT1G66400
exon L
1 24770871 7.74 0.33 0.38 14.44 5.19 calmodulin like 23 (CML23)
AT1G66400
exon -
1 24771021 7.72 0.32 0.38 14.43 5.19 calmodulin like 23 (CML23)
AT1G66400
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Abstract

For crops that are grown for their fruits or seeds, the impact of elevated temperatures on
yield is much stronger during flowering and seed or fruit set than during the vegetative
stage. Even short-term exposure to heat can have a large impact on yield. In this study
we used Arabidopsis to study the impact of short-term heat exposure on flower and seed
development. The impact of a single hot day (35°C) was determined in more than 250
natural accessions by measuring the lengths of the siliques along the main inflorescence.
Two sensitive developmental stages were identified, one before anthesis, during male
and female meiosis, and one after anthesis, during fertilization and early embryo devel-
opment. For both stages large differences in the heat response were observed between
accessions. In addition, a correlation between flowering time and heat tolerance was
observed. Genome wide association (GWA) mapping revealed four quantitative trait loci
(QTLs) strongly associated with the heat response. These QTLs were developmental stage
specific, as different QTLs were detected before and after anthesis. For a number of QTLs
T-DNA insertion knockout lines could validate assigned candidate genes. These results
emphasize the importance of large phenotypic screens for the detection of quantitative
variation in natural populations and the identification of causal genetic factors. More-
over, our findings show that the regulation of complex traits can be highly dependent on
the developmental timing, which might be an important consideration for many studies.

Plant Cell, doi: 10.1105/tpc.15.00248
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Introduction

One of the major challenges in the coming decades is to secure that the global food
production will increase proportionally to the increase of the human world population.
High crop yield should therefore be sustained while climate change is expected to result
in more extreme weather conditions, including longer drought periods and hotter sum-
mers. Plant breeding for resistance towards abiotic stress, like drought or heat, will play a
crucial role in facing this challenge. To achieve this goal it is crucial to identify the natural
range of variation for these traits within species and to gain a profound understanding of
the mechanistic basis of regulatory processes. Both goals can be met by identifying key
regulatory genes in large phenotypic screens of genetically diverse mapping populations,
either naturally or experimentally derived.

Crops can roughly be divided into two classes: crops grown for total biomass and crops
grown for seed or fruit production. For the latter the impact of abiotic and biotic stresses
on yield should be investigated during both the vegetative and the generative phases of
the plant’s life cycle since both are strongly related to reproductive success. Temperature
stress is one of the most detrimental abiotic stresses during the generative phase and
reduced yields due to high temperatures during flowering have been reported for many
species (Bita 2013), (Hedhly 2011). Heat stress during flowering of crops already has a
large impact on the global food production and this impact will increase in the coming
years because of expected climatic changes. For example, in the year 2000, 15% of the
global harvested area of maize was exposed to at least five days of heat stress during the
flowering period, and by 2050 this is expected to increase to 44% (Gourdji 2013). Besides
maize, many other cereals like wheat, barley, and rice are affected by high temperatures
during the reproductive phase (Barnabas 2008). Negative effects of heat stress have also
been reported for other important crops from various plant families, such as tomato (Sato
2002),(Sato 2006) and pepper (Marcelis 2004) from the Solanaceae family, canola (Anga-
di 2000) and mustard (Gan 2004) from the Brassicaceae family, soybean (Djanaguiraman
2013) and chickpea (Clarke 2004) from the Fabiaceae family, and peach (Hedhly 2005)
and cherry (Hedhly 2004) from the Rosaceae family.

As mentioned, abiotic and biotic stresses may affect yield during both the vegetative and
the generative phase of the plant’s life cycle but heat stress is particularly detrimental
during the reproductive stage of seed and fruit producing crops (Wahid 2007). How-
ever, the sensitivity towards temperature stress is not constant during flower and seed
development. Two sensitive periods have been identified: during meiosis and around the
fertilization event. Many studies, e.g. in cereals, tomato and Arabidopsis, have shown
that the development of male reproductive organs is more sensitive to elevated tem-
peratures than the development of female reproductive organs (Sato 2006), (Kim 2001).
These studies showed that pollen release is reduced as a result of the inhibition of anther
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dehiscence upon heat stress. Heat stress also leads to shortening of the anthers, due to a
reduced amount of auxin (Sakata 2010), which results in a mismatch between the ripen-
ing of the stigma and anthers, preventing self-fertilization in bisexual monoecious plants.
Moreover, viability of pollen is reduced by disruption of the male meiotic process upon
heat stress (Endo 2009). In addition to disturbance of the development of male organs
and pollen, changes in the development of the female organs are reported. Besides mal-
formation of the ovule and surrounding tissues (Hedhly 2011), changes in the receptivity
of the stigma, resulting in a decrease of the number of pollen tubes reaching the ovary,
are described (Saini 1982). The timing and severity of the stress determine to a large
extent which physiological processes are disrupted. However, responses are similar in
many species, even when they are not closely related (Hedhly 2011). This makes the study
of these processes in a model plant like Arabidopsis thaliana very relevant. Surprisingly,
however, many studies in this species focus on the impact of elevated temperatures on
germination (Baskin 1983, Schmuths 2006, He 2014, Silva-Correia 2014), flowering time
(Balasubramanian 2006, Li 2013) and plant architecture (Wahid 2007, Patel 2009, An-
toun 2013), but only very few address the impact of heat on fertility (Kim 2001), (Warner
2005), (Zinn 2010).

In many species heat tolerant and sensitive cultivars have been identified. Also in Arabi-
dopsis, natural variation for heat response during flowering has been reported (Warner
2005). Unfortunately, much less is known about the genetic factors that cause this vari-
ation in heat response. To identify the mechanisms responsible for heat tolerance, heat
tolerant and sensitive cultivars or variable natural accessions can be compared at the
physiological, molecular and genetic level. In tomato, metabolite and gene expression
profiles have been compared in cultivars with different levels of heat tolerance. In
anthers of tolerant cultivars higher constitutive expression of heat-shock proteins and
heat-shock transcription factors was observed (Bita 2011). Moreover, higher invertase
activity was reported upon heat stress in tolerant cultivars (Li 2012, Dorion, 1996 #480),
and down-regulation of a proline transporter was observed in sensitive cultivars (Sato
2006). This information may be helpful for understanding tolerance mechanisms, but to
be able to breed for temperature-tolerant crops allelic variation in genes promoting heat
tolerance needs to be identified. Natural variation in heat-tolerance between cultivars can
be used to detect such alleles in segregating mapping populations. Moreover, such studies
reveal the actual genetic regulators driving a specific response, in contrast to indicating
transcriptional differences upon heat stress in gene expression studies, of which many
might be downstream effects of the response. Bi-parental mapping populations have
been developed and used for QTL mapping of heat tolerance in various crops, such as
rice (Ye 2012), cowpea (Lucas 2013) and tomato (Grilli 2007). These studies identified
multiple QTLs (ranging from 2 to 18) with an explained variance between 2 and 20%.
These studies indicate that QTL analyses and subsequent fine-mapping and cloning are
a promising way of identifying heat tolerance genes. In addition, the number of QTLs
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detected in these studies and the relatively low explained variance for most of them
indicate that heat-tolerance during flowering is a multi-genic trait. Unfortunately, in the
studies referred to, none of the underlying causal genes were identified. Such identifi-
cation in classical linkage studies is time-consuming because of the wide regions that
are associated with the trait of interest. Genome Wide Association mapping (GWA) in
natural populations can therefore be of great use because, due to the fast linkage decay,
the resolution is much higher and therefore fine-mapping is often not needed to identify
candidate genes (Bergelson 2010). Because similar heat responses are observed in many
species, heat tolerance genes identified by GWA mapping in a natural population of
Arabidopsis will likely have homologous equivalents in crops. Considering the variation
in heat stress sensitivity observed for different developmental stages and genotypes in
various species it is timely to combine the analysis of these observations in a single study.
This offers the opportunity to identify natural variation in the key regulators in the re-
sponse to heat stress that exert their function in a specific phase of development. These
insights might provide a deeper understanding in the regulation of developmental timing
and the natural strategies and mechanisms of coping with abiotic stresses.

We aimed to investigate in a systematic way the genetic basis of heat tolerance for various
developmental phases in the reproduction of Arabidopsis thaliana. Not all stages of flower
and seed development were equally sensitive. We were able to distinguish between heat
responses before and after anthesis and GWA mapping was performed on data obtained
for different regions along the inflorescence, resulting in developmental stage-specific
QTLs. Strong associations could be observed for pre- and post-anthesis heat response
and several candidate genes were identified that have not previously been associated with
heat stress. A number of these candidate genes could be functionally validated by T-DNA
insertion knockout analyses and artificially induced mutants, providing confidence in the
applied methods.

Results

In order to investigate natural variation in reduction of fertility caused by short-term
elevated temperatures a collection of natural accessions of Arabidopsis thaliana was sub-
jected to heat stress and subsequent genome wide association (GWA) mapping.

Quantification of heat stress response by determination of silique length

Flowering plants of a wide range of natural accessions of Arabidopsis thaliana were ex-
posed to a one-day treatment at 35°C. First, it was tested if the effect of heat stress could be
quantified by taking the length of each silique along the main inflorescence as a measure
for the number of seeds. Accession Di-1 (origin Dijon, France), showing an intermediate
response towards the heat treatment, was selected for detailed analysis of silique length,
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Figure 1 Silique length, seed number, and seed size per silique along the main inflorescence of Di-1
plants and germination rates of the seeds. A-B Comparison of silique length and number of seeds (light-
and dark-brown) in control (n=3 for seed size, n=5 for silique length) and heat-treated (n=5) conditions
(A and B, respectively). Error bars represent standard deviation. Position numbers are relative to the
flower that opened first at the day of the treatment, which received position number 0. C Linear correla-
tion between silique length and number of seeds per silique based on data represented in A-B. D Ger-
mination rate of light- (n=213) and dark-brown (n=244) seeds of heat-treated plants. E Size distribution
of light- (n=575) and dark brown (n=526) seeds of heat-treated plants.
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Figure 2 Outline of photographed inflorescences of
<~ arepresentative susceptible accession grown in con-
trol (A) and heat-treated (B) conditions. Definition
of position number and developmental regions; the
silique bearing the tag originated from the flower
that opened first at the day of the treatment. Position
numbers are relative to the tag. Five regions (A to E)
were defined each containing ten siliques and repre-
senting different developmental stages as indicated
in table 1.

position number

seed size, and seed number per silique for all
siliques along the main inflorescence (Figure
1). A linear correlation between the length of
the silique and the number of seeds per siliq-
ue was observed (Figure 1C, r*=0.90). Such a
high correlation has also been reported pre-
viously for accessions Landsberg erecta (Ler)
and Cape Verde Islands (Cvi) (Alonso-Blanco
1999). The reduction in silique length is
predominantly caused by a lower number of
seeds per silique rather than by smaller seeds.
Two types of seeds were typically observed:
a majority of light-brown seeds and a lower
number of dark-brown small seeds (Figure
1E). Germination tests revealed that most
small dark-brown seeds were not able to ger-
minate while almost all light-brown seeds did
germinate (Figure 1D). The small dark-brown
seeds were mainly present in siliques in which embryogenesis had already started at the
day of the treatment. Therefore, these small dark-brown seeds are most probably aborted
seeds. These putative seed abortions did not lead to shorter siliques, which indicates that
the length of the silique is a measure for successful fertilisation, resulting in the initiation
of embryogenesis, and might not always reflect the number of viable seeds within the
silique. Siliques from control plants also contained a few small dark-brown seeds (Figure
1A), which indicates that seed abortion does not only result from heat stress, but may be
caused by other factors as well.

The flower that opened first on the day of the treatment was tagged for each replicate of
285 accessions used in the experiment. This tag enabled us to relate the effect of heat stress
to the developmental stage of the flowers and siliques along the inflorescence (Figure 2).
In reference to the tag, all siliques received a relative position number and subsequently
five developmental regions, A to E, were defined. To link the observed reduction in silig-
ue length with the disruption of flower development and embryogenesis, we matched the
regions as defined in Figure 2 with data regarding timing and order of events taking place
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Table 1 Matching of landmark events in flower and seed development with the developmental regions
along the inflorescence as defined in Figure 2.

Stage’ | Landmark event at beginning of | Duration® | Landmark event in reproduction | Region®
stage” (hr) and seed development”
1 | Flower buttress arises 24
2 | Flower primordium forms 30
3 | Sepal primordia arise 18
4 | Sepals overlie flower meristem 18
5 | Petal and stamen primordia arise 6
6 | Sepals enclose bud 30
Long stamen primordia stalked at
7 | base 24
E
8 | Locules appear in long stamens 24
Male
9 | Petal primordia stalked at base 60 meiosis
10 | Petals level with short stamens 12 D
11 | Stigmatic papillae appear 30 Anther Female meiosis
12 | Petals level with long stamens 42 elongation
Bud opens, petals visible, Anther ¢
13 | anthesis 6 dehiscence,
pollen tube
Long anthers extend above growth,
14 | stigma 18 Early fertilization B
Stigma extends above long embryogene
15 | anthers 24 -sis until
16 | Petals and sepals withering 12 heart stage
All organs fall from green Late
17 | siliques 192 embryogenesis | A
18 | Siliques turn yellow 36 from torpedo
19 | Valves separate from dry silique 24 stage to mature
embryo, seed
20 | Seeds fall coat formation

? Data are taken from (Smyth et al., 1990)
" Data are taken from (Schneitz et al., 1995), (Sanders et al., 1999), (Mansfield and Briarty, 1991)
¢ Regions along the inflorescence as defined in Figure 2. Because of natural variation in number of flowers that

open per day, matching with other data in the table relies on estimates.

during these developmental processes in Arabidopsis (Table 1, (Mansfield 1991), (Smyth
1990), (Schneitz 1995), (Sanders 1999)). Region A (silique position numbers -20 to -10)
is linked to late embryogenesis. Region B (silique position numbers -10 to 0) is related to
processes that take place shortly after anthesis, like fertilization and early embryogenesis.
Region C (silique position numbers 0 to 10) is related to processes just before anthesis, like
anther elongation and female meiosis and region D (silique position numbers 10 to 20) is
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linked to processes that take place some days before anthesis, like male meiosis. Finally,
region E (silique position numbers 20 to 30) corresponds to early flower development.
Although we defined each region by a fixed number of siliques without differentiating
between accessions we note that natural variation was observed for the number of flow-
ers that opened per day. Even though such phase shifts in developmental timing might
introduce noise, this did not negatively affect later analyses, probably because the size
of the assigned regions is relatively large in comparison with the observed differences
between accessions. We, therefore, assume that the developmental processes assigned
to the different regions are correct for most accessions and analyses described hereafter.

Natural variation of heat response is developmental stage dependent

Natural variation in seed set upon heat stress was recorded by measuring the length of
all siliques along the main inflorescence of each individual plant of all accessions. To
determine the general response pattern, the average of the silique length of all plants
in the experiment was calculated for all silique positions along the main inflorescence
(Figure 3). The effect of the treatment varied along the inflorescence. For instance, region
A (late embryogenesis) and region E (early flower development) were least affected by
the heat treatment in all accessions (Figure 3A), while the siliques in other regions were
at least affected in some accessions. After heat treatment, two minima were observed
in the overall average silique length. The first minimum was found for siliques in the
phase of early embryogenesis (region B) with the absolute minimum at position minus
three. On average silique length at that position decreased from 13.4 to 8.2 mm, corre-
sponding to a decrease of approximately 21 seeds per silique on average (Figure 1C).
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Figure 3 Silique length along the main inflorescences of control (blue) and heat-treated (red) plants
(mean +/- SD). A Overall average of all plants in the experiment B Representative tolerant accession,
C24 C Representative moderately sensitive accession, Rmx-A180 D Representative extremely sensitive
accession, Arby-1. B-D control: n=3, treatment: n=>5. Bars indicate the standard deviation of silique
lengths among replicates, solid lines indicate mean values.

46



Fertility and heat

Trait Developmental ~ H? Table 2 Broad-sense heritability of silique length in control and

Region heat stress conditions per developmental region (B, C, D, as de-
fined in Figure 2) and of flowering time.

Control B 0.58

Silique c 057 The second minimum spanned a large region in which

length D 06 Mmale and female meiosis takes place. The lowest value

Heat B 070 Was reached at position ten with an average decrease in

Silique o 0sa Silique length from 13.0 to 6.3 mm, corresponding to a

length b 073 decrease of approximately 27 seeds per silique on average

Flowerng e 0-96 (Figure 1C). Overall, large differences were observed in

the response to the treatment, ranging from accessions
without a clear response, to complete absence of siliques, and consequently the two
minima were not always detected in all accessions. For instance, accession C24 (origin
Portugal), displayed no reduction in silique length at any position whereas accession
Rmx-A180 (origin Michigan, USA) was clearly affected in both regions. In addition,
accession Arby-1 (origin Sweden) was severely affected in silique length along most parts
of the inflorescence (Figure 3 B-D). The variation in silique length in control and heat
stress conditions was high between accessions, whereas the variation within accessions
was low. This resulted in high broad-sense heritabilities (H?* between 0.58 and 0.73, Table
2), indicating that the observed variation in silique length between accessions is for the
major part determined by genetic factors. In addition, substantial variation between the
different accessions was observed for the total number of flowers formed along the main
inflorescence during the reproductive period (Figure 4). In the majority of accessions, the
number of flowers formed in heat-treated plants was higher than in control conditions
(Figure 4B). The average number of flowers formed in all heat-treated plants was also
significantly larger than the average number in control plants (p < 0.001). On average,
heat-treated plants developed 12% more flowers than the plants in control condition,
suggesting a compensation mechanism for the loss of viable seeds.

70 A m control 704 B
60 - ® heat 60 -|
__ 504 _. 504
* x
2 40 £ 404
kel o
wv wv
Q 30 - o 304
9 o1
< 20 << 20
10 10
0 0

20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 0 060708091 1112131415161718
Number of flowers Ratio (treatment/control)
Figure 4 Comparison of total number and ratio of flowers along the main inflorescence in control and
heat-treated plants for all accessions. A Frequency distribution of the total number of flowers per main
inflorescence averaged per accession. B Frequency distribution of the ratio between the numbers of
flowers along the main inflorescence in heat treated and control conditions per accession.
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Average Silique Length
Control Heat Residuals
B C D B C D B C D
B 1.00
= Control C 0.70 1.00
Eo D 0.44 0.82 1.00
% B 0.51 0.43 0.37 1.00
é’ Heat C 0.22 0.42 0.46 0.55 1.00
ﬁ D 0.13 0.37 0.48 0.40 0.76 1.00
%D B 0.02 0.11 0.19 0.83 0.50 0.41 1.00
3: Residuals C -0.04 0.07 0.19 0.42 0.91 0.68 0.53 1.00
D -0.02 0.07 0.11 0.31 0.65 0.91 0.40 0.69 1.00
Flowering Time 0.06 -0.10 -0.25 -0.31 -0.65 -0.58 -0.41 -0.67 -0.53

Table 3 Spearman's correlation between average silique length of control and heat treated plants in three
developmental regions (B, C, D, as defined in Figure 2), the corresponding residuals for those regions
and flowering time.

To quantify the impact of heat on the different developmental stages, the average silique
length per developmental region was calculated for control and heat-treated plants.
Regions A and E were not taken into account because for some accessions with a short
main inflorescence not all positions in these regions developed a flower. In addition, it
was observed, after determination of the developmental sensitivity window, that for most
accessions these regions were outside this window. To quantify the impact of the heat
independently of the size of the siliques in control conditions, simple residuals of the
silique length of control and heat-treated plants were calculated using linear regression.
Correlation analysis was performed for all these fertility traits to determine whether
they are interconnected (Table 3). Flowering time was also included in this correlation
analysis. Significant positive correlations were found between the lengths of the siliques
of heat-treated plants in regions B, C and D. This indicates that plants that are sensitive
in region B in general are also sensitive in regions C and D and vice versa. Although
the heat responses in the different regions can be interdependent, a correlation does not
always reflect a direct causal relationship and might result from downstream effects of
early events. Furthermore, a strong negative correlation was observed between flowering
time and silique length in heat-treated plants (Table 3). To synchronize flowering, the
plants were vernalized for ten weeks, but the variation in flowering time still spanned
four weeks between the earliest and latest flowering accessions. Therefore, the heat treat-
ment was given in batches to keep the time interval between the start of flowering and the
treatment for both early and late flowering accessions similar. The correlation between
flowering time and heat response also suggests a role for developmental timing in the
sensitivity to heat stress. As for the heat response, also for flowering time high heritability
was observed (H? = 0.96, Table 2).
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QTLs associated with stage specific heat responses

In search for the genetic variation that causes the phenotypic variation observed in the
fertility traits, GWA mapping was performed on data from control and heat-treated plants
and for the residuals. Traits analysed were average silique length in regions B, C and D
and flowering time. GWA mapping resulted in the detection of 15 strongly associated
SNPs with a -log(p-value) above an arbitrarily set significance threshold of 5.5 (Figure
5). In addition, 297 moderately associated SNPs with a —log(p-value) between 4 and 5.5
were identified. The arbitrary threshold of -log(p-value)=5.5 was set to focus on the
SNPs with the largest explained variance and to minimize the chance of detecting false
positives. Some of these significant SNPs are in linkage disequilibrium with each other
and, therefore, are very likely to represent a single locus. This resulted in seven unique
major QTLs, three related to silique length in control conditions and four related to the
heat response (Table 4). Variation in silique length as a result of heat stress could partly
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Figure 5 Manhattan plots representing the associations between SNP-markers and silique length in the
regions B, C, and D. A GWA mapping of silique length in control plants B GWA mapping of silique
length in heat-treated plants C GWA mapping of residuals, representing heat response independent
of silique length in control conditions. Dotted line represents the significance threshold of -log(p-val-
ue)=>5.5.
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Table 4 Major QTLs identified by GWA mapping for flowering time and average silique length in de-
velopmental regions B, C and D (as defined in Figure 2) in control and heat treated conditions and
their corresponding residuals for those regions. Columns represent the exact position of SNPs and their
association with above mentioned traits and the effect size (Col-0 allele is positive, non-Col-0 allele is
negative) and explained genetic and phenotypic variance for the highest association detected, respec-
tively. Only SNPs which are strongly associated with at least one trait ( -log(p-value) > 5.5) are shown.
Bold indicate significantly associated SNPs, no value indicates no association (-log(p-value)<2).

chro- control heat residuals explained explained
position effect
QTL mo- genotypic phenotypic
(Mb) FT B C D B C D B C D size ' )

some variance variance
T 1 21.17 6.6 3.5 3.7 -2.16 9.88 8.43
T2 1.06 2.2 6.3 6.1 53 48 -2.63 9.72 7.93
2 1.06 5.5 5.8 3.8 43 -3.14 9.45 6.94
? 2 1.06 51 7 54 7.4 -3.40 25.10 11.54
2 1.07 4.6 6.6 52 7.2 -332 2441 11.22
3 1689 41 59 35 21 146 9.99 7.18
} 3 16.89 35 5.5 2.2 -1.92 9.28 6.67
T3 1785 2.8 5.6 1.53  14.22 8.09
3 17.85 2.8 5.6 1.53  14.22 8.09
4 3 17.85 2.7 6.1 1.62  15.40 8.76
3 17.85 2.8 5.6 1.53  14.22 8.09
3 17.85 29 5.8 1.58 14.73 8.38
5 4 10.72 5.6 5.2 -2.09 8.04 6.55
6 5 3.19 4.96 4.5 5.7 -2.45 15.66 8.88
7 s 7.48 3.1 5.8 1.44 7.02 5.37

be explained by QTL2, QTL4, QTL5 and QTL6. Total explained phenotypic variance
of these 4 QTLs reached 35.7%, which is relatively high for GWA studies. Especially,
considering that this may be an underestimation due to the possible presence of multiple
alleles per locus. However, the large fraction of missing heritability indicates that other
genetic factors, possibly with large effects, remained undetected, e.g. due to low allele
frequencies or overcorrection for population structure. None of the significant SNPs
were identified in data from control conditions, suggesting that the observed variation in
silique length explained by these SNPs is solely due to the heat treatment. The QTL with
the strongest association and the largest effect size (QTL2), consists of 4 significant SNPs
located at the top of chromosome 2 within a region of 0.7 kb (Table 4). All 4 SNPs were
strongly associated with regions C and D, but not with region B. This indicates that this
QTL is specific for the observed variation for average silique length at the position of the
second minimum and can therefore be related to pre-anthesis processes, such as male
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and female meiosis (Table 1). QTL 5 and QTL6 were specific for developmental region
C. Besides female meiosis also anther elongation takes place in that developmental stage
at the time of the heat treatment. QTL4 is the only QTL found to be associated with the
first minimum in average silique length and is therefore related to post-anthesis processes
like early embryogenesis. Although the main aim of this research was to identify genes
involved in heat tolerance, the collected data also give insight into the regulation of silique
development under control conditions. Variation observed between the accessions in the
silique length in control conditions could be partly explained by three QTLs, viz., QTL1,
QTL3, and QTL7. Although each control QTL was identified in a distinct developmental
region, moderate associations were identified for at least one other region, indicating
that genes that determine silique length in one developmental region may also play a role
in another region (Table 4). For QTL1, a weak association was also found for variation
in silique length in region B of heat-treated plants in addition to a strong association in
control conditions, suggesting that the causal gene has an effect on silique length inde-
pendent of the environmental conditions. Although a strong negative correlation was
observed between flowering time and silique length in heat-treated plants, no significant
associations (-log(p-value)>5.5) were detected for flowering time. That said, flowering
time was moderately associated with QTL6 (-log(p-value)=4.96). This QTL maps to the
position of the well-known flowering time gene FLC, which might explain the observed
variation in flowering time and suggests a role for the regulation of flowering time in heat
stress response. To complete our analyses, data were also collected for silique length aver-
aged over three regions (B, C, and D together) and for the total number of siliques smaller
than 5 mm, which probably do not contain viable seeds. These traits are independent of
a possible bias introduced by developmental phase shifts between accessions and might,
therefore, reveal additional regulatory loci. However, GWA mapping did not reveal
significant associations other than the ones described above, further strengthening our
assumption that the developmental processes assigned to the different regions are correct
for most accessions and that possible deviations do not affect our analyses drastically.

Assignment of candidate genes based on LD, gene annotation and expression

Re-sequence data (1001genomes.org) of 502 accessions were used to assign possible
causal candidates to each of the seven observed QTL. For 124 of those 502 accessions
the heat response was investigated in this study. Genes in LD with the significant SNPs
(threshold LD>0.4) were considered as candidates (Figure S1). In addition, gene anno-
tation and gene expression patterns in different plant tissues were obtained from TAIR
and the Arabidopsis eFP browser (Winter 2007), respectively. For a number of candidate
genes, selected for likelihood and detection confidence, the heat response of knockout
mutants was investigated in two independent experiments (Figure S2).
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Figure 6 Difference between silique length of heat stressed and control plants (average silique length
of heat stress plants minus average silique length of control plants) A of Col-0 wildtype and the single
and double knock-down mutant lines of QULI and QUL2 and B of isogenic lines with FRI strong allele
and FLC null allele (early flowering, FRI-flc3) or FLC functional allele (late flowering, FRI-sf2). Results
of one experiment are shown. Results of a second independent experiment can be found in Figure S2.

Pre-anthesis sensitivity to heat stress

The four strongly associated SNPs of QTL2, explaining variation in silique length upon
pre-anthesis heat treatment, are in linkage with nine other SNPs, as identified in the re-se-
quence data. All thirteen SNPs are located in the introns of gene AT2G03505, which is,
therefore, the only candidate gene in LD with the significant SNPs. AT2G03505 encodes
an unknown protein of the carbohydrate-binding X8 domain superfamily. This gene is
relatively high expressed in flowers and especially carpels (Laubinger 2008). As a start
of the validation process, a Gabi-kat knock-out line was tested for its heat response in
two independent experiments. No differences were observed between the heat response
of this line and the Col-0 wildtype (Figure S2). This suggests that this gene might not
be the causal gene, although the wildtype Col-0 allele in itself can already be weak or
non-functional and additional experiments of knock-out and overexpression lines of
non-Col-0 alleles of this gene are needed for final determination. Because causal genes are
sometimes also detected outside the LD interval of significantly associated SNPs (Chao
2014), due to, amongst others, low linkage between causal and associated SNPs (Freed-
man 2011) , other genes in the 20 kb region around the significant SNPs (10kb up- and
10kb downstream) were considered as candidates, in accordance to the average linkage
distance in Arabidopsis thaliana of 10 kb (Kim 2007). This resulted in the identification
of a candidate gene, QUASIMODO-LIKE 2 (QUL2, AT2G03480) that is highly expressed
during the development of the male gametophyte (Honys 2004). This process takes place
in region D, in which the highest association was observed. A triple mutant of QUL2 and
its two paralogs QUA2 (AT1G78240) and QULI (AT1G13860) was previously found to
have temperature dependent changes in stem diameter and stem lignification (Fuentes
2010). Therefore, the heat response of the T-DNA insertion lines of QUL2, its closest
paralogue QULI and the corresponding double mutant were investigated (Figure 6, Fig-
ure S3). Expression analysis confirmed that the single and double mutants of QULI and
QUL2 were true knock-downs (Figure S3). The double mutant was more heat sensitive in
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regions C, D and E (Figure 6) but not in region B, whereas both single mutants resembled
the wild type (Figure S2). This indicates that QULI and QUL2 have probably very similar
complementary functions with direct or indirect positive effects on silique formation
upon heat. This result also emphasizes that different genes might be responsible for the
heat response before and after anthesis.

A second significant association (QTL5) assigned to the pre-anthesis stage is located in a
chromosomal region with very fast linkage decay (Figure S1). The significant SNP is not
in LD with re-sequence SNPs that are located upstream and only with a limited number
of SNPs located 4 kb downstream. This leads to the identification of one candidate gene,
AT4G19710, coding for an aspartate kinase-homoserine dehydrogenase. This gene is ex-
pressed in many tissues in control conditions (Schmid 2005) but has not been associated
with heat stress before.

Post-anthesis sensitivity to heat stress

QTL4, at the bottom of chromosome three, is specific for the heat response in develop-
mental region B and assumed to be related to fertilization or embryo formation. QTL4 is
determined by five tightly linked SNPs, which are in high linkage disequilibrium (LD>0.9,
Figure S1) with re-sequence SNPs in a gene encoding a kinetochore protein (AT3G48210).
This protein is involved in cell division, a process that is crucial for the growing embryo.
Functional characterization of this gene has not been performed, but it is expressed in
many tissues, including the embryo (Schmid 2005). High linkage (LD>0.7, Figure S1)
was also observed between the strongly associated SNPs and re-sequence SNPs located
in AT3G48190 and its promoter. AT3G48190 is suggested to play a role in DNA repair
upon stress (Huefner 2011) and might be important in heat stressed embryos. However,
the slow LD decay in this region results in a linkage block of 140 kb (Figure S1) in which
37 genes are located, and further analyses are needed to confirm the causal gene.

A possible genetic link between developmental timing of flowering and response
to heat stress

The strongly associated SNP of QTLS6, at the top of chromosome five, is in LD with 17
SNPs identified in the re-sequence data (Figure S1). Four of those SNPs were included
in the GWA mapping and were moderately associated (-log(p-value)>4) with heat stress
response in region C. The strongest associated SNP is responsible for a non-synonymous
changes in the protein sequence of AT5G10170, which codes for Myo-Inositol 1-Phos-
phate Synthase3 (MIPS3). MIPS3 expression was most prominent in vascular tissue
(Donahue 2010) and heat-induced expression was reported during the seedling stage
(Khurana 2012). In Arabidopsis, three MIPS genes were identified. Analysis of the close
relative MIPS2 showed that the expression of this gene is highly induced upon heat stress
treatment in seedlings, flowers and mature siliques (Khurana 2012). Investigation of heat
response of the T-DNA knock-out mutant of MIPS3 did not reveal differences between
the heat response of this line and wild type Col-0 (Figure S2), suggesting again that this
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gene might not be causal for the observed natural variation. In addition, mutants of two
other genes in the LD region of QTL6 were analysed. AT5G10200 codes for an ARM-re-
peat/Tetratricopeptide repeat (TPR)-like protein. Like most ARM-repeat proteins in
Arabidopsis, the function of AT5G10200 is unknown. In Rice, a genome wide study of
ARM-repeat gene expression showed that several genes of this family are regulated by
abiotic stresses (Sharma 2014). However, investigation of a T-DNA knock-out mutant
did not reveal an immediate role for this gene in the heat response of Arabidopsis (Figure
S2). This is in agreement with the observation that another Arabidopsis ARM-repeat
protein, AROI, was shown to be required for pollen tube germination and penetration
into the stigma (Gebert 2008). These processes take place post-anthesis, whereas QTL6 is
associated with pre-anthesis heat responses.

Interestingly, the other gene in LD with QTL6, AT5G10140, encodes for FLOWERING
LOCUS C (FLC), a gene involved in the timing of flowering. Two isogenic lines, contain-
ing different FLC alleles and a strong functional allele of FRIGIDA (FRI; AT4G00650) in
a Columbia background, were tested for their heat response. A strong FRI allele is needed
because FRI is an up-stream regulator of FLC and the presence of a non-functional allele
(like in the Columbia wild type accession) will result in early flowering, independent of
the FLC allele. Line FRI-sf2, containing the functional Columbia allele of FLC, requires
vernalization to flower, whereas line FRI-flc3, containing a null-allele of FLC, flowers
early. Both lines were vernalized for 10 weeks, after which FRI-sf2 still flowered a week
later than FRI-flc3. Heat treatment was given approximately one week after the start of
flowering. The late flowering line, FRI-sf2, was much more sensitive to the heat stress in
region C, D and E, than the early flowering line, FRI-flc3 (Figure 6). Both lines had similar
heat response for region B, suggesting that FLC is responsible for part of the pre-anthesis
heat response. This experiment is in line with the observation in the association panel
that heat response and flowering time are negatively correlated and it suggests that the
two processes are, directly or indirectly, genetically linked. To investigate whether this
result is specific for the Columbia allele, the six most common FLC alleles (Li 2014b)
were compared for flowering time after 10 weeks of vernalization and for their heat
response. This comparison confirmed the negative correlation observed between the two
traits (Figure 7). Accessions with the Col-0 allele (haplotype RV2), which flowered early,
had significantly larger siliques in region C (Figure 7) and region D (Figure S4) than
accessions belonging to haplotypes SV2, SV3, and SV4, which flowered later. Haplotype
RV1 was, like RV2, identified because of its strong response to vernalization (Li 2014b),
but no significant difference was found for silique length upon heat between accessions of
this haplotype and the SV haplotypes with slow response to vernalization, indicating that
RV2 represents the FLC allele associated with heat resistance. However, large variation
in flowering time and heat response was observed between accessions belonging to the
same haplotype, which might be a consequence of sequence variation at other flowering
time loci (Shindo 2005) or heat response genes.
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Natural variation in silique length in control conditions suggests a role for pollen
allergens

Genes in linkage with the strongly associated SNPs detected in control conditions were
also analysed to identify candidates that could be involved in the determination of si-
lique length and consequently seed yield. For QTLI, the control QTL with the strongest
associated SNP and the largest effect size, a second weaker associated SNP (-log(p-val-
ue)=4.2) in moderate LD (LD = 0.424) was detected 30kb downstream. The significant
SNP is located in an intron of a white rust resistance gene (AT1G56510), which is highly
expressed in leaves. The weaker associated SNP is located between AT1G56580, a gene
associated with trichome architecture, and AT1G56590, a gene involved in vesicle traf-
ficking between the trans-Golgi network and vacuoles. None of these three genes are
obvious candidates. However, the LD decay in this region was very slow, resulting in a
linkage block of almost 176 kb, 8kb upstream and 168 kb downstream of the significant
SNP (threshold: LD=0.4), in which 127 genes are located (Figure S1). Most of these genes
are pre-tRNA’ (81 genes) or genes with unknown biological function (22 genes). None
of the genes with an annotated function is an obvious candidate and further analyses
are needed to identify the causal gene. For QTL3 and QTL7, candidate genes could be
identified based on functional annotation. QTL3 is determined by two significant SNPs
that are located 0.2kb from each other. Three other moderately associated SNPs were
identified in close proximity (within 0.4 kb). These five SNPs are located in the promoter
of AT3G45970, 1,2kb up-stream of the start-codon, and are in low LD (0.2<LD<0.4) with
SNPs in the gene AT3G45960 (Figure S1). Both genes are annotated as expansin-like A,
and are suggested to be involved in cell-wall loosening (Cosgrove 2002). The significant
SNP of QTLY7 is located in a large linkage block starting 43 kb upstream and ending 76 kb
downstream of the significant SNP. Two candidate genes were identified within this link-
age block: AT5G22430, a gene of a conserved allergen family, which is suggested to play a
role in pollen-pistil interactions (Jiménez-Lopez 2011) and AT5G22640, a gene essential
for proper embryo development (Liang 2010). Remarkably, both identified expansin-like
proteins of QTL3 and AT5G22430 of QTL7 contain a pollen allergen domain. Proteins
with such a domain are known to be present in pollen and cause allergic reactions in
humans. It is suggested that these proteins loosen maternal cell walls to aid penetration
of the stigma by the pollen tube (Cosgrove 2000), (Sharova 2007). Inconsistencies in the
interaction between pollen and pistil can lead to reduced fertilization and can therefore
result in shorter siliques. In addition, proper embryogenesis is essential for the devel-
opment of seeds. If this process is disrupted also less seeds will be present per silique,
resulting in shorter siliques.

Our results indicate that the observed heat response is dependent on both the genotype
and the developmental stage of the flowers and embryo’s during the heat treatment.
GWA mapping resulted in the identification of developmental stage specific QTLs and
covariance between the heat response and flowering time suggests a direct or indirect
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link between the two regulatory pathways. In addition, QTLs for silique length in control
conditions were identified. Candidate genes were suggested for most QTLs, of which
some could be provisionally validated by analysing knockout mutants.

Discussion

Over the past decade much effort has been put in collecting large numbers of natural
variants for many species, including the model species Arabidopsis thaliana. Technologi-
cal advancements made it possible to characterise the genetic diversity in such collections
in great detail. A number of studies have shown the use of such densely genotyped natu-
ral populations in GWA mapping approaches ((Cockram 2010, Chan 2011, Chao 2014,
Verslues 2014)). Such studies not only disclose the large amount of natural variation
present in species for many traits but also hint at candidate genes causal for the observed
variation. The latter is an important argument in favour of GWA mapping over, e.g., gene
expression studies because causal genes often represent key regulators of, or essential
components in biological processes, whereas differentially expressed genes might merely
represent transcriptional program changes in response to genetic or environmental
perturbations. As such GWA mapping can add directionality in genetic regulatory
networks and identify important anchor points in biological processes. In addition to
genetic perturbations, many complex traits might depend on interaction with the en-
vironment and the developmental timing of the subject of study, a complication that is
often neglected. Including genotypic diversity and developmental dependence in a single
study of environmental perturbation can, therefore, provide a deeper understanding of
the developmental processes involved in the regulation of abiotic stress responses.

Identification of a developmental sensitivity window

In this study the impact of short-term heat on fertility was measured in a developmental
stage specific way. Large variation was observed in the sensitivity of different develop-
mental stages of the flowers and embryo’s towards the stress. Early flower development
and late embryogenesis, assumed to take place in region A and E, were not sensitive to
heat stress in most of the accessions (Figure 3 and Table 1). Two minima in the average
silique length, corresponding to reduced seed set, were identified indicating two sensitive
periods in development. One of the minima observed in our experiment corresponds
to floral stages 9, 10, 11, and 12 (Smyth 1990), representing the developmental stages in
which male and female meiosis occur and anther elongation takes place (Table 1). The
other minimum corresponds to flowers in floral stages 14 and 15 that were heat-treated
after anthesis, during these stages early embryo formation takes place. Male meiosis,
which takes place during floral stage 9, is a process that is sensitive to heat in many crops
(Hedhly 2011). An earlier study in Arabidopsis investigated the effect of heat on flower
development (but not on embryo development) in the accession Columbia by counting
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fertile siliques along the main inflorescence. Although the heat treatment in this study
was more severe (42°C/4h), a sensitive period at floral stage 9 was observed, similar to
our study. In addition, a sensitive period at floral stage 12 was identified (Kim 2001). A
more extensive study in Arabidopsis, investigating floral bud abortion upon heat stress
in 13 natural accessions, demonstrated that in the Columbia accession floral stage 12, but
not floral stage 9, was most sensitive (Warner 2005). That floral stage 9 was not identified
could be caused by the longer period of heat that was applied (36°C for 72 h). However,
other accessions were shown to be more sensitive than Columbia, and floral bud abortion
was also observed in earlier stages than floral stage 12. Floral stage 12 corresponds to an-
ther elongation. Reduction in anther elongation was observed upon heat stress as a result
of decreased auxin levels in the developing anthers. Reduced anther elongation upon heat
stress has also been found in other species, such as barley (Sakata 2010). The observations
of Kim et al. and Warner et al. are in line with our observation that natural variation exists
both in terms of duration of the sensitivity window and the degree of reduction in seed
set within the sensitivity window. However, comparison of floral stages between different
studies should be done carefully since the matching between the developmental regions
and the landmark events in flower and seed development are based on generalization and
natural variation was observed for the number of flowers that opened per day.

Also in other Brassicacea species, heat response patterns similar to our observations have
been reported. Studies of canola and mustard species (B. napus, and B. juncea) showed
that heat stress during flowering or pod development led to more reduction in yield
than heat stress during bud formation (Gan 2004). In addition it was observed that pods
that passed a critical developmental threshold were tolerant towards heat stress (Angadi
2000). This threshold corresponds with late embryogenesis, the developmental stage that
was also not sensitive to heat in any accession tested in our experiment. Even though
the study of Angadi et al. (2000) confirms the existence of a developmental sensitivity
window in which heat stress affects yield, a comparison between these results and the ob-
servations in our experiment also reveals an interesting difference. We observed a higher
impact of stress before flowering while in other Brassicacea the impact seems to be more
dominant after the start of flowering. This may be related to embryo abortion during
early silique development, which was observed in our experiments (Figure 1). Moreover,
the findings of Gan et al. (2004) are based on total seed yield and should be interpreted
carefully. If compensation mechanisms are active (Figure 4 and (Angadi 2003)) total seed
yield might not be the best measure to determine a developmental sensitivity window.

In species other than Brassicacea, heat responses similar to our observations have been
reported. In green bean (Phaseolus vulgaris), the most sensitive period was 10 days before
anthesis and could be related to a reduction in pollen viability (Suzuki 2001). This indi-
cates a relationship with male meiosis, which corresponds to the sensitive floral stage 9 in
Arabidopsis thaliana. In tomato (Lycopersicon esculentum), flower buds of 9-5 days before
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anthesis and flowers of 1-3 days after anthesis are highly susceptible to high temperatures
(Sugiyama 1965). These two periods correspond with the two minima identified in our
experiment.

The finding that the present observations on Arabidopsis are in line with data collected
for heat responses in various crops, increases the potential of translating the present
results about molecular regulation of the heat response to crop species. Interestingly,
besides heat stress also drought has an impact on developing flowers and embryos. In
cereals two sensitive periods are found upon drought stress, the first one centers around
the period of male and female meiosis and the second one during anthesis and initial
grain development (Saini 1997). This suggests that similar regulatory mechanisms may
be involved, increasing the relevance of the current work.

GWA mapping reveals stage specific QTLs

Although a few studies have reported on the developmental sensitivity window upon
heat stress ((Warner 2005), (Kim 2001)), the present study is unique as it investigates
this sensitivity window using a large natural population. Therefore, the data could be
subjected to GWA mapping, which allowed the identification of stage-specific QTLs.
Two choices in our experimental set-up were crucial in identifying stage specific QTLs.
First, the 1-day exposure time ensured that developing flowers received stress in only one
developmental stage. In experiments in which the stress is applied for longer periods the
identification of stage specific QTLs is less accurate, because a single flower may receive
stress in multiple developmental stages. Second, the quantification of the impact of the
heat stress by measuring the length of individual siliques along the main inflorescence
provided high resolution of development-specific heat effects. Studies that quantify the
heat stress response by total seed or fruit yield will have less power to identify effects
that are only present in a small developmental window. Compensation mechanisms of
plants (Figure 4, (Angadi 2003), (Young 2004)) make total seed or fruit yield as a measure
even less reliable. Our findings should increase awareness of the fact that the regulation
of a trait of interest can change during development. Experimental design is a crucial
factor here, which, in most cases, determines whether developmental stage specificity
of QTLs or regulatory networks can be detected or not. Accurate measurements or large
population sizes will not contribute to a higher power to detect stage specific QTLs when
a non-optimal design is chosen.

In our study the main focus was on the identification of stage-specific QTLs. Two minima
were identified in the silique length after heat stress corresponding to two distinct pro-
cesses in flower and seed development (Figure 3 and Table 1). Stage-specific information
can be helpful to prioritise candidate genes for future functional analyses. Genes that
are not expressed in the developmental stage in which the QTL is identified or that are
not expressed in flowers or embryos can be given lower priority. In this study four QTLs
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were identified to be highly associated with heat response, one specific for the response
after anthesis and three specific for the response before anthesis. Based on LD, annotated
gene function, expression profiles and mutant analysis, one or two genes per QTL could
be prioritized as candidate genes. The knockout analyses of several candidate genes indi-
cated the involvement of these genes in heat stress responses of reproductive processes.
However, for a number of genes their involvement could not be confirmed. This might
be due to the genetic background of the mutant line (Col-0), whose wildtype is used
for comparison. On the other hand, knockouts that do show a significant effect on the
trait under study do not conclusively rule out the involvement of other genes explaining
the observed variation in the support window of the QTL. Further evidence should be
obtained from functional complementation studies in different genetic backgrounds.

In many studies describing heat stress during flowering a prominent role is given to heat
shock proteins (Hsps) and heat shock transcription factors (Hsfs) (Giorno 2013). For in-
stance, constitutive and heat stress induced accumulation of Hsps in reproductive tissue
(especially anthers) is associated with heat tolerance (Bita 2011). Hsps stabilize proteins
that are unfolding due to heat stress (Al-Whaibi 2011). Hsps, as chaperones, prevent the
irreversible aggregation of other proteins and participate in refolding proteins during
heat stress conditions (Waters 2012). Surprisingly, in our study no Hsp or Hsf was found
in close proximity of a QTL (threshold -log(p)=>5.5) and only two Hsps were identified
within 20 kb of moderately associated SNPs (threshold -log(p)=4), suggesting that allelic
variation in Hsps or Hsfs is not the main cause of natural variation in heat tolerance
during flowering. The lack of these obvious candidates in our results shows that an un-
targeted analysis, like GWA mapping, will, in many cases, result in the identification of
novel gene functions while hypothesis driven research, in most cases, results in the proof
or dis-proof of an already suggested function.

Genetic co-regulation of heat response and flowering

A high negative correlation and co-incidence of strongly (Table 4) and moderately as-
sociated SNPs were observed for heat stress tolerance and flowering time. QTL6 was
detected for heat stress response, but was also moderately associated with flowering time.
The significant SNP of QTL6 was in linkage with SNPs in FLC, a flowering time repressor,
and its promoter. The impact of heat stress was evaluated in two isogenic lines, one with
the FLC functional allele, requiring vernalization to flower, and one containing a FLC
null-allele resulting in early flowering. Heat stress led to significantly more reduction in
silique length in the late flowering line compared to the early flowering line. Analysis of
the six most common FLC haplotypes further confirmed that heat sensitivity is associated
with late flowering and might be based on cross-talk between regulatory networks. Even
though variation in heat stress response mapped to FLC, we cannot rule out an indirect
effect of flowering time differences. Especially because FLC expression diminishes during
the 10 weeks of vernalisation, severely reducing the variation in FLC expression during
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the treatment (Michaels 1999, Shindo 2006). Although other known genetic factors
affecting flowering time might also indirectly contribute to the variation in heat stress
response, the analysis of this relationship was outside the scope of this study. A positive
correlation was also found for chilling tolerance and flowering time in soybean, where
high tolerance was associated with late flowering (Kurosaki 2004). Differences in toler-
ance were shown to be due to natural variation in a well-known maturation locus. While
the response to non-optimal temperatures can be linked to natural variation in flowering
time or maturation genes, we cannot exclude that the correlation found in our experiment
was caused by cold priming. The time between the cold period, needed to synchronize
the flowering, and the treatment is not equal for all accessions: accessions that flowered
earlier inherently received the treatment sooner after the cold treatment than later flow-
ering ones. It may be that recently cold-primed plants are less sensitive to the heat stress.
This priming might be released over time, resulting in increased sensitivity to heat stress
over time. However, natural variation was observed for accessions that received the heat
treatment on the same day after the cold treatment, indicating that a major part of the
natural variation cannot be explained by differences in the period between cold and heat
treatment. We, therefore, propose that the variation in heat tolerance, observed between
early and late flowering accessions, is a result of local adaptation. Early flowering acces-
sions are summer annuals that germinate in spring and flower in the summer, whereas
late flowering accessions are winter annuals that germinate in autumn, survive winter in
the vegetative stage and flower in spring. This suggests that early flowering accessions
will benefit from a heat tolerance mechanism in their flowers, whereas late flowering
accessions will not, because flowers will rarely be exposed to high temperatures during
spring.

Homology of heat stress responses between species

As mentioned, similar stage specific heat responses are observed in several crop spe-
cies, suggesting common regulatory mechanisms of the response of plants towards
elevated temperature during flowering, and fruit and seed set. Such a common response
mechanism is promising for the translation of findings from model species to crops.
Unfortunately comparison of the QTLs observed in this study with earlier identified
QTLs in other mapping studies in crops aiming to identify heat tolerance genes during
flowering, is difficult because most QTLs have not been cloned yet (Grilli 2007, Ye 2012,
Lucas 2013). All earlier studies were done in low resolution bi-parental mapping popu-
lations and, therefore, the associated regions still contain many genes. Because none of
the tested crops, rice, tomato and cowpea, are closely related to Arabidopsis, comparison
of genome regions is difficult due to the lack of synteny. However, because of the high
resolution of GWA mapping and the enormous amount of prior information available in
Arabidopsis, it is promising to follow up the prioritized candidate genes identified in this
study with further functional analyses to identify their functions and subsequently to be
able to identify the heat response network. Translation of a response network from one
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species to the other can be more fruitful than single gene comparisons (Ferrier 2011).
Homologues of proteins in the pathway can be identified, and knowledge about protein
function and expression, protein-protein and protein-metabolite interactions can be
used to identify a similar response pathway in another species (Assmann 2013).

Although the focus of this paper is on silique length in heat stressed-plants, results ob-
tained from plants grown in control conditions are also relevant for breeding purposes.
To improve yield and consequently produce more oil, breeding is intensively done in
Brassica napus and B. juncacea varieties. Total yield is determined by several plant traits,
such as total fruits per plant, seed weight, seeds per fruit and also fruit length. The last
three are correlated and many coinciding QTLs have been reported (Alonso-Blanco
1999, Dechaine 2014, Li 2014a). Fruit length is considered to be a suitable trait to select
for in Brassica napus (Samizadeh 2010), because high heritability is observed for this trait
which is less sensitive to GXE than, for example, the total number of fruits per plant (De-
chaine 2014) (Chay 1989). In the current experiment high heritability was also observed
for silique length (Table 3). Because Arabidopsis is a member of the Brassicacea family,
similar mechanisms are likely to determine silique length and translation of mapping
results from this model species to crops should be relatively easy.

Three candidate genes were identified for silique length in control conditions, which all
contained a pollen allergen domain. Pollen allergens are known to cause allergic reactions
in humans and are therefore studied intensively. Although their biological function in
plants is not fully elucidated yet (Jiménez-Ldépez 2011), it is suggested that these proteins
may weaken the cell wall of the maternal tissue to ease the penetration of the pollen tube
into the stigma (Cosgrove 1997),(Mollet 2013). In tomato, competition experiments have
been performed between wild type pollen and pollen in which one of these pollen aller-
gens has been mutated. It revealed that pollen with the mutated protein were outcompeted
by the wild type pollen because of slower pollen tube growth, indicating an important
role of pollen allergens for the access of pollen to the ovule (Valdivia 2007). Silique length
is correlated with the number of seeds per silique (Figure 1). Slower penetration of the
pollen tube may result in less efficient fertilization and as a consequence less seeds will
develop and siliques will be shorter. For clinical immunological reasons variation of these
allergens is studied between species and within species (Radauer 2006) (Songnuan 2013),
but the impact of natural variation on fertilization success has not been studied yet.

In conclusion, the chosen experimental design was very appropriate to determine
developmental stage specific genetic regulators of the heat response of reproductive
processes. Provisional validation by knockout analyses was provided for two pre-anthesis
QTLs, strengthening the candidacy of two genes in close proximity of the significantly
associated SNPs. Furthermore, the high resolution of GWA mapping, the similarities
between flower and seed development in different species and the suggested common
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regulatory mechanisms of heat response make the translation of findings in Arabidopsis
to crops promising. To reach that goal, further functional analyses of candidate genes in
Arabidopsis and their homologues in crops are needed.

Materials and Methods

Plant materials

A collection consisting of 285 natural accessions of Arabidopsis thaliana selected to capture most of the
genetic variation present within the species and genotyped with approximately 215k SNP markers was
obtained from the ABRC stock centre (Li 2010),(Baxter 2010), (Platt 2010),(Kim 2007).

For functional gene analyses, two lines, FRI-sf2 and FRI-flc3, containing two different alleles of FLC
in a Columbia background (Michaels 1999), were kindly provided by M. Koornneef (MPI Koln).
FRI-sf2 (CS6209) can also be obtained from the ABRC stock centre. In addition, the following SALK
T-DNA insertion mutants (Alonso 2003) and GABI-Kat T-DNA insertion mutant (Kleinboelting
2012) were obtained from NASC: qul2-2 (SALK_065604c), AT2G03505 (GABI_745A07), AT2G03490
(SALK_125910), mips3-2 (SALK_120131c, Donahue 2010), AT5G10200 (SALK_040912c). Seeds of
the mutants qull-1 and qull-1xqul2-1 were kindly provided by L. @stergaard (Fuentes 2010). Plants
carrying a homozygote T-DNA insert were genotyped by PCR using the primers listed in Table S1.

Experimental set-up

For each accession, eight plants were grown in controlled conditions. Five replicates received a heat
treatment and three replicates served as controls. Seeds were sown in petri-dishes on wet filter paper.
After four days of cold treatment, they were placed at room temperature in the light for one and a half
day to germinate. Germinated seeds were placed on rockwool blocks saturated with nutrient solution
(Hyponex, ImM N, 1.1 mM P, 5.9 mM K) in a climate room (16h light, 125 umol/s/m? 70% humid-
ity, 20/18°C). Three times a week the rockwool blocks were saturated with nutrient solution using an
automated flooding system. After three weeks, the plants were vernalized for 10 weeks to synchronize
flowering. After vernalization the plants were returned to the climate room (same conditions as above).
One to two weeks after the first replicate of an accession started to flower, the heat treatment was applied
to all replicates of that accession. A small number of accessions received the treatment outside this
window because of large variation in flowering time between the replicates.The first flower that opened
on the day of the treatment was tagged with a thread. Three replicates per accession were kept in the
climate room as controls. Five replicates per accession were transferred to a climate cabinet where they
received heat treatment. At the start of the day, the temperature was raised from 20°C to 35°C in two
hours. The temperature was kept at 35°C for 13,5 hours. At the end of the light period, the temperature
was decreased again to 20°C in two hours. The day after the treatment the plants were returned to the
climate room.

The same procedure was followed to test the heat response in FRI-sf2 and FRI-flc3 For the other T-DNA
insertion mutants used in this study, the same procedure was used but without the vernalization period.
All lines were tested in two independent experiments (Experiment A and B).

Harvest and analysis of main inflorescence siliques

When the plant stopped producing new flowers or when at least 40 flowers above the thread-tag had
developed into siliques, the main inflorescence was cut off and stored in a paper bag for later analysis.
Control and treated plants of the same accession were always harvested on the same day. Stored material
was used to determine the length of all siliques present at the main inflorescence. The silique tagged with
the thread was labelled as position number 0. Siliques below the tag received negative position numbers
and siliques above the tag received positive position numbers (Figure 2).

Seed properties
To determine the number of seeds per silique and their seed size, seeds were spread on white paper

62



Fertility and heat

and pictures were taken in constant light conditions to enable easy image processing. The pictures were
processed with the software package Image] (Schneider 2012). Based on the size distribution of dark-
brown and light brown seeds a threshold of 0.12 mm? was used to define small and normal sized seeds,
indicative for non-viable and viable seeds, respectively. To determine germination rates seeds were
placed on wet filter paper in petri-dishes sealed with parafilm. The petridishes were placed in the dark
at 4°C for 4 days. Thereafter the petri-dishes were placed in the light at room temperature. The numbers
of germinated and non-germinated seeds were counted after 48h in the light.

Expression analysis QUL1 and QUL2

Expression of the QULI and QUL2 genes were measured in the qulI-1, qui2-2, qul1-1xqul2-1 mutants as
well as in Col-0 in three weeks old plant grown at 22°C in16hrs light. RNA was isolated from 20-100mg
of plant rosette with the Invitrap Spin Plant RNA Mini Kit (Strateco) according to the manufacturer’s
instructions. For the cDNA synthesis, 1 pug of RNA was converted to cDNA using the iScript™ ¢cDNA
synthesis kit (Bio-Rad) according to the manufacturer’s instructions. The cDNA was subsequently
diluted to 150 ul end-volume for use in RT-qPCR. Absence of genomic DNA was confirmed by com-
paring cDNA samples with RNA samples which were not reverse transcribed (minus RT control). The
RT-qPCR was performed on the CFX-Connect (Bio-Rad) in 96-well plates (HSP-9645; Bio-Rad) using
per well, 10 pl total volume consisting of 2.5 pl of cDNA, 0.5 pl of 10 uM primermix, 5 ul iQ™ SYBR’
Green (Bio-Rad) and 2 pl of water. The following program was used for every reaction: 95°C for 3min,
followed by 40 cycles of 95°C for 15s and 60°C for 30s, followed by a melt curve analysis from 65 to
95°C. Each of the four biological replicates was measured in duplo. Expression of QULI and QUL2 was
measured using the primers described in Fuentes et al. (2010). For the reference gene, MONENSIN SEN-
SITIVITYI (MON1, AT2G283900), the primer set described in (Czechowski 2005) was used. Expression
data was normalized with the 2-24°T method (Schmittgen 2008).

Statistical analysis

GWA mapping was performed on fertility and architectural traits, and flowering time. GENSTAT (VSN
International 2013) was used to calculate the simple residuals, which characterize the impact of the
heat, corrected for difference between accessions in the size of the siliques in control conditions. Simple
residuals were calculated for the average silique length in the different regions along the inflorescence,
representing different developmental stages. To calculate the simple residuals, the mean of data collected
under control and heat stress conditions were compared by a linear regression (least sum of squares)
including all accessions. GWA mapping was performed with the EmmaX software package (Kang
2010). A mixed model was used correcting for population structure based on an kinship matrix of all
SNPs. SNPs with a minor allele frequency below 0.05 were excluded from the analysis. For each SNP,
it was calculated how much of the total phenotypic and genotypic variance could be explained by the
alleles of that SNP. Spearman’s rank correlation coefficient (p) (2-tailed, a=0.05) was used to determine
correlations between data series using SPSS (IBM Corp 2010). A one-sided, two-sample t-test, assuming
unequal variances, was used to compare the mean number of flowers formed on the main inflorescence
in control and heat treated plants.

All sequences from the re-sequenced Arabidopsis accessions were obtained from 1001genomes.org. for
525 accessions, 2012 nucleotide variation files compared to Col-0 (TAIR10) were downloaded. Custom
Perl scripts were developed to determine positions with an allele frequency >2% (SNPS must be shared
by more than 11 accessions). Another perl script parsed these positions per accession and outputs either
an 1 or 0 for compliance or no compliance with Col-0. The resulting data is stored as data frames (.csv)
on disk. In order to calculate the LD, required data is extracted from the .scv files with the gnu program
‘cut’ in order to slice out the region of interest. The sliced data frame is read in to R (R Development Core
Team 2012) and column wise the LD (r? or correlation coefficient) can be determined by invoking the
R function ‘cor()’ followed by a quadratic operation. LD scores are made available to the user via web
interface (in house access only). The user can calculate the LD in any region on the genome
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Figure S1 Local linkage decay of each QTL. LD between significant SNPs detected by GWA mapping
and surrounding SNPs obtained from re-sequence data.

64



Fertility and heat

FRI-sf2 and FRI-flc3 experiments A and B Qul experiment B

6 4

= 4 - 2
K] B
€2 g0
g g
& 0 g 2
c c
g , g,
£ @ FRI-sf2_RepA E - a» Col-0
S 4 @ FRI-sf2_RepB S e qull-1
=3 @ FRI-flc3_RepA =2 s qul2-2
§ -6 = FRI-flc3_RepB § -8 @ qull-1xqui2-1
L g £ 10
£ £
o -10 T 12

12 14

CHNOTNONTONONTLRONY R QN OTNONTLONONTONONT ©O® O
R A SS3S2RAIIARXR SR A SSS22RAIRRR
Silique position Silique position
6 AT2G03505 experiment A and B 4 AT2G03490 experiment A and B

@ Col-0_RepA
@ Col-0_RepB
@ AT2G03505_RepA
«= AT2G03505_RepB

@ Col-0_RepA
= Col-0_RepB
@ AT2G03490_RepA
w= AT2G03490_RepB

difference (treatment-control)
IS

difference (treatment-control)
8 & & & b o v &

-10
12 12
SRCTNCNTLeoa T BRRIILER SRCYTNONTLeoa T BRRIIRER
Silique position Silique position
4 AT5G10200 experiment A and B 4 mips3-2 experiment A and B

= 2 =
[ s 2
€ 9 €
g § o
£, @ Col-0_RepA £ = Col-0_RepA
[ @ Col-0_RepB [ @ Col-0_RepB
% 6 @ AT5G10200_RepA f; 4 @ mips3-2_RepA
2 = AT5G10200_RepB 2 @= mips3-2_RepB
g g g 6 -
] 3
£ £
o -10 T 8

7120wwq‘NoN<wwoN<r\nwoN<r\DwO BT

R SA323R]INLRR SRLTNONTLOO NIV YIILIRR]
Silique position Silique position

Figure S2 Silique length along the inflorescence of heat-stressed and control plants of several T-DNA
insertion lines and two lines with functional (FRI-sf2) and non-functional (FRI-flc3) FLC alleles.
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Figure S4 Comparison of silique length and flowering time of different FLC haplotypes.

ABC Length of siliques (average +/- SE) in region B, C and D upon heat stress. D flowering time (aver-
age +/- SE) after 10 weeks of vernalization for accessions of the six most common FLC haplotypes (Li
et al,, 2014b). Numbers in bars indicate the number of accessions belonging to the haplotype indicated
below the bar, Col-0 belongs to the RV2 haplotype. Significant differences (p<0.05), as indicated by let-
ters above the bars, are determined by one-way ANOVA with Bonferroni correction for multiple testing.
Li et al., 2014b). *Accessions containg FLC haplotype different from the six most common haplotypes

Table S1 Primers used to determine homozygosity of T-DNA inserts.

Primer name Sequences (5°-3) Description
SALK_065604C_LB TGAATGGTTTTTGACAGACGA qul2-2 genotyping
SALK _065604C_RB CTGGTTGGTCTAGTTCGCAAG qul2-2 genotyping
GK-745-A07_LB TTGGTCTTGTTTTAAAACCGC at2g03505 genotyping
GK-745-A07_RB AACTTGCTTTGGTCCATCATG at2g03505 genotyping
SALK 125910 LB TCAAAATGTCAAATCCTGAGC at2g03490 genotyping
SALK 125910 RB GTGTATATTCGTGGCTGCCTG at2g03490 genotyping
SALK 120131 LB AAGTCATCACCACCGATCAAG mips3-2 genotyping
SALK 120131 RB ATTTCGGGTCATTAACCCAAG mips3-2 genotyping
SALK 040912 LB TTGTCTCTATGCCCAATGAGG at5g10200 genotyping
SALK 040912 RB TACAATCTCGGCCAATCATTG at5210200 genotyping
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Abstract

Growth is a complex trait determined by the interplay between many genes, some of
which some play a role at a specific moment during development whereas others play a
more general role. To identify the genetic basis of growth, natural variation in Arabidopsis
rosette growth was followed in 324 accessions by a combination of top-view imaging, high
throughput image analysis, modelling of growth dynamics, and end-point fresh weight
determination. Genome Wide Association (GWA) mapping of the temporal growth data
resulted in the detection of time-specific quantitative trait loci (QTLs) whereas map-
ping of model parameters resulted in another set of QTLs related to the whole growth
curve. The positive correlation between projected leaf area (PLA) at different time-points
during the course of the experiment suggested the existence of general growth factors
with a function in multiple developmental stages or with prolonged downstream effects.
Many QTLs could not be identified when growth was evaluated at a single time-point
only. Eleven candidate genes were identified, which were annotated to be involved in the
determination of cell number and size, seed germination, embryo development, devel-
opmental phase transition or senescence. For eight of these a mutant or overexpression
phenotype related to growth has been reported, supporting the identification of true
positives. In addition, the detection of QTLs without obvious candidate genes implies the
annotation of novel functions for underlying genes.

Journal of Experimental Botany, doi: 10.1093/jxb/erv176
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Introduction

Plant growth is a dynamic process that is influenced by many external and internal
signals the plant receives. For growth a plant needs light and carbon dioxide to perform
photosynthesis to produce sugars, which are the building blocks and energy source for
many processes in the plant. Besides that, the plant needs water and nutrients to be able
to produce nucleotides, proteins and metabolites. Transport of sugars and other essential
molecules from source to sink is important during all stages of growth. Perturbation of
these source-sink relationships by changes in the environment or due to the genetic com-
position of the plant may lead to changes in biomass accumulation. A better knowledge
about the genetic factors that are involved in growth regulation would help to understand
the mechanisms underlying different growth patterns as observed in nature. Such dy-
namic patterns are better understood when growth and its regulation are studied over
time, instead of at a single time-point (Leister 1999, Granier 2006, Tessmer 2013).

Growth is orchestrated precisely and is controlled by many genes. The functional impor-
tance of most growth-related genes is not equal during all developmental stages and in all
tissues and many display specific temporal and spatial expression profiles (Schmid 2005).
In addition, some genes play an essential role in the overall development of the plant,
whereas others are mainly important if the plant has to cope with specific environmental
conditions (Geng 2013). These tightly regulated genes form a robust network that enables
the plant to complete its life cycle under many different circumstances.

Growth patterns of plants may differ widely between species (Westoby 2002), but also
within the same species (Koornneef 2004, Alonso-Blanco 2009, Zhang 2012). Within
species, the observed variation can be caused by differences in the local environment or
due to natural genetic variation. This genetic variation is a result of random mutation
and meiotic recombination and can result in plants that, as a result of centuries of se-
lection, are adapted to the local environment. The growth differences observed between
and within species indicate that the regulation of growth is not only robust, but also
genetically variable. Natural variation of growth within the same species can be used to
search for genes regulating growth (Alonso-Blanco 2009). When growth phenotypes are
determined in mapping populations, which are genotyped with many markers, linkage
between genotypes and phenotypes can be identified by statistically testing association
between molecular markers and observed phenotypes. Many mapping studies have been
performed for plant growth and size resulting in the identification of many QTLs (Alon-
so-Blanco 1999, El-Lithy 2004, Lisec 2008, Chardon 2014). However, in those mapping
studies biomass was determined at the end of the experiment to evaluate the differences
in growth (end-point measurements). As a result only major players in the regulation of
growth, like genes that orchestrate the transition from a vegetative to a generative state
(e.g. FLC) (Kowalski 1994) or genes related to dwarf growth (erecta locus or ga20ox1)
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have been cloned and confirmed (Komeda 1998, Barboza 2013). However, most of these
major players were identified in experimental mapping populations in which only a few
QTLs segregate or are artificially introduced (e.g. erecta). Additional players explaining
large part of the plant size variation observed in nature seem to be scarce. The mapping
studies suggest that growth is a complex trait and that many genes are involved in the
regulation of the accumulation of biomass. Genome wide association mapping studies
(GWAS) might help to identify these genes because a much larger fraction of a species’
diversity is analysed.

Because growth is a dynamic process, the timing of the end-point measurement will
highly influence the outcome of the mapping (EI-Lithy 2004). High throughput automat-
ed phenotyping creates the possibility to follow the growth, or at least the 2D expansion,
of plants over time in a non-invasive way (Furbank and Tester, 2011). For plants with a
two-dimensional structure, like rosettes of Arabidopsis, the challenge of high throughput
imaging is not only the capturing of pictures, but also the automatic image analysis. Dif-
ferent approaches dealing with this issue have been described: A pipeline to automatically
determine rosette size (Hartmann 2011), rosette size and compactness (Arvidsson 2011),
rosette shape (Camargo 2014) or rosette size accounting for leaf overlap (Tessmer 2013).
The next challenge is how to use the additional information present in these time-series
data for mapping purposes. Several ways have been described in which data collected
over time can be combined with mapping, but no standard approach is agreed upon.
The simplest approach is to treat data of different time points as unrelated traits and
perform mapping for each time-point separately, here referred to as univariate mapping
of trait per time-point (Moore 2013, Wurschum 2014). This approach resulted in the
identification of time-specific QTLs for root bending upon a change in the direction of
gravity in Arabidopsis (Moore 2013) and for plant height in wheat (Wurschum 2014).
Another approach is to perform a two-step procedure. First a growth model is fitted to
the growth data, after which the model parameters that describe the characteristics of
growth, are used in a standard mapping approach, here referred to as univariate mapping
of model parameters (Heuven 2010). This approach resulted in the detection of QTLs for
leaf elongation rate in maize (Reymond 2004). A similar approach was used to perform
mapping on germination data, resulting in e.g. the detection of QTLs that are related to
uniformity of germination (Joosen 2010). Finally, growth data collected over time can be
analysed with multivariate mapping approaches (Ma 2002, Malosetti 2006, Yang 2011).
The mapping power of multivariate approaches is higher, because they take into account
that growth data collected over time and the derived parameters may be correlated, while
univariate methods ignore this fact (Wu 2006). Multivariate mapping can be done in a
two-step approach in which a growth model is fitted to the growth data, after which the
model parameters are used in a multivariate mapping approach (Korte 2012). This can
also be applied in a one-step approach that uses one statistical model in which the mo-
lecular marker information and the parameters of a growth model are both included (Ma
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2002). A multivariate approach was e.g. used to detect QTLs for progression of senescence
over time in potato (Malosetti 2006), for leaf age based on the length and number of
leaves emerging over time in rice (Yang 2011) and for stem diameter in poplar (Ma 2002).
Univariate methods can be performed with standard mapping software packages, while
multivariate mapping requires dedicated software (http://statgen.psu.edu/software/fun-
map.html, (Korte 2012)), which has hampered the adaptation of multivariate mapping by
a broad community. Although each of the described methods have their own drawbacks
they clearly show that mapping of data collected over time results in the identification of
QTLs that would not have been detected if only single-point measurements were used as
input for the QTL analyses.

Here, we describe a series of analyses that enable us to observe growth dynamics by auto-
matic imaging. We will show that top-view imaging of Arabidopsis plants in combination
with high throughput image analysis can be used to follow rosette growth over time in
a large and diverse population of natural accessions. We will further show that compar-
ison of accessions demonstrating large variation in developmental rate and in plant size
can be done by modelling of growth. In addition, Genome Wide Association mapping
on temporal plant size data was performed using univariate and multivariate mapping
approaches. Time specific growth QTLs were detected by performing univariate GWA
mapping for each time-point separately, whereas general QTLs related to growth rate
during the course of the whole experiment were identified by performing univariate and
multivariate GWA mapping on the growth model parameters. Finally, candidate genes
involved in the regulation of growth could be indicated.

Results and Discussion

Capturing the dynamics of growth by top-view imaging

A large-scale experiment was performed in the plant phenotyping platform PHENOPSIS
(Granier 2006). Three-hundred-twenty-four natural accessions of Arabidopsis thaliana
were grown and their rosette sizes were monitored over time by capturing top-view
pictures daily. The plant architecture of the vegetative stage of Arabidopsis makes this
species very suitable for top-view imaging. Because the rosette grows in a horizontal
plane, it can be approached as a 2D structure of which the size can be determined accu-
rately from top-view images. Top-view imaging of Arabidopsis rosettes was first reported
in the 90s (Leister 1999), but became suitable for large populations only recently because
of advances in the automation of image analysis (Berger 2010, Arvidsson 2011, Tessmer
2013). Although at the moment low-cost, high-throughput methods are available to de-
termine the genome of an organism and genetic information is available for many species
and for many mutants and natural accessions, the plant science community lags behind
in the high throughput measurements of phenotypes (Houle 2010). In this experiment
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Figure 1 A Images of one of the replicates of CS28014 (Amel-1), a representative accession, on all time-
points included in the analyses. B Pictures processed by Image] to determine the Projected Leaf Area.
Pictures were segmented based on colour, saturation and brightness and thereafter made binary. Too
small particles (<120 pixels) were excluded from the analysis. In the images of days 8, 11, 14 more than
one plant is present, but only the remaining one (days 16 and onwards) is taken into account for PLA
determinations.

top-view imaging in combination with high throughput image analysis allowed us to de-
termine the rosette size of plants of 324 accessions in triplicate on 11 time-points during
the growth. Projected leaf area (PLA) was determined from day eight onwards and the
experiment was ended before too many leaves were overlapping (Figure 1). On day eight
all seeds had germinated, the cotyledons were unfolded, but the first true leaves were not
yet visible. As the growth rate increased during the course of the experiment, the interval
between the time points of PLA determination was decreased, from a three-days interval
in the second week to a one-day interval in the fourth week, to ensure that dynamics
in growth were accurately captured. Because diurnal leaf movement was observed, PLA
was always determined within two hours after the start of the light period. This analysis
is one of the first steps in the detailed characterization of the phenomes of these natural
accessions (Furbank 2011). Similar approaches can also be used in the future to further
characterize the phenomes of these natural accessions by performing similar experiments
when plants are grown in different and possibly less favourable conditions, like short-days
or under abiotic or biotic stress. For much smaller sets of accessions similar experiments
are previously performed, but to be able to use the phenotypes in mapping studies much
larger populations need to be screened (EI-Lithy 2004, Granier 2006). Growth was not
only determined by differences in PLA over time, but also at the end of the experiment
by measuring fresh weights of the rosettes (FW).
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For PLA and FW, large natural variation was observed of which 28-70% could be explained
by genetic differences (Table 1). Broad-sense heritability (H?) of PLA increased over time
(Table 1), most likely because determination of the PLA of small plants was less accurate
than that of larger plants. These data demonstrate that top-view imaging of Arabidopsis is
a powerful method to compare plant size and growth rate in large panels of plants which
do not only differ in size but also in developmental traits like flowering time (Li 2010),
number of leaves and leaf emergence rate (Granier 2006, Tisné 2010). FW at the end of
the experiment correlated positively with PLA at the end of the experiment (r?=0.95), as
shown earlier (Leister 1999). This high correlation is also reflected in almost equal H?
of FW and PLA at day 28 (H*=0.69 and H?=0.70, respectively). FW also correlated with
PLA in week two and three (Figure 2). In the last week of the experiment leaves started to
overlap and variation for this trait was observed between accessions. Despite this increase
in overlap over time, the correlation between FW at day 28 and PLA at the sequential
measuring dates increased over time, reaching the highest correlation at day 27 (r’=0.96).
This correlation suggests the existence of general growth factors of which the effects are
visible at the phenotype level during a large part of the plants life cycle. Seedling size at
day eight, when the cotyledons are unfolded, but the first true leaves are not yet visible, is
for a large part determined by seed size, germination rate and the capacity of the seedling
to establish. The correlation of PLA during the experiment also suggests that the effect
of genes involved in the regulation of these processes are visible at the phenotype level
when seedlings develop into plants with many leaves. The water status of the plant was
evaluated by the determination of the Water Content (WC) of the largest leaf on the 24"
day. A proper water status is important for the plant to maintain growth. WC was high
for all plants (between 0.85 and 0.95) indicating that in our conditions the water status
was not limiting for growth. This corresponds with small variation in WC observed in a
collection of 20 accessions (El-Lithy 2004). Significant but very weak correlations were
observed between WC and A , r, FW and PLA at day 8, 27 and 28, whereas the correlation
between WC and plant size on other days was not significant. Because of the low vari-

Days Avg Min Max  Stdev W Table 1 Natural variation and broad-

FW (@) 28 026 0.01 074 012 0eo _ sense heritabilities for growth traits

8 6 1 42 3 028 and growth model parameters. FW:

11 15 3 48 7 052  Fresh Weight of Rosette in gram.

14 36 4 153 16 0.51 PLA: Projected Leaf Area of Rosette

16 61 6 185 29 052  in mm2. Expo2: Growth model us-

18 110 8 362 54 055  ing an exponential function with two

PLA(MM?) 20 188 21 590 91 055  parameters, r (growth rate) and A0

22 314 14 986 153 059 (initial size and magnification factor).

24 495 32 1438 235 062 Days: days after transfer from cold to

25 520 27 1627 257 0681 Climate room. Avg, Min, Max, Stdev:

% 640 40 2041 812 062" Average value, minimum value, max-

z; ;f? 22 zgzz Z?i gjgg imum value and standard deviation

observed for the indicated trait on the

Expo2: 5% 021 Arzz 449 %% indicated date, individual plants are
0.19 0.10 0.31 0.02 0.28

used instead of averages per accession.
H2: Broad-sense heritability
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FW Projected Leaf Area Expo2 WC
28 8 11 14 16 18 20 22 24 25 26 27 28 AO r 24
FW 28 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .006 .010

.000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .031
.000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 107
.000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .321
.000 .000 .000 .000 .000 .000 .000 .000 .000 .000 514
.000 .000 .000 .000 .000 .000 .000 .000 .000 .849
.000 .000 .000 .000 .000 .000 .000 .000 .921

PLA 22 .000 .000 .000 .000 .000 .000 .027 .531
24 .000 .000 .000 .000 .000 .387 210
25 .000 .000 .000 .000 .899 .081
26 .000 .000 .000 .256 .053
27 .000 .000 .025 .045
28 .000 .001 .033
A0 0.28 055 059 060 059 059 054 048 043 038 034 029 .000 .006
Expo2 0.15 -026 -0.32 -032 -0.30 -024 -0.21 -0.12 -0.05 0.01 006 012 0.19 -0.71 .000

WC 24 0.14 -0.12 -0.09 -0.05 -0.04 -0.01 0.01 003 0.7 010 011 011 0.12 -0.15  0.27

Figure 2 Pearson correlations between Fresh Weight of Rosette (FW) at the end of the experiment (day
28), Projected Leaf Area (PLA) over time (day 8 till 28) and parameters T and ‘A of growth model
Expo2. r*-values are given in the left-down part of the figure, whereas corresponding p-values are given
in the right-up part of the figure. Blue and red indicate positive and negative correlations, respectively.
The stronger the intensity of the colour, the stronger the correlation.

ation observed WC did not play a prominent role in determining growth differences in
this experiment. Because PLA of the rosette was on average doubled during the last four
days of the experiment we decided not to correct for the absence of the largest leaf. In the
growth curve of some accessions between day 24 and 25 a dip is observed, however for
many accessions this dip was hardly visible, suggesting a huge compensation investment
in the growth of the remaining leaves. Without correction for the absence of the leaf, the
growth modelling resulted in very reliable curve fits for the Expo2 and Gom, indicating
that growth rate was hardly influenced by the removal of the largest leaf.

Natural variation in bolting time was also observed among the accessions analysed.
Plants that started bolting before the end of the experiment were significantly larger than
vegetative plants. A similar pattern was observed when plants were classified as winter or
summer annuals of which the first require vernalisation to flower. Summer annuals, of
which many flowered at day 28, were significantly larger than winter annuals, of which
none were flowering in our experiment. Winter annuals germinate in autumn and survive
winter as small plants, for which fast growth is not a priority (Gazzani 2003, Grennan
2006). Summer annuals, on the other hand, germinate in spring and have to finish their
life cycle before the dry and hot summer period and fast growth might, therefore, be an
advantage. When grown in optimal growing conditions these properties may result in the
observed differences in size.

Comparison of models to describe early vegetative growth

To be able to quantify the dynamics in rosette growth over time, growth was modelled
using different mathematical functions (Table 2). Determinate growth, i.e. growth that
terminates before the end of the life cycle of an organism, can in many cases be described
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Figure 3 Modelling of growth using three mathematical functions, Expol, Expo2 and Gom (see Table 2
for details). A S-curve as model for determinate growth consisting of three phases: Acceleration phase,
Linear phase and Saturation phase. The S-curve has three characteristic points: The inflection point ‘K’
where the growth changes from increasing to decreasing, the point of maximal acceleration ‘s1” and
the point of maximal deceleration ‘s2’. B Data and curve fits for line CS76226 (Se-0), representative for
the 11% of the plants for which the growth curve reached K. The data were fitted to the three models.
It shows that even if the inflection point ‘K’ is reached, model Expol and Expo2, which both assume
indeterminate growth, resulted in good fits. C. Data and curve fits for line CS76308 (ZdrI2-25), repre-
sentative for 56% of the plants for which the growth curve did not reach ‘sI’ The data were fitted to the
three models. D Zoom of C allowing better comparison of the various models for the time-window of
the experiment.

by a sigmoid function (S-curve). Rosette growth of Arabidopsis is known to be determi-
nate, following such a S-curve (Boyes 2001). S-curves are characterized by an accelerating
phase, a linear phase, and a saturation phase (Figure 3A). Within the linear phase, which
is not really linear, but can be approached by a linear function, the inflection point K’ is
located. At ‘K’ the curve changes from increasing growth to decreasing growth. Near the
end of the acceleration phase, which can be approached by an exponential function, the
point of maximal acceleration ‘s1” is located. Near the beginning of the saturation phase
the point of maximal deceleration ‘s2’ is reached and, thereafter, the growth gradually
stops and the final rosette size A__ "’ is reached. Determinate growth was modelled using
the Gompertz function (Gom), which results in an S-curve (Gompertz 1825, Winsor
1932), (Table 2). This function is a slightly modified form of the basic logistic function,
which was first described by Pierre Verhulst in 1838 (Verhulst 1838). The modifications
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Table 2 Mathematical functions used to model growth and their properties

Model Formula Description parameters Remarks
Expo PLA = e™* r: Growth rate Ao=1
Expo2 PLA = A, * ™t Ao: Initial size ?0 is also a magnification
r: Growth rate actor
Amax: Final rosette size Limits used for fitting of
Gompertz PLA = Apa* e b: Position along time-axis data:

r: Growth rate at inflection point K Amax = 20000, b=60

of the basic logistic function change this basic symmetric growth curve into an asym-
metric one. The Gompertz function used here contains three parameters: ‘A__ the final
rosette size; ‘b’ that determines the position of the curve along the time-axis; and ‘v’ that
determines the growth rate at the inflection point ‘K’ (Table 2). The combination of these
three parameters determines on which day ‘s1’, ‘s2” and ‘K’ are reached. As we investigated
the growth curves fitted with Gom, none of the plants in this experiment reached ‘A_ "’
and only 4% reached ‘s2” within the window of the experiment. Even ‘K’ and ‘s1” were not
reached by the majority of the plants: for 89% of the plants ‘K’ was not reached before day
28 and for 57% of the plants ‘s1’ was not reached before day 28. This means that for most
plants the collected data points are located in the accelerating phase and the beginning
of the linear phase of the growth curve, implying that the plants did not yet enter the
saturation phase. This was expected for the plants that did not bolt yet, but for the 30% of
the plants that were bolting on the last day it was expected that they would have reached
at least the saturation phase, because earlier studies reported that Arabidopsis rosettes
reach the final size when they start to flower (Boyes 2001). Because most plants were
in the acceleration phase even on the last day of the experiment, the growth was not
only modelled with the Gompertz curve that describes determinate growth, but also
with models that describe indeterminate growth, e.g. exponential growth. The simplest
indeterminate growth model used was based on an exponential function (Expol) with
one parameter 1, which represents the growth rate (Table 2). This model assumes that
the growth rate is equal during the whole growth period and that the initial size (A)) is
1 (Table 2). Exponential growth was also modelled with a function (Expo2) with two
parameters, growth rate r’ and the initial size (A ) (Table 2). A does not only represent
the starting value it is also a magnification factor. This means that for two plants with
equal T’ and a factor two difference in A , plant size is also a factor two different during
the whole experiment. To illustrate the use of the three models, data from two plants
that showed determinate and indeterminate growth were used for curve-fitting (Figure
3 BCD). The plant with determinate growth is representative for 11% of the plants in
which growth reached ‘K’ within the course of the experiment (Figure 3B). The plant with
indeterminate growth is representative for the 56% of the plants for which growth did not
reach ‘s1” within the course of the experiment (Figure 3CD).
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For each model the goodness-of-fit was evaluated (Figure 4). As expected, r*> was on av-
erage higher when more parameters were introduced into the model . Expo1 predictions
were in general too low at small PLA and too high at large PLA (Figure 4), which indicates
that this model is too simplistic. Interestingly, the differences in goodness-of-fit between
Expo2 and Gom were not large, emphasizing that most plants in this experiment do not
reach K and that growth rate thus does not decrease significantly during the duration of
the experiment. So, for most plants in this experiment, determinate growth cannot be
concluded from the PLA data collected. This was supported by the smaller confidence
intervals for the parameters of Expo2 compared to the parameters of Gom. Especially for
A__very large confidence intervals were observed. Based on Figure 4, the confidence
intervals and the principle of parsimony, stating that the simplest of two competing
models is to be preferred, Expo2 was chosen to be used in the GWA analyses. This model
is counter-intuitive because it describes indeterminate growth, while it is known that the
Arabidopsis rosette follows determinate growth (Leister et al., 1999). In this case a model
describing determinate growth, like the Gompertz function, results in parameters that
are more informative (or speculative) for growth outside than inside the experimental
window. Growth models that describe an S-curve always contain a parameter represent-
ing the final rosette size and the other parameters that are estimated are dependent on
that parameter. In our case, Gom, which describes an S-curve, would have functioned
as a (not very reliable) predictive model instead of a descriptive model as was aimed for.
If curve fitting using the growth model results in reliable fits, as it did for most plants in
this experiment, it allows for comparison of plants which differ in developmental timing,
growth rate and plant size. However, this comparison only leads to valuable insight if the
right model is chosen. Conclusions based on a non-optimal model, should be interpreted
carefully as they easily can become very speculative (Tessmer et al., 2013).

Quantification of growth dynamics by exponential growth model parameters

Moderate to high heritabilities was observed for the growth parameters estimated by
Expo2 (Table 1), indicating that these growth characteristics are determined partly by
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the genotype. The parameter v’ of Expo2 is weakly correlated with plant size in week 2
and week 3, but no correlation was observed with plant size at the end of the experiment
(Figure 2). This indicates that the growth characteristic represented by this parameter
goes beyond simple information about plant size. The model assumes a certain growth
pattern and, given the parameters, the model describes how this growth exactly takes
place. So the mathematical function used in the model expresses the overall shape of
the growth curve shared by all the data. The details of the growth curve, determined for
each individual plant, are described by a specific set of model parameters. Parameter ‘A ;
which represents the initial size of the plant is positively correlated with plant size in week
2, 3 and 4. This is in accordance with the observation that the size of the plant at different
time-points is highly correlated throughout the whole experiment. Natural variation is
observed for seed size and seed germination (Schmuths 2006, Vallejo 2010, Herridge
2011) and these traits have also been determined for the accessions used in this exper-
iment (Joosen 2013). Correlation between A and PLA determined in this experiment
and the seed traits reported by of Joosen et al. (2013) is limited: only weak (r* between
0.1 and 0.3) but significant correlations were found for seed size (dry and imbibed), but
not for germination traits. The environment in which the parental plant matures has a
large impact on seed weight and germination rate (Elwell 2011), and therefore differences
between seed batches are expected. Thus, germination rate could have influenced plant
size in our experiment although no correlation was found between seed germination
traits measured in Joosen et al. (2013) and PLA and A determined in this experiment.
A strong negative correlation was found between the two model parameters ‘A’ and r’
(r’=-0.71), which can partly be explained by the fact that a relatively high value for A
(A,>10) was never found in combination with a relatively high r (r>0.20) (Figure S1).
This has to do with the boundaries of the natural variation. Probably, for Arabidopsis, too
fast growing is not favourable in nature and therefore gene combinations that would lead
to both a large A and a large value for r, and hence would result in enormous plants, are
not selected for. In addition, enormous plants are probably also physically not possible.
Taking all these correlations into account it can be concluded that determination of
growth over time and subsequent modelling of growth results in the quantification of
growth dynamics that gives insight into the growth patterns that could not have been
obtained from single-time-point measurements.

Added value of dynamic growth modelling in GWA mapping

To identify the genetic basis of growth GWA mapping was performed on PLA data (12
different dates), FW data (end point) and on the parameters derived from the selected
growth model Expo2 (Figure 5). Parameters of models with fits of r*<0.9 (11 out of 965)
were excluded to avoid bias in detected associations due to outliers created by poor
fits. PLA, FW and model parameters were mapped as independent traits, even though
they display co-variance. The two parameters of Expo2, 1" and ‘A’ were also mapped
simultaneously using a Multi Trait Mixed Model (MTMM) approach, which takes cova-
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Position (Mb)

Figure 5 Genome wide association mapping of FW, PLA and parameters of growth model Expo2. Uni-
variate GWA analyses were performed for all traits, in addition the model parameters " and ‘A’ were
also analysed together in an MTMM-GWA approach. Manhattan plot of the —log(p) marker-trait asso-
ciation for FW, PLA and model parameters of Expo2 is shown. PLA on the different days are represented
by one value, for each SNP only the -log(p) value of the day with the highest association is plotted.
Univariate analyses of T and ‘A’ and the MTMM analyses of ‘A’ and ‘r’ jointly are also represented by
one value, for each SNP only the -log(p) value of the analysis with the highest association is plotted. The
total number of tested SNP markers was 214K, but only the ca. 10K SNPs with —-log10(P)>2 are plotted.
Dotted line indicates the arbitrary threshold of -log(p)=5.

riance of parameters into account (Korte 2012). In total 26 SNPs were highly associated
(-log(p)>5) with one or more of the traits. One of these SNPs was associated with FW, 13
SNPs were associated with PLA and 12 SNPs were associated with the model parameters.
For each of these 26 strongly associated SNPs an association profile was made to identify
whether associations were specific for a trait or time-point or whether they were more
general (Figure 6). SNPs displaying a profile with strong associations for FW and PLA
over time, were not or moderately associated with the Expo2 parameters (Figure 6B). For
example, the association profile of two SNPs at chromosome five at 8.8 Mb, was moderate
to high for PLA at week three and four (-log(p) between 3.88 and 5.11), moderate for FW
(-log(p)=3.85), and low for model parameters (-log(p)<2). This trend was also observed
conversely, although quite some SNPs that were highly associated with model parameters
were also found to be moderately to highly associated with PLA at some time points
(Figure 6). For example, the association profile of the SNP at chromosome three at 1.2
Mb that was high for parameter ‘A’ (-log(p)= 6.15) and for the multi-trait analysis of r’
and ‘A (-log(p)=>5.33) was also high for PLA in the third week (-log(p) between 4.01 and
4.97). Remarkably, SNPs that were highly associated with model parameters were never
associated with FW at day 28. This emphasizes that the model parameters reveal char-
acteristics of growth that would not have been detected if only final plant size data were
considered. Growth modelling, therefore, resulted in the detection of QTLs that would
not have been found otherwise. Nonetheless, GWA mapping of model parameters cannot
replace GWA mapping of plant size data, because both methods resulted in the detection
of unique, highly associated, SNPs. SNPs that were selected because of strong association
with PLA at a specific time point had an association profile for PLA that was relatively
high (-log(p)>2) during the whole course of the experiment. This observation is in ac-
cordance with the significant positive correlation between PLA at different time points
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chromo-  position FW PLA (mm?) Expo2
some (Mb) T8 8 11 14 16 18 20 22 24 25 26 27 28 A, r full
1 24.6 067 325 3.42 3.70 312 2.90 2.76 273 2.22 2.02 160 1.31 1.12 | 6.22 1.81] 596
3 0.6 1.04 1.75 2.38 3.39 3.40 3.14 2.69 2.16 1.81 1.40 1.14 1.04 0.82 | 555 4.91 4.84
3 1.2 1.60 1.48 3.50 4.85 4.97 4.35 401 3.08 293 2.58 2.02 1.83 198 |6.15 2.49 5.33
3 4.4 0.75 0.07 0.26 0.19 0.45 0.18 0.22 0.10 0.10 0.32 0.45 0.64 0.94 3.53 5.61 4.09
3 4.4 0.65 0.08 0.9 0.19 0.54 0.27 0.31 0.17 0.03 0.22 0.34 0.51 0.78 3.64 5.52 4.01
3 7.2 216 039 062 073 0.97 1.30 1.44 1.61 1.73 2.06 2.45 2.68 2.96 0.03 3.24 5.37
4 9.6 071 161 221 2.51 2.09 2.03 1.97 2.12 1.84 155 120 0.97 0.97 5.40 1.16 5.31
5 14.9 2.02 055 2.02 2.87 275 3.34 3.24 3.56 3.11 3.00 1.98 2.05 1.66  5.87 1.55 5.46
5 18.3 1.96 231 4.26 3.22 3.90 4.14 4.05 3.97 3.49 3.49 2.68 248 1.80 | 6.11 3.31 5.23
5 18.3 1.61 2.49 3.20 4.03 3.29 3.64 4.10 3.96 291 3.00 2.45 2.44 210 582 1.79 5.52
5 18.5 0.88 2.60 2.37 2.09 3.13 2.66 2.56 1.93 1.67 1.32 1.00 0.77 0.81  5.06 3.59 4.38
5 19.4 0.08 2.89 3.12 406 220 194 1.64 1.40 1.08 0.88 0.72 0.53 0.40 532 3.23 4.55
1 17.5 363 | 6.10 4.65 4.51 420 3.78 3.99 4.25 3.49 3.72 3.36 3.18 278 2.64 0.40 3.82
1 23.7 436 328 3.83 3.91 4.49 4.69 459 4.64 4.98 434 467 457 518 130 0.35 3.15
1 24.4 222 | 556 4.70 3.80 3.77 4.06 3.34 3.22 3.11 295 2.87 2.66 2.75 2.09 0.44 237
1 24.4 2.06 550 4.76 3.74 3.64 3.59 3.02 2.94 2.73 271 2.62 2.41 2.65 173 0.28 2.19
2 14.6 248 305 517 4.69 4.45 4.24 3.92 3.61 3.04 2.96 3.19 3.21 3.04 1.69 0.17 2.16
3 6.8 437 359 2.80 3.35 4.24 511 4.49 3.63 3.79 3.87 4.18 3.89 446 1.27 0.04 1.49
4 6.5 460 3.45 3.12 4.81 4.23 432 459 555 4.93 475 538 516 572 133 0.17 2.41
4 13.5 423 454 469 445 542 543 521 501 4.84 428 4.05 435 3.69 3.54 0.87 3.31
4 13.5 272 | 610 507 511 6.00 5.60 4.96 4.73 4.72 4.07 3.55 3.54 3.69 2.93 0.67 2.79
5 4.0 3.97 3.60 511 3.48 455 4.12 504 4.52 401 3.98 4.10 3.98 290 2.45 0.71 258
5 8.8 3.85 2.02 2.29 2.16 3.88 4.23 3.90 4.27 439 4.83 4.63 441 511 1.12 0.18 1.80
5 8.8 3.85 2.02 2.29 2.16 3.88 4.23 3.90 4.27 439 4.83 4.63 441 511 1.12 0.18 1.80
5 16.4 515 2.90 2.32 2.10 2.06 2.58 2.73 3.07 3.49 3.08 3.56 3.52 3.63 0.99 0.64 2.34
5 16.6 3.60 2.61 412 516 3.63 3.68 3.51 3.56 3.75 3.84 3.51 3.26 3.02 2.60 0.77 2.33

Figure 6 Association profiles of SNPs that were identified by GWA mapping to be highly associated with
the traits FW, PLA over time and Expo2 model parameters. Each number in the columns with heading
‘FW’ or ‘PLA (mm?)’ represents the association found by univariate GWA mapping of growth trait by
time-point as indicated at the top of the column (FW at day 28 or PLA on one of the indicated days) and
the SNP at position indicated in the first two columns. In the last three columns, with heading ‘Expo2}
the numbers indicate the association found between SNPs and parameters of model Expo2. Columns
with heading ‘Expo2:A " and ‘Expo2:r’ refer to univariate GWA mapping of model parameters ‘A’ and
T’ respectively, and the column with heading ‘Expo2:full’ refers to multivariate GWA mapping of both
growth model parameters. All SNPs with —log(p)>5 for at least one trair are shown. The intensity of
the grey colour corresponds to strength of the association. Accolades indicate that associated SNPs are
located within 10 kb and are considered as one QTL.

throughout the experiment (Figure 2). These data indicate that the growth phenotype of
a plant is the result of the interplay of many different genes and that the composition or
contribution of this set of growth factors will change during the development of the plant.
Some genes only play a role at a specific time point, whereas other more general regula-
tors may have a function in growth for a longer period. Many transcription factor are, for
example, known to be expressed both developmental-time-specific and tissue-specific
(Turnbull 2011), whereas their influence on plant development is visible during several
developmental stages and in other tissues, due to the expression of down-stream targets.
Similarly, levels of phytohormones are tightly regulated over time, whereas prolonged
down-stream effects are often observed (Schachtman 2008). The relative effect size of
these regulators might change over time as a result of the dynamic balance between
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different regulatory components during development. The effect of these general growth
factors will, therefore, only be large enough on specific time periods to be detectable
with GWA mapping. SNPs that were selected because of strong association with PLA ata
specific time point may, therefore, point to genes that play a role at a very specific period
of development, but they may also point to more general regulators. If plant size had
only been measured at one time-point, many of these time-specific associations would
not have passed the threshold, and thus would have been missed. Most striking is the
observation that only one SNP was strongly associated (-log(p)>5) with FW at day 28,
so if growth was only evaluated by end-point FW determination, all except one of the
associations would have been missed. Thus, our analyses, therefore, show that evaluation
of growth over time is more powerful to identify the underlying genetic factors than
the evaluation of growth by end-point measurements. This is especially true when many
small effect genes, whose relative contribution may change over time, are underlying the
trait of interest.

Novel candidate genes for growth dynamics

Because GWA mapping was done in a natural population of accessions with strong LD
decay, causal genes are expected to be located in close proximity of the associated SNPs.
Because the LD decay in Arabidopsis is on average 10kb (Kim 2007) significant SNPs
that were located within this distance from each other were considered to be associated
to the same causal gene. This approach resulted in 11 QTLs for the model parameters and
another 11 QTLs for FW and PLA over time (Figure 6). Genes that were located within
a support interval of 10kb up-stream and down-stream from these QTLs were selected
for further analyses (Table 3). We are aware of the fact that LD decay is not equal along
the whole genome and that the causal gene can, therefore, be located outside the 10 kb
window. However, even in studies of linkage mapping in RIL populations the confirmed
causal genes were in most cases located very close to the associated marker even when
the support interval was large (Price 2006). For QTLs represented by multiple SNPs in
close proximity, the support window was taken 10kb upstream of the first SNP until 10kb
downstream of the last SNP, therefore candidate genes in such QTLs could be located
more than 20 kb apart. For example, the two associated SNPs on chromosome four at
13.5Mb, are located 6,3kb from each other, so candidate genes for this QTL can be located
26,3 kb from each other. Large differences were observed in gene density in the support
windows, ranging from 2 up to 12 genes (Table 3). As expected the number of genes
was in general higher in the support window of QTLs that represent multiple associated
SNPs. In total 97 genes were selected, 41 for QTLs associated with model parameters and
56 for QTLs associated with plant size.

The annotation of the 97 genes within the support windows was analysed and the 17
genes with GO terms ‘developmental processes’ and the 13 genes with GO term ‘tran-
scription’ (TAIR10) were studied in more detail. Both GO terms were not significantly
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Table 3 Information about the support window around the 26 SNPs that are highly associated with the
growth traits (-log(p)>5). The order of SNPs is corresponding with Figure 6 to enable easy comparison
of the data presented. Accolades indicate that associated SNPs are located within 10 kb and can be con-
sidered as one QTL.

max -log(p) # genes Candidate genes
with
chro-  posi- FW within  unknown
mo- tion + 10 kb  biological
some _ (Mb) PLA Expo2 window _ function Code Name + process involved
1 24.6 3.70  6.22 5 3
3 0.6 340 555 5 4

AT3G04460, role in peroxisome formation, mutant embryo-
3 1.2 497 6.15 4 2 PEX12 lethal, RNAi knock down results in slower
development (Fan 2005).
AT3G13540, role in seed coat formation and trichome

3 4.4 0.94 | 5.61 MYB5 morphology, mutation of gene has no effect on
5 0 plant growth (Li 2009)

AT3G13550, mutant embryo-lethal, weak alleles result in
3 44 1075 e CIN4 stunted gromrrtyh (Vogel 1998)

AT3G20550, role in seed germination, mutation of gene results
3 72 2.96 4 2 DAWDLE , in slower gros\]mh and later flowering (I\g/Iorris 2006)
4 9.6 251 5.40 4 1

AT5G37600, role in leaf senescence, knock-down of isoform
5 14.9 3.56 5.87 3 1 GSR1 (AT1G66200) results in reduced biomass

accumulation (Lothier 2011)

5 18.3 426 6.11 2 0
5 18.3 410 5.82 2 1
5 18.5 3.13 5.06 5 3
5 19.4 406 5.32 2 0
1 17.5 6.10 3.82 2
1 23.7 518 3.15 4 0
1 24.4 { 556 237 8 7
1 24.4 550 2.19

AT2G34650, mutant shows abnormal flower development,
2 14.6 517 2.16 3 1 PINOID longer and wider leaves, delayed senescence
(Bennett 1995)

3 6.8 511 149 6 1
4 6.5 572 241 4 2
AT4G26740, role in oil-body breakdown, mutant shows delay in
ATS1 development directly after germination, but no
4 13.5 B 35 effect on biomass was observed later (Poxleitner
12 2 2006)
AT4G26760, post-embryonic root development and axial cell
4 135 610 293 MAP65-2 growth, double mutant with map65-1 (AT5G55230)
’ . . results in retarded growth (Lucas 2011, Lucas
2012)
AT5G12840, overexpression leads to abnormal embryogenesis
NF-YA1 and seed development, as a consequences plants
5 4.0 R 258 6 3 have retarded growth and delayed flowering time
(Mu 2013)
AT5G25380, core cell cycle gene, coordinate cell proliferation
5 8.8 511 1.80 CYCA2-1 and endoduplication, mutant has no
3 0 morphologicalo visual phenotype (Yoshizumi 2006)
8.8 511 1.80 AT5G25390, over-expression leads to smaller plants with higher
: : . SHN3 drought tolerance (Aharoni 2004)
16.4 515 234 3 1
5 16.6 516 2.60 5 2
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overrepresented within the candidate genes (Plant GSEA, (Yi 2013)). Overrepresentation
is not expected for common GO terms, because only one or a few causal genes at most are
expected per QTL and therefore only a limited number of the 97 candidates genes will be
causal. All other genes are presumed to be randomly distributed over GO categories. The
QTL on chromosome four at 13.5Mb illustrates the significance of our findings. This QTL
contains two SNPs that are highly associated with plant size in week two and three and
moderately associated with plant size in week four (Figure 6). A weak association with
these SNPs was also found in the univariate GWA mapping of parameter ‘A0” and the
multivariate analyses of ‘A0 and ‘T’ Within the support interval of this QTL 12 genes are
located of which only two are annotated to be involved in plant development and none
are transcription factors. The first gene, AT4G26760 (MAP65-2) is involved in post-em-
bryonic root development (Lucas 2012) and axial cell growth in hypocotyls (Lucas 2011).
This gene is most closely located to one of the associated SNPs, at only 2.1kb. Double
mutants of this gene and the closest homologue AT5G55230 (MAP65-1) show retarded
growth and therefore AT4G26760 is a strong candidate for the causal gene underlying
this QTL. The second gene, AT4G26740, is only expressed in the embryo and plays a role
in the breakdown of oil-bodies. Directly after germination mutants show delay in growth,
but this does not affect biomass accumulation at later stage and, therefore, this gene is less
likely to be the causal gene. However, a role in natural variation of plant size cannot be
excluded for this gene, because no accessions other than Columbia have been analysed
and redundancy in function may be present (Briggs 2006). Two other genes in the region
encode unknown proteins and the remaining genes play roles in processes that are not
directly linked to biomass accumulation. To confirm that AT4G26760 is responsible for
the observed natural variation in growth, it is needed to perform experiments in which
more accessions than only Columbia are investigated. Exchange of alleles between natural
accessions can be a powerful tool to identify allele specific growth phenotypes. The QTL
on chromosome one at 24.6Mb demonstrates that follow-up research of GWA mapping
is not straight forward. This QTL contains the strongest associated SNP identified in this
experiment (-log(p)=6.22). Strong association was found for univariate GWA mapping
of parameter ‘A0 and the multivariate analyses of ‘A0” and r’ and weak associations were
found with PLA in week two and three. Three genes with unknown function and two
genes related to defence are located in the support interval. Additional information about
gene-expression or the phenotypes of mutant or over-expression lines is needed to be
able to prioritize these genes and finally confirm the causal gene. This is a laborious and
time-consuming process, which is probably the reason why not so many non-obvious
candidates have been confirmed in GWA mapping yet.

Because we noticed a weak relationship between growth rate and flowering time we
screened our candidate gene list also for genes involved in the regulation of flowering.
Only one of the 97 candidate genes was related to flowering time (Table 3). Mutants
of this gene (viz. DAWDLE (AT3G20550))) show delayed flowering and slower growth
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(Morris 2006). This corresponds with our observation that plants that bolted within the
experimental time were larger than the ones that did not yet bolt. DAWDLE stabilises the
hairpin formation of miRNAs (Yu 2008). Three miRNAs influence the expression of FT
and SOC1 (Yamaguchi 2012), two key-players in the flowering time regulatory network
downstream of FLC. The SNP associated with DAWDLE (chr 3, 7.2 Mb) was only iden-
tified in the MTMM analyses of A and r simultaneously, which is probably the reason
that this gene was not identified previously in any RIL or GWA mapping study regarding
flowering time or biomass. (Atwell 2010) found strong association between flowering and
FLC using a natural population of 95 accessions, of which 4 are overlapping with our set,
confirming allelic differences for FLC between natural accessions (Gazzani 2003) (Guo
2012). In our study a weak association (-log(p)=3.19) was found between plant size on
day 27 and a SNP (chr5 pos 95343751) in LD with SNPs in FLC. However, the population
is very diverse and consequently sequence variation for many other flowering time genes
is expected. This might be the reason why the association between FLC and plant size is
not stronger.

For one-third of the genes within the support windows no biological function has been
was annotated (34 genes,TAIR10). GWA mapping is an approach that is not hypothesis
but data driven. It aims to find genes that contribute to the explanation of variation
observed for a trait, without the need to know the pathway or mechanism by which the
phenotype and the genotype are correlated. GWA mapping is a powerful method to find
novel functions for genes, or to identify functions of unknown genes. Unfortunately,
such new functions are hardly reported yet, because most studies that report associations
identified by GWA mapping are not coupled with studies to confirm candidate genes.
Therefore, the attention in GWA mapping studies is biased towards genes for which the
functions are already known and the genes with unknown biological functions are given
less attention. However, in the field of plant sciences, a report of the confirmation of an
unknown gene identified by GWA mapping was recently published (Meijon 2014) and
hopefully many publications will follow soon.

In summary, considering all 97 candidate genes, 11 are annotated to play a role in the
determination of cell number, cell size, seed germination, embryo development, transi-
tion from vegetative to generative stage or senescence. For eight of these genes a mutant
or over-expression phenotype related to growth has been reported. These eight genes are
located in the support window of eight QTLs of which four were associated with model
parameters and four were associated with plant size (details in Table 3). This emphasizes
that mapping of growth model parameters is complementary to the mapping of plant size
data at several time-points separately. For none of the eight candidate growth dynamics
are reported and it is therefore not known whether allelic variants affect growth from
the start, only in a specific developmental stage, or from a specific developmental stage
onwards. Therefore additional temporal growth and gene expression data need to be
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collected to determine whether the candidate genes play a time-specific or a general role
in plant growth regulation. For none of the genes in the support window of the other
thirteen QTLs a mutant or overexpression phenotype related to biomass accumulation
has been reported yet. These findings indicate that the observed associations are likely
to be true positives and that many more genes are involved in growth regulation than is
currently known.

Conclusions

Here, we describe a series of analyses that started with the observation of growth dynam-
ics by automatic imaging and that, by subsequent image analysis, growth modelling and
GWA mapping, resulted in the indication of candidate genes involved in growth regu-
lation. Top-view imaging of Arabidopsis plants in combination with high throughput
image analysis allowed us to follow rosette growth over time in a large and diverse popu-
lation of natural accessions. During the experiment most rosettes were in the acceleration
and linear phase of growth, which could be modelled best by an exponential function
(Expo2) describing indeterminate growth. Modelling ensured proper comparison of the
diverse panel of accessions demonstrating large variety in the rate of development and in
plant size. To identify the genetic basis of growth, GWA mapping was performed on PLA
data (12 different dates) and FW data (end point) and on the parameters derived from
the growth model Expo2. This resulted in the detection of 22 growth QTLs which were
highly associated (-log(p)>5) with the growth traits. Many of these QTLs would not have
been identified if growth had only been evaluated at a single time-point. Eight candidate
genes were identified for which a mutant or overexpression phenotype related to growth
has previously been reported, suggesting that the identified QTLs are true positives.
For some QTLs no obvious candidates were found, opening up the way to identify new
functions for underlying genes or to annotate unknown underlying genes by performing
follow-up experiments.

Materials and Methods

Plant materials

A collection consisting of 324 natural accessions of Arabidopsis thaliana was used to investigate the
growth of rosettes over time. These accessions were selected to capture most of the genetic variation
present within the species. (Li 2010),(Baxter 2010), (Platt 2010). Each accession was genotyped with
approximately 215k SNP markers (Col vs non-Col)(Kim 2007).

Experimental set-up

The PHENOPSIS phenotyping platform was used to perform the experiments (Granier 2006). The
climate conditions within the growth chambers of PHENOPSIS are precisely regulated, preventing
differences in growth because of position in the chamber. The plants were grown in four rounds of
experiments each containing 84 accessions. Each experiment was designed as a randomized complete
block (3 blocks), with four reference accessions grown in each experiment: Col-0 (CS76113), KBS-
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Mac-8 (CS76151), Lillo-1 (CS76167) and Wc-2 (CS28814). Note that the reference accessions (checks)
were used to connect the different experiments as the accessions do not overlap across experiments.
Cylindrical pots (9 cm high, 4.5 cm diameter) filled with a mixture (1 : 1, v : v) of a loamy soil and
organic compost were used and the seeds (at least two per pot) were sown directly on the soil. Cold
treatment (4°C) was given to the seeds and pots directly after sowing. To enable harvesting of the rosettes
within a time-frame of 1.5 hours, the three blocks were transferred from the cold to the growth chamber
(PHENOPSIS, 16h light, 125 umol s'm?, 70% humidity, 20/18°C) on sequential days, four, five, or six
days after sowing. The day the plants were transferred to PHENOPSIS was marked as day one. The water
content of the soil was kept at 0.35 to 0.40 g H,0.g" dry soil by robotic weighing and watering the pots
twice a day. After two weeks the plants were thinned to one plant per pot.

An separate experiment was performed to determine whether the accessions were summer or winter
annuals. All accessions (three replicates) were grown on rockwool blocks in the greenhouse and were
watered regularly. Flowering time of the first replicate of each accessions was recorded. Accessions that
flowered within 75 days were called summer-annuals, accessions that did not flower within this period
were called winter-annuals.

Determination of rosette growth traits

All plants were daily inspected for visible signs of bolting and bolting dates were recorded. At day 24 the
largest leaf of each plant was harvested. The fresh weights (FW) and dry weights (DW) of the leaves were
determined to calculate the water contents (WC) by WC = (FW-DW)/FW. At day 28 the rosettes were
harvested and the fresh weights were determined. Rosette growth was monitored by taking pictures
from above twice a day. These pictures were processed in Image]J using the macros developed for PHE-
NOPSIS. All pictures and the ImageJ] macros are publically available on PHENOPSISDB ((Fabre 2011),
http://bioweb.supagro.inra.fr/phenopsis. The projected leaf area of each plant (PLA) was determined
semi-automatically on the following days: 8, 11, 14, 16, 18, 20, 22, 24, 25, 26, 27 and 28. When more
than one plant was present in a pot before thinning, the largest one close to the middle of the pot
was taken for analysis. For each individual plant the growth, based on PLA, was modelled using three
functions; two functions describing indeterminate growth by an exponential curve, Expol and Expo2,
and one function, describing determinate growth by a S-curve, Gom (Table 2). The optimal parameter
values were estimated using the Growth Fitting Toolbox™ of MATLAB with the following settings;
Expol: optimization algorithm: “Trust-Region, fitting method: Non-linear least square, bounds: r [0,
Inf]; Expo2: optimization algorithm: ‘Trust-region, fitting method: Non-linear least square, bounds:
A, [0,Inf], r[0,Inf]; Gompertz: optimization algorithm: ‘Levenberg-Marquardt; fitting method: robust
linear least square, using bisquare weights, bounds: A [0,20000], b[0,60], r[0,Inf]. Goodness of fit
indicators (SSE, r?, and RMSE) and 95% confidence intervals of the parameters of all three models were
calculated in MATLAB. Based on these data and the principle of parsimony, Expo2 was chosen as best
model and therefore used for further analysis; fits with r<0.9 (11 out of 965) were excluded from further
analysis. The removal of the largest leaf from day 24 onwards was not corrected for when the fresh
weight of the rosette and the model parameters were determined because plants rapidly compensated
for this loss.

Statistical analysis

GWA mapping was performed on the FW at day 28, PLA at days 8, 11, 14, 16, 18, 20, 22, 24, 25, 26,
27 and 28,and the estimated model parameters of Expo2. For all traits, adjusted means were obtained
with GenStat by fitting the following mixed model: . The terms Checks and Accessions within Round
were assumed fixed to obtain Best Linear Unbiased Estimates (BLUE), and all the remaining terms
were considered random effects as they are all essentially different sources of experimental error due to
Round, Blocks within Rounds (and the interaction with check genotypes) and residual variation. The
term Check refers to a factor in which reference accessions Col-0 (CS76113), KBS-Mac-8 (CS76151),
Lillo-1 (CS76167) and, Wc-2 (CS28814). GWA mapping was performed on the predicted means using
the EmmaX software package for R, which is based on (Kang 2010). A mixed model was used that
corrects for population structure, based on the kinship matrix of all SNPs. SNPs with a minor allele
frequency < 0.05 were excluded from the analysis. The parameters ‘A’ and ' of model Expo2 were
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also mapped together using a Multi Trait Mixed Model (MTMM) approach (Korte 2012) (El-Soda
2014). Pearson correlations were used to determine correlations between data series. To calculate the
correlation between traits, the corrected means were used. Broad-sense heritabilities were obtained with
GenStat by fitting the same model as above. This times the terms Check were assumed fixed and all
the remaining terms were considered random effect. Broad sense heritability at the mean level was
calculated as: H>= Vg/ (Vg+Ve/ r), where Vg is the genetic variance and V. is the error variance.

Differences in FW between the rosettes of plants that were bolting at day 28 and plants that were still
vegetative, and between summer and winter annuals were determined using a t-test assuming non equal
variances and a=0.05.

Additional analyses
For each of the candidate genes the annotations and GO terms were retrieved from TAIR10 (arabidop-
sis.org).
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Figure S1: Scatter plot of the Expo2 model parameters ‘A’ and ‘. Area of the bubbles corresponds with
the FW of the rosette at day 28. A Scatter plot containing data of all individual plants in the experiment.

B Zoom as indicated in A.
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Abstract

Large areas of arable land are often confronted with irregular rainfall resulting in limited water
availability for part(s) of the growing seasons, which demands research for drought tolerance
of plants. Natural variation was observed for biomass accumulation upon controlled mod-
erate drought stress in 324 natural accessions of Arabidopsis. Improved performance under
drought stress was correlated with late flowering and vernalization requirement, indicating
overlap in the regulatory networks of flowering time and drought response or correlated
responses of these traits to natural selection. In addition, plant size was negatively correlated
with relative water content (RWC) independent of the absolute water content (WC) indicat-
ing a prominent role for soluble compounds. Growth in control and drought conditions was
determined over time, and modelled by an exponential function. GWA mapping of temporal
plant size data and of model parameters resulted in the detection of six, time-dependent, QTLs
strongly associated with drought. Most QTLs would not have been identified if plant size was
determined at a single time-point. Analysis of earlier reported gene expression changes upon
drought enabled us to identify for each QTL the most likely candidates.

Plant, Cell & Environment, doi:10.1111/pce.12595
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Introduction

Drought is one of the major causes of yield loss in agriculture. Large areas of arable
land are often confronted with irregular rainfall resulting in limited water availability
for part(s) of the growing season. Although in temperate climates drought is often only
moderate, it results in limited crop growth and reduced yields (Skirycz 2011b). In view
of the climate change it is expected that these moderate drought periods will occur more
often resulting in an increasing demand for crops that are tolerant to moderate drought.

For decades breeders have put effort into the development of drought tolerant crops
(Pennisi 2008). This resulted in the development of a limited number of drought tolerant
cultivars, but the mechanism behind this tolerance and the causal genes are in most
cases unknown (Ashraf 2010). In addition, many studies aiming to elucidate the molec-
ular mechanism test for tolerance towards severe drought, in which often plant or crop
survival is scored rather than growth or yield. Expression studies (Harb 2010) and the
analysis of mutants (Skirycz 2011b) both reveal that the responses of Arabidopsis thaliana
to moderate and to severe drought are to a large extent different. When drought occurs,
plants sense it and respond to it in an acute way. Often the growth is highly retarded,
stomata close and the plant is preparing for more severe conditions. Thereafter the plant
is adapting its metabolism to the new situation and as soon as a new steady state is es-
tablished, growth will be (partially) regained (Harb 2010, Skirycz 2011a). In a moderate
drought scenario this new steady state will be obtained fast, whereas upon severe drought
this steady state will be reached much later or not at all.

Arabidopsis thaliana is used as model species to study natural variation in stress respons-
es, because its geographical distribution in combination with local adaptation resulted in
large variation in stress responses among natural accessions (Aguirrezabal 2006, Bouch-
abke 2008). In Arabidopsis, accessions may have adapted to drought in two ways: either
the plant accelerates its life cycle to ensure reproduction before the drought becomes
lethal (drought escape), or the plant optimizes the balance between water uptake and
water-loss (drought avoidance) (Berger 2010, Verslues 2011). The latter strategy may
include expansion of the root system, adjustment of the osmotic potential, or strategic
opening and closing of the stomata (Farooq 2012) (Sanders 2012). Drought avoidance
aims to prevent wilting that may damage the membranes of cells and organelles (Hincha
1987, Chotuj 2014). The result of both adaptation strategies, is similar, viz., reduced
above-ground vegetative growth, due to increased investment in generative tissues or
roots and due to reduced photosynthesis as a consequence of stomatal closure. Similar
strategies are observed in many crops (Farooq 2012), making the translation of findings
from Arabidopsis to crops promising. The occurrence of multiple adaptation mecha-
nisms within one species, each determined by many genes, makes breeding for drought
tolerance a challenge, but if breeders succeed to combine favourable alleles of several
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drought tolerance genes in elite lines, stability of the food production will be increased.

An effective way to elucidate genes underlying complex traits is the use of natural varia-
tion through mapping of these traits in bi-parental, multi-parental or natural populations
(Koornneef 2004, Kover 2009, Korte 2013). However, the use of these resources in the
elucidation of genes involved in drought tolerance is hampered by large environmental
variation due to experimental difficulties in establishing consistent drought conditions,
both in pot and in field experiments. Phenotyping platforms like PHENOPSIS (Granier
2006) and WIWAM (Skirycz 2011b) diminish the unequal drying of the soil by carefully
measuring and adjusting soil water content. These platforms also allow following the
shoot growth response to drought over time by automated imaging of plants, opening up
the possibility to determine the dynamics of the drought response and the unravelling of
the underlying gene network.

Many studies reported natural variation in Arabidopsis upon various degrees of drought
stress (McKay 2003, Aguirrezabal 2006, Bouchabke 2008, Vile 2012, El-Soda 2014), but
only a limited number of accessions has been tested for moderate drought stress (Granier
2006, Clauw 2015). In Arabidopsis the molecular mechanism of moderate drought adap-
tation has been studied using bi-parental populations and, therefore, only a limited part
of the total genetic variation present in this species has yet been investigated (Juenger
2005, Tisné 2010, Schmalenbach 2014). Genome Wide Association (GWA) mapping can
be used to explore much more of the variation in moderate drought adaptation present
in this species and is expected to result in high resolution QTLs that do not require much
further fine-mapping to identify the underpinning genes.

In the current study, the response of 324 natural accessions to moderate drought was
investigated in the PHENOPSIS phenotyping platform. Homogenous and controlled soil
water content was ensured by twice a day weighing and watering of all pots, and top-
view imaging enabled us to follow rosette expansion over time. GWA mapping of rosette
growth-related parameters resulted in the detection of time-dependent QTLs. Likely
candidates could be identified for most QTLs based on previously reported expression
studies.

Results

Reduction of growth upon moderate drought is genotype dependent

To investigate natural variation in rosette growth response to drought, 324 accessions
of Arabidopsis thaliana were grown under control (0.40 g H O g"' soil) and moderate
drought (0.22 g H O g soil) conditions in the PHENOPSIS phenotyping platform (Gra-
nier 2006). Under these moderate drought conditions, water is still available for the plants,
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Time Control Drought
Trait (day) Mean SD H? Mean SD H?
8 6.5 2.79 0.28 6.5 260 049
11 15.3 6.55 0.53 15.3 645 042
14 36.2 16.15 0.52 354 1499  0.54
16 61.2 28.63 0.53 56.6 2647 0.56
18 109.7 53.70 0.56 92.8 4747 053
Projected Leaf 20 188.4 90.86 0.56 1484 7430  0.60
Area (mm2) 22 314.3 152.82  0.60 2351 113.84 058
24 495.4 235.49  0.63 365.6 176.48 0.60
25 519.9 256.64  0.62 3791  182.68 0.64
26 639.6 312.07 063 4645 22306 0.64
27 768.7 36210  0.66 551.7 258.67 0.64
28 911.2 4711 0.71 652.0  298.66  0.67
Exponential Ao 4.69 3.84 0.63 4.25 312 052
function r 0.20 0.02 0.61 0.19 0.02  0.51
FW rosette (g) 28 0.27 0.15 0.70 0.17 0.09  0.68
RWC (g/g) 23 0.32 0.07 0.39 0.77 0.06  0.30

Table 1 Averages, SD, and broad-sense heritabilities (H?) for growth traits (Projected leaf Area (PLA),
Fresh Weight (FW), Relative Water Content (RWC)) of plants on indicated days and growth model
parameters (r (growth rate) and A (initial size)). Time: days after transfer of stratified seeds from cold
to climate room. Drought stress was initiated at day 14. Mean, SD: Overall mean and standard deviation
observed for the indicated trait on the indicated date. Trait values of individual plants, not corrected for
block and round effects, were used to calculate Mean and SD. Drought conditions: n=965 and control
conditions: n=961.

but the amount is limited and identical among pots independently of rosette size and
transpiration. Rosette expansion was monitored over time by top view imaging. Reduced
growth under moderate drought stress resulted in an increasing difference in plant size
between control and drought treated plants during the time-course of the experiment.
Already two days after the start of the drought treatment (day 16), reduction in growth
due to drought resulted in significantly smaller plants compared to control (Table 1).
Finally, biomass was, on average, reduced by 35% upon moderate drought stress (Table
1). However, large variation in plant size was observed among the accessions in control
and drought conditions (Figure 1A). These differences were, for a large part, determined
by the genotype, since moderate to high heritabilities were found for Projected Leaf
Area (PLA) and Fresh Weight of the rosette (FW) in both conditions (Table 1). A strong
positive correlation between control and drought conditions was observed for PLA and
FW (Table 2) and this correlation was strongest at the end of the experiment (r’= 0.79)
and weakest at day 8 (r’=0.58) (Table 2), indicating more variation due to non-genetic
factors at younger age. This was also reflected in the broad sense heritabilities of PLA that
increased over time (Table 1). Variation between accessions was not only observed for
plant size in both conditions, but also for the drought response, ranging from accessions
that had similar growth in control and drought conditions (Figure 2A) to accessions in
which the final rosette size was reduced by more than 50% (Figure 2B). Also variation
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Figure 1 Frequency distribution of rosette Fresh Weight (FW) (A), Relative Water Content (RWC)
(B) and exponential model parameters: growth factor (r) (C) and initial size (A ) (D), in control and
drought stressed plants (324 accessions with 3 replicates in control and in drought conditions).

was observed for the timing of the start of growth reduction upon drought. To compare
the growth response to drought of accessions with such large differences in plant size,
we calculated residuals of a linear regression between plant size in control and drought
conditions. Residuals represent the drought response independent of plant size in control
conditions. Positive residuals indicate a smaller growth reduction than average, whereas
negative residuals indicate a larger growth reduction than average. No correlation was
observed between plant size in control conditions and the residuals confirming indepen-
dency of the two measures.

To quantify the dynamics of rosette expansion over time, growth was modelled using an
exponential function: PLA= A * ¢ (Bac-Molenaar et al., 2015). The exponential func-
tion assumes that plant size (PLA) increases with the same factor (r) during the whole
experiment and in addition, it assumes that plant size during the whole experiment is
determined by an initial value (A ) which acts as a magnification factor in the function.
An exponential growth model was chosen because at the end of the experiment growth
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Figure 2 Growth curves of plants under control and drought stress conditions for two accessions with
opposing growth response to drought. Error bars represent standard deviations of three replicated mea-
surements. A Chat-1, CS28135, an accession that maintained its rosette expansion under drought. B
Lisse, CS76171, an accession that reduced its rosette expansion under drought.

was still in the exponential or linear phase for most accessions and none of them had
reached the final rosette size. The model was very accurate, in 98.5% of the cases a good
fit was obtained (r*>0.9), both under control and drought conditions. As for plant size,
also for these parameters variation between accessions was determined for a large part by
the genotype, corresponding to moderate to high heritabilities (0.51<H?<0.63, Table 1)
(Figure 1CD). Despite this variation in parameters, certain combinations of A and r were
not observed. For example, relatively large values of A (A >11) were never observed in
combination with relatively large values of r (r>0.2). If existing, this combination would
have resulted in extremely fast growing plants. Possibly such growth behaviour is biologi-
cally impossible, or is not favourable in nature and therefore was not found in our natural
population. Comparing the expansion dynamics of control and drought treated plants,
positive correlations were observed for A, and r between control and drought conditions,
which is in accordance with the positive correlation observed between plant size values
in control and drought conditions (Table 2). In summary, growth and growth response to
drought are dynamic traits that are determined for a large part by the genotype.

Changes in Relative Water Content are independent of changes in Water Content

To investigate whether natural variation in plant performance under drought conditions
was related to plant water status, the Relative Water Content (RWC) and Water Con-
tent (WC) of the largest leaf of each plant were determined at day 24. Both parameters
represent different aspects of the water status. WC signifies the actual percentage of
water in the leaf, low WC indicating that leaves start to wilt and metabolic processes
stop, thereby blocking further growth. RWC, on the other hand, compares the actual
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water content with that of a fully rehydrated leaf. Low RWC is obtained for leaves which
contain less water or more soluble compounds or a combination of both. One of the
strategies of a plant to maintain high WC during limited water availability is to increase
the amount of soluble compounds inside the leaf to improve the flux of water to the leaf
and to limit evaporation. No wilting was observed under the applied moderate drought
conditions, which corresponds with a WC of 75% or higher observed for all the plants
in drought conditions (Figure 1B). Lack of wilting confirmed that the aim to impose
moderate instead of severe drought was reached. Variation for WC was limited, 93%
of all plants (including both control and moderate drought treated plants) had levels
between 88% and 93%, indicating that the differences in RWC are for a major part due
to variation in the internal osmotic potential. Variation in RWC was observed between
accessions in both control and drought conditions (Figure 1B). This variation is partly
genotype-dependent, resulting in heritabilities of 0.39 and 0.30 for control and drought
conditions, respectively (Table 1). Interestingly, negative correlations were observed
between the size of the plant and RWC in both conditions (-0.27<r*<-0.48) (Table 2).
The observation that large plants have lower RWC than small plants, but similar WC,
indicates that full-grown leaves of large plants have lower internal osmotic potential at
the end of the day, when the measurements were taken, suggesting a role for soluble
metabolites. To determine the response in RWC upon drought independent of the RWC
in control conditions, the residuals of RWC and plant size were calculated. Residuals of
RWC and plant size were weakly negatively correlated, indicating that changes in RWC
can be for a small part responsible for changes in drought response. The negative correla-
tion indicates that decrease of the internal osmotic potential by accumulation of soluble
metabolites might lead to better plant performance upon drought. Preventing wilting by
the accumulation of soluble metabolites is called osmotic adjustment and is observed in
many species (Hummel 2010, Farooq 2012, Sanders 2012). In conclusion, differences in
soluble metabolites levels between accessions may partly explain the negative correlation
between RWC and plant size, and RWC and drought response.

Early flowering accessions are larger and more drought tolerant

Life history, the timing of developmental events within the life cycle of an organism,
has an influence on many morphological and stress-related traits (Mitchell-Olds 2013,
Huang 2014). Sensitivity towards stresses may differ between developmental phases and
therefore timing of the transition from one developmental phase to another is crucial to
ensure reproductive success. Large differences in flowering time were observed between
the accessions of the natural population used in this experiment, indicating different life
histories (Li 2010). Thirty percent of the accessions are winter annuals that require ver-
nalization to flower. To investigate whether the change from vegetative to reproductive
phase is linked to variation in drought response, the date on which the first visible sign
of this transition, bolting of the inflorescence, was observed was recorded for each plant.
A significant difference was observed in plant size between early bolting and late bolting
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Figure 3 Comparison between plants that were and that were not bolting at day 28. A Comparison based
on fresh weight (FW) of the rosette B Comparison based on the residuals. In A, individual plants were
compared whereas in B the residuals were calculated based on the adjusted means per accession. Resid-
uals are taken from a linear regression between the predicted means in control and drought conditions.
individuals long before the first accessions started bolting (from day 11 onwards). Bolting
or flowering plants had larger rosettes than vegetative plants after 28 days in both control
and drought conditions (Figure 3A). Moreover, the drought response, represented by the
residuals of FW, was opposite in the two bolting time classes (Figure 4B). Early bolting
accessions performed better than average upon drought, whereas late bolting accessions
performed worse than average. A similar trend was observed when the same comparisons
were done between winter and summer annuals. Summer annuals that flowered in the
greenhouse within 75 days, were larger at any time point from day 11 onwards and more
drought tolerant. Our observations indicate that drought response depends both on life
history and on plant size. Because also a link was observed between life history and plant
size, it is difficult to relate a specific drought response to either of the two plant traits,
because it is hard to distinguish cause from consequence.

GWA mapping of drought response reveals strongly associated QTLs

Because the variation in FW, PLA over time, RWC and model parameters is dependent
on the genotype, GWA mapping was used to identify genomic regions associated with
these traits. Twenty-one strongly associated SNPs (-log(p)>5.5) were detected (Table 3).
SNPs in linkage disequilibrium (LD, r*>0.4) were considered to associate with the same
causal genes and were therefore assigned to the same QTL, resulting in fifteen unique
QTLs. Six QTLs were associated with model parameters in control conditions (Figure
4A) and three QTLs with FW and PLA in control conditions (Figure 4D). An extensive
discussion of these control-QTLs can be found in Bac-Molenaar et al, 2015. Three QTLs
were associated with FW and PLA in drought conditions (Figure 4E) and another three
with the corresponding residuals (Figure 4F). No strong associations were identified for
the model parameters in drought conditions and the corresponding residuals (Figure
4B and 4C), for RWC in control or drought conditions, or the corresponding residuals
(Figure 4G, 3H and 3I). Between 6% and 9% of the total phenotypic variance could be ex-
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Figure 4 Manhattan plots representing the associations between SNP-markers and several traits in
control and drought conditions and the corresponding residuals, representing the drought response
independent of the trait value in control conditions. For clarity, traits were grouped: model parameters
‘AO' and T’ were taken together, and FW on day 28 is grouped with PLA on day 8,11, 14, 16, 18, 20, 22,
24, 25, 26, 27 and 28. In each group, for each SNP, only the -log(p)-value with the highest association
is plotted. Each chromosome is represented by a different colour. ABC GWA mapping of exponential
model parameters control (A) and drought (B) conditions and the corresponding residuals (C) DEF
GWA mapping of Fresh Weight (FW) and Projected Leaf Area (PLA) in control (D) and drought (E)
conditions and the corresponding residuals (F) GHI GWA mapping of Relative Water Content (RWC)
in control (G) and drought (H) treated plants and the corresponding residuals (I). Horizontal dotted
line represents the significance threshold of -log(p-value)=5.5. QTLs are indicated with arrows. The
total number of tested SNP markers was 214K, but only SNPs with —log10(P)>3 were plotted.

plained by each SNP (Table 3). This percentage was in the same range for SNPs associated
with traits in control and drought conditions. These percentages emphasize that biomass
accumulation is a complex trait, which is regulated by many small effect genes both in
control and drought conditions.

To visualise the association pattern of the identified SNPs over time a heat map was
constructed (Figure 5). SNPs identified to be associated with PLA on a specific day were,
in all cases, also moderately (-log(p-value)>2) associated with PLA on other days. This
suggests that the underlying causal genes play a role in determining plant size during
the whole experiment, but that the effects of these genes on the phenotype are changing
over time. Time-dependent QTLs were identified for control and drought conditions
and the corresponding residuals. QTLs that were strongly associated with plant size in
control conditions were moderately associated with plant size in drought conditions and
vice versa, indicating overlap in the network of genes that regulate plant size in both
conditions. Hardly any coincidence was observed between the QTLs detected for the re-
siduals of plant size and the QTLs detected for plant size in control or drought conditions,
emphasizing that the residuals represent the response of the plant to drought, indepen-
dent of plant size in control conditions. The residuals are therefore a good measure to
identify genes specifically affecting the drought response. In control conditions, strong
associations were observed for the two model parameters ‘A’ and r. QTL C6, which was
strongly associated with A, was also moderately associated with PLA over time. These
associations follow the observed correlation between those traits (Table 2). QTLs C1 to
C5 were strongly associated with parameter ‘r, but not or only weakly associated with
plant size traits, indicating that growth modelling is able to identify growth-related genes
that would not have been identified if only plant size data were used for mapping.

Selection of candidate genes for drought-QTLs

In our search for genes that could be causal for the observed QTLs, the support window
of each QTL was determined (Table 3). For each of the strongly associated SNPs detected
by GWA, the SNPs in LD (r?>0.4) were determined. The support window was defined as
the region between the first and last SNP in LD. Large differences were observed in the
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Figure 5 Heat map of the QTLs detected by GWA mapping of PLA over time and FW in control and
drought conditions and the corresponding residuals. QTLs labels (Control: C1- C9 and drought: D1-
D6) refer to the QTL positions as depicted in Figure 4. Colour indicates association between the QTL in-
dicated in the first column and the trait indicated above the column. Intensity of the colour corresponds
with strength of association as indicated by the colour scale.

number of linked SNPs varying from two to 458. This variation indicates that the LD
decay is varying between genomic regions and that, therefore, the resolution of the GWA
mapping is different for various genomic regions. The number of candidate genes located
in the support window was also counted. In general, the number of candidate genes was
correlated with the size of the support window, but because the gene density is not equal
along the chromosomes, support windows with similar size sometimes had more than
two-fold difference in number of candidate genes (compare QTLs C1 and C6 or QTLs
C9 and D2, Table 3). For nine of the fifteen QTLs, very high resolution of mapping was
reached, with ten or less genes located in the support windows. Such a low number of
candidate genes ensures that fine-mapping is not needed and functional analyses of genes
can be the immediate next step.

For the six drought-QTLs, the resolution of the GWA mapping was high for QTL D2, D3
and D5 and lower for QTL D1, D4 and D6. Depending on the mapping resolution of the
drought-QTLs, all or a limited number of candidate genes were studied in detail. For the
QTLs with lower resolution, genes were prioritized based on reported expression studies
(Table S1 (Huang 2008, Harb 2010, Baerenfaller 2012, Des Marais 2012).
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Chro- SNP pag?ndzlers FW + PLA Minor Pher?otypic LD up- LD down- #genesin
mo-  position allele variance #SNPs stream  stream support
QTL some  (Mb) C D res C D res frequency explained inLD (kb (kb) window
c1 1 23.56 6.1 2.4 0.05 7.53 22 -5 +7 7
c2 1 29.35 5.5 28 29 441 0.05 6.89 149 -46 +83 32
c3 3 4.42 5.8 0.18 7.49 5 -0 +12 5
C3 3 4.42 5.7 0.18 7.46 7 -0 +12
c4 4 10.24 5.8 0.05 6.99 134 -86 +99 55
c5 4 17.33 6.2 0.06 7.80 5 -6 +4 4
C6 5 18.29 6.2 34 43 24 0.09 7.87 6 -1 +11 2
c7 1 24.35 2.7 20 57 3.7 0.19 6.96 44 -15 +11 9
c7 1 24.36 2.4 56 3.0 0.20 6.91 4 -8 +7
[of:] 4 6.48 6.0 34 0.46 6.84 8 -0 +1 2
c9 4 13.48 46 3.7 5.6 3.1 0.20 7.65 a7 -57 +30 22
c9 4 13.49 3.8 34 6.8 4.0 0.30 8.58 12 -24 +11
D1 2 14.38 33 57 0.13 7.44 243 -92 +102 135
D1 2 14.46 21 21 3.5 5.7 2.1 0.06 8.48 343 -278 +106
D2 3 15.43 26 37 20 29 56 28 0.38 7.05 290 -67 +23 10
D3 5 18.35 3.7 29 4.0 6.3 2.1 0.42 7.95 3 -0 +0 1
D4 3 5.72 6.1 0.05 7.35 98 77 +98 53
D5 5 1.18 5.5 0.46 6.53 2 0 +0 1
D6 5 6.55 5.6 0.08 6.06 458 -175 +673
D6 5 6.55 5.6 0.08 6.06 406 -139 +651 237
D6 5 6.56 5.6 0.08 6.01 400 -183 +670

Table 3 Significant associations and corresponding QTLs detected by GWA mapping of PLA, FW and
model parameters of control and drought treated plants. Only SNPs that were strongly associated (-log
(p-value)>5.5) with at least one trait are displayed. Bold indicates significant SNPs (-log(p-value>5.5),
no value indicates no association (-log(p-value)<2). QTLs labels (Control: C1- C9 and drought: D1-D6)
refer to the QTL positions as depicted in Figure 4.

For two high-resolution drought-QTLs, D3 and D5, only one candidate gene was iden-
tified. For drought-QTL D3, the associated SNP detected in the GWA analysis and the
three SNPs in LD were all located in an intron of PAEI1 (AT5G45280), a pectin acetyl
esterase (Table S1). For this gene, a functional analysis has not been performed yet, but
mutants of two functional homologs, PAE8 (AT4G19420) and PAE9 (AT5G23870), were
studied in more detail. Mutants have higher acetate content of the cell walls and reduced
inflorescence height, indicating that removal of acetate from pectin compounds in the cell
wall is needed for normal growth (de Souza 2014). Interestingly, this gene is found to be
down-regulated upon moderate drought in two expression studies (Table S1) (Harb 2010,
Des Marais 2012). The gene is also differentially expressed upon severe drought, but two
studies reveal opposing directions of change (Table S1) (Huang 2008, Harb 2010). For the
other single candidate drought-QTL, D5, the associated SNP and one of the two linked
SNPs were located in the 5’"UTR of AT5G04250. The other linked SNP was located in the
promoter region of the same gene. AT5G04250 is a member of the cysteine proteinases
superfamily, but no detailed functional analysis has been performed on this gene. It was
found to be up-regulated upon moderate drought in summer annuals (Des Marais 2012)
and in the Col accession upon severe drought (Harb 2010) (Table S1). For nine out of the
ten genes located in the support window of the other high resolution drought-QTL, D2,
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it is unknown in which biological process they are involved. The tenth gene, AT3G43550,
is annotated to be involved in lipid metabolism, but detailed functional analysis of this
gene is also not reported yet. None of these ten have been reported to be differentially
expressed upon moderate drought, but two genes with unknown function, AT3G43520
and AT3G43540, were differentially expressed upon severe drought (Harb 2010).

Drought-QTLs D1, D4 and D6 were located in genomic regions with slower linkage
decay and therefore larger support windows were observed. Genes within these regions
were considered more likely candidates when they were differentially expressed in at least
three of five expression studies (Table S1) (Huang 2008, Harb 2010, Baerenfaller 2012,
Des Marais 2012, Clauw 2015). For D1, three of the 135 genes in the support window
were considered more likely to be causal. AT2G33590 was up-regulated upon severe
drought (@stergaard 2001, Huang 2008, Harb 2010) and ABA treatment (Nemhauser
2006) (Table S1). However, this gene was significantly down-regulated in winter annuals
upon moderate drought stress (Des Marais 2012) (Table S1). Similar expression patterns
were observed for AT2G33770, also located in the support window of drought-QTL D1,
which is also up-regulated upon severe drought and down-regulated upon moderate
drought in summer annuals (Table S1). These data suggest that both genes may play a
different role in moderate and severe drought responses. Expression levels of the third
candidate gene of drought-QTL D1 were inconsistent between expression studies. Upon
moderate drought both up- and down-regulation is observed, whereas severe drought
and ABA treatment consistently results in down-regulation (Table S1). For the other two
drought-QTLs with large support windows, four out of 53 genes were likely candidates
for D4 and nine out of 237 genes were likely candidates for D6. All but one of those pri-
oritized genes were consistently up- or down regulated in the response to severe drought,
indicating that the drought treatments given by Harb et al. (2010) and Huang et al. (2008)
resulted in similar drought responses. However, the three moderate drought expression
studies (Harb 2010, Baerenfaller 2012, Des Marais 2012) show inconsistency in the re-
sponse of the more likely candidates to moderate drought stress. Differences in up- and
down-regulation between the different studies indicate that moderate drought may lead
to diverse stress responses. However, when a gene is differentially expressed upon drought
in several experiments, whether up or down, it suggests that it is part of the network that
is responding to drought. It might be that the balance between the genes in the network
is changing when drought level is increasing or the drought period is prolonged. Whether
the observed expression changes upon drought lead to drought adaptation or resistance
is not known yet for any of the likely candidates. In general, for the candidate genes for
which expression is induced or reduced by ABA treatment, expression change with the
same sign is observed in the severe drought treatment, indicating a profound role of ABA
in severe drought responses, as was suggested earlier (Gosti 1995, Nakashima 2014).
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In conclusion, GWA mapping is a powerful tool to identify genomic regions associated
with drought response and plant size upon drought treatment. The investigation of
drought response over time was crucial for the successful identification of most of the
observed QTLs, because they would not have been identified if plant size was only deter-
mined on a single time point. Size of the support window was varying, resulting in one
to 237 candidate genes per QTL. Analysis of gene annotation and previously reported
expression data allowed us to select the more likely candidates for each QTL. Differences
were observed in the direction of the expression change of likely candidates between
moderate and severe drought treatments and even between independent moderate
drought treatments indicating that drought responses are complex and may vary upon
changes in severity and length of the drought period.

Discussion

In this study we determined the response to stable moderate drought stress in a large
number of natural accessions of Arabidopsis. Rosette expansion was determined over
time enabling us to add a time-dimension to the GWA mapping. Six time-dependent
drought-QTLs were identified and likely candidate genes, explaining part of the observed
variation, were identified based on previously reported expression changes upon drought.
Interesting correlations were observed between plant size and RWC, and plant size and
flowering time. Both correlations suggest overlap in regulatory networks of both traits or
correlated selection of two traits in the same environments.

Mapping of drought adaptation over time leads to time-dependent QTLs

Already two days after the start of the drought treatment (day 16) significant differences
were observed in plant size between control and drought treated plants. This indicates
that drought is already sensed when the level of stress is still very mild and water is still
available. Adjustment of growth upon the sensing of the stress was a gradual process since
no temporary strong inhibition with subsequent regain of growth was observed for any
accession. Temporary strong growth inhibition was reported in many species (Skirycz
2010), but regain of growth can be very fast (Veselov 2002) and therefore will only be
visible in experiments with higher time resolution. The gradual reduction in plant size
upon moderate drought allowed us to model the growth in control and drought stress
conditions with the same exponential equation, allowing comparison of the parameters
between the two conditions.

GWA mapping of model parameters resulted in strong associations for the control
conditions, but no strong associations were detected for the drought conditions or the
corresponding residuals. In both conditions, more than 40% of the variation in the pa-
rameters could be explained by the genotype (H*>0.5). Detection of strong associations
can be hampered by, amongst other factors, epistatic interactions and the absence of
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causal genes with moderate to large allelic effects. However, many moderate associations
explaining less than 8% of the phenotypic variation were observed for the model param-
eters in drought conditions and the residuals, indicating that lowering of the threshold
might lead to the identification of genes with small allelic effects.

GWA mapping of temporal plant size data resulted in the detection of six time-dependent
drought-QTLs. Time-dependency is probably a consequence of genotypic differences for
both the timing of the start of growth inhibition and the level of growth inhibition. For
example, for some accessions the plant size reduction at the end of the experiments was
very similar, whereas the timing of the start of the growth retardation was not equal.
The time-dependent QTLs were strongly associated with plant size on one specific day,
whereas on the other days only moderate or weak associations were observed. This sug-
gests that the underlying genes contribute to the phenotype on multiple days, but that the
contribution is highest on the day for which the strong association was observed. Wheth-
er the causal gene is expressed on multiple days and whether the causal proteins are active
on multiple days cannot be concluded from the data. We suggest four scenario’s. First,
the causal gene is highest expressed on the day that the strongest association is observed
but is not zero on the other days. Second, the causal gene is constantly expressed over a
longer period, but protein activity is changing over time due to difference in protein deg-
radation and post-translational modifications. Third, the causal gene is expressed during
a specific time-period, but protein degradation is slow and therefore the effect of the gene
on the phenotype is observed also when the causal gene is no longer expressed. Fourth,
the causal gene is expressed during a specific time-period, but downstream effects will
contribute to the phenotype even when the causal gene is not expressed anymore. Only
the first two scenarios can explain the association pattern of QTLs with strongest associa-
tions at the middle or end of the experiment and weaker associations on earlier days, like
drought-QTL D1I. In all four scenarios it is expected that overexpression or mutation of
the causal gene has influence on the drought response on multiple days.

Time-dependency of the QTLs emphasizes that measuring growth over time is to be
preferred over single time point measurements, because most QTLs would have been
missed if plant size had only been determined on one specific day.

Most candidates were not annotated to be involved in drought response regulation

For each drought-QTL it was determined whether genes in the support window were re-
ported to be differentially expressed upon moderate and/or severe drought (Huang 2008,
Harb 2010, Baerenfaller 2012, Des Marais 2012, Clauw 2015). If differential expression
was observed in three or more independent experiments a gene was labelled ‘more likely’
(Table S1). This approach resulted in the selection of genes with several functions. Some
functions could be easily connected with drought. In the support window of drought-
QTL D6 four more likely candidates were involved in sugar metabolism. These genes
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were also reported to be differentially expressed upon other abiotic stresses (Dejardin
1999, Jayashree 2008, Li 2009, Maruyama 2009). Increase of soluble sugars is associated
with drought tolerance in several species (Mohammadkhani 2008, Loukehaich 2012, Re-
dillas 2012). Several of the more likely candidates were not only differentially expressed
upon drought, but also upon ABA treatment (Nemhauser 2006). Drought response is
tightly connected with ABA concentration, since this hormone regulates the opening and
closing of the stomata (Schroeder 2001). However, drought response is also partly regu-
lated in an ABA-independent manner (Gosti 1995). An ethylene response factor (ERF72)
was identified for drought-QTL D4. Several other ERFs were reported to be involved
in drought tolerance in Arabidopsis (Cheng 2013, Licausi 2013) and other species (Joo
2013, Rong 2014). Some of these ERFs are called drought responsive element binding
(DREB) factors and DREBs are central in the regulation of the ABA independent drought
response (Nakashima 2014). In addition to genes with known function, also genes of
which the biological function is not known yet were identified as likely candidates based
on expression patterns. For example, the function of one of the three likely candidates
in the support window of drought-QTL D1, AT2G34510 is not known yet, but it was
reported that this gene is differentially expressed upon ABA and drought treatment. This
shows that GWA mapping does not only confirm the presence of allelic differences in
genes known to be involved in drought tolerance, but that this method also identifies
QTLs of which the causal gene is not annotated yet to be involved in drought tolerance.
For drought-QTL D2 none of the ten genes in the support window could be selected as
more likely candidate. Because the environmental conditions and the timing of harvest
were different between the expression experiments, genes that respond to drought for
a longer time or in several developmental stages have a higher chance to be labelled
‘more likely’ candidates. In addition, causal genes of which the non-Col allele is drought
responsive, but the Col-0 allele is not, could only be observed as differentially expressed
in the studies of Des Marais et al. (2012) and of Clauw et al. (2015), since the other studies
investigated only the Col-0 accession. These can be reasons why for drought-QTL D2 no
likely candidate could be selected.

Recently, a study was published that describes GWA mapping of severe drought respons-
es in the same population (El-Soda 2014). In this study not any strong association was
detected and none of the moderate associations reported coincided with the strong as-
sociations observed in the present study. This suggests that severe and moderate drought
are regulated differently as also concluded from the comparison of mutant behaviour
(Skirycz 2011b) and gene expression (Harb 2010). Both breeders and researchers should
be aware of these differences, especially in the translation of findings from one experi-
ment to another.
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Carbon availability, RWC and plant size are linked

In both control and drought conditions variation was observed between accessions
for rosette FW and RWC (Figure 2). On average smaller plants with lower RWC were
observed upon moderate drought. When trait values observed in control and drought
stress conditions were compared, a positive correlation was observed for both traits.
This correlation was very strong (r’=0.8) for rosette FW, but moderate (r*=0.4) for RWC
(Table 2). In a study of 24 accessions in control and mild drought stress conditions, also
positive correlations were observed between trait values obtained in control and drought
conditions for plant size and RWC, and also in this study the correlation for plant size
was much higher than for RWC (Bouchabke 2008). However, when FW and RWC were
correlated with each other in either condition, we observed a moderate negative cor-
relation whereas Bouchabke et al. (2008) did not observe any correlation. Absence of
correlation can be due to small sample size or due to differences in growing conditions
that influence growth severely, like length of light-period or light intensity. In our exper-
iment, the variation in RWC was independent of variation in WC and therefore mainly
caused by differences in metabolite content. In a study of osmotic adjustment upon salt
stress and drought in cereals, also low relative water content was observed for turgid
leaves, but only for stressed and not for control leaves (Boyer 2008). Because we observe
a negative correlation between RWC and FW, independent of the growth conditions, os-
motic adjustment is probably not the main cause. We propose that differences in carbon
availability are underlying this negative correlation, because in a study of 95 accessions
grown in non-stress conditions, a negative correlation was observed between biomass
and starch content at the end of the day (Sulpice 2009). Less starch, but more growth,
means probably that a smaller fraction of the glucose produced through photosynthesis
is converted to starch and therefore more glucose and other simple carbohydrates are
available as energy source in glycolysis during the day. Simple carbohydrates influence the
osmotic potential much more than starch, therefore it is expected that plants with higher
carbon availability will have a lower RWC independent of the conditions in which they
were grown. These observations do not allow conclusions on the causality of processes; it
is open whether plant size influences RWC or vice versa.

A weak negative correlation was observed between the residuals of FW and the residuals
of RWC indicating that plants that perform well under drought have relatively larger
reduction in RWC upon drought (Table 2). Similarly, a weak negative correlation was
observed when the residuals are calculated using the plant size and RWC data of 24 acces-
sions in control and mild drought stress conditions reported by Bouchabke et al. (2008).
This suggests that drought tolerance can be partly explained by changes in the content
of soluble metabolites. Soluble sugars and potassium content are reported to increase
upon drought. Higher soluble sugar content is a consequence of reduced growth, but
maintained photosynthetic activity (Hummel 2010). Changes in soluble metabolite con-
tent can only explain a part of the variation in drought response, because the observed
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correlation between the residuals of FW and RWC was weak.

Flowering time, plant size and drought response are linked

In both control and drought stress conditions it was observed that early flowering plants
were larger than late flowering plants form day 11 onwards. In addition early flowering
plants performed on average better upon drought stress than late flowering plants (Figure
3). This suggests a genetic relationship between plant size, drought response and flower-
ing time, but we did not find any flowering time gene in the support window of any of
the control- or drought-QTLs identified by GWA mapping. However, a SNP in LD with
the well-known flowering time gene FLC was moderately associated with plant size in
drought conditions (-log(p)=4.96) possibly indicating a weak role for this gene in the
regulation of growth upon drought. Such a genetic relationship is supported by findings
in several studies of drought responses in different set of genetic plant material. In two
RIL populations (Ler x An-1, (Tisné 2010) and Sha x Col (El-Soda 2014)) colocation of
flowering time and drought-QTLs was observed. Further research of near isogenic lines
of the three QTLs detected in the Ler x An-1 population confirmed that late flowering
plants were more drought tolerant, because of better adaptation to the drought over time
(Schmalenbach 2014). In two other RIL populations (Ler x Cvi (Juenger 2005) and Kas-1
x Tsu-1(McKay 2008)) and also in 39 natural accessions (McKay 2003), late flowering was
connected to high water use efficiency (WUE) and therefore to good performance upon
drought. In drought conditions, plants with higher WUE are expected to perform better
than plants with low WUE, but in control conditions the opposite is true. In a set of 35
genetically modified Arabidopsis thaliana lines impaired in

different functional pathways including carbohydrate metabolism, circadian clock, sig-
nalling or hormonal status, individual leaf area of early flowering genotypes was more
affected by drought than late flowering ones (Massonnet 2015). In our experiment late
flowering accessions were smaller than early flowering ones, independent of the con-
ditions. In addition, considering the drought response independent of the plant size in
control conditions using the residuals, late flowering was connected with poor perfor-
mance upon drought which is the opposite of other findings in the same species. This
discrepancy could be due to the different experimental procedures used in the different
studies. In the present study, we compared leaf growth and its response to a moderate
and stable soil water deficit imposed soon after germination until day 28. This means that
drought response was compared at same date for all accessions. In other studies, drought
treatment was imposed until flowering for all genotypes and revealed compensation in
the leaf growth response to drought with a lengthening of the duration of the vegetative
phase in late flowering genotypes (Schmalenbach et al. 2014; Massonnet et al. 2015).
However, both our mapping results (moderate association) and the mapping results
of McKay et al (2008) suggest FLC as one of the regulators of differences in drought
response. Associations between flowering time and plant performance upon drought
have also been reported in various crops (Sadras 2009, Tuberosa 2012). All mentioned
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observations can be explained as pleiotropic effects of flowering time genes, but they can
also be the consequence of correlated responses of several traits to selection. In nature in
many locations early flowering accessions germinate in spring and flower in summer. For
plants with such a short lifecycle fast growth is favourable. Drought is mostly experienced
in summer and therefore local adaptation would lead to correlated responses of early
flowering, fast growth and drought tolerance to selection. Differences in flowering time
can, however, only explain a part of the differences observed in plant size and drought
response, indicating that many other processes besides flowering time have impact on
these traits.

Conclusion

Large natural variation was observed for biomass accumulation upon moderate drought.
GWA mapping resulted in the detection of six strong drought-QTLs. These QTLs were
time-dependent due to variation between accessions for the timing of the start of the
drought response and the magnitude of the response. For five of the six drought-QTLs
most likely candidates could be selected based on previously reported expression chang-
es. For many candidate genes their function in drought response was described, but for
some their suggested role in drought response is unknown. GWA mapping is therefore
a method that not only detects allelic differences in known drought response genes, but
is also able to identify allelic differences in unknown drought-related genes, opening up
new avenues for research on drought tolerance. Plant size was correlated to flowering
time and RWC, indicating overlap in regulatory networks or correlated responses of
these traits to selection.

Materials and Methods

Plant materials

A collection consisting of 324 natural accessions of Arabidopsis thaliana was used to investigate growth
of the rosette over time in control and moderate drought stress conditions.These accessions were select-
ed to capture most of the genetic variation present within the species. (Baxter 2010, Li 2010, Platt 2010).
Each accession has been genotyped with approximately 215k SNP markers (Col vs non-Col)(Kim 2007,
Atwell 2010).

Experimental set-up

The PHENOPSIS phenotyping platform was used to perform the experiments (Granier 2006). The
climate conditions within the growth chambers of PHENOPSIS are precisely regulated, preventing
difference in growth because of position in the chamber. The plants were grown in four rounds of
experiments each containing 84 accessions. Four of these accessions were reference accessions that
were grown in each round (Col-0, CS76113; KBS-Mac-8, CS76151; Lillo-1, CS76167; Wc-2, CS28814).
Note that the reference accessions (checks) were used to connect the different experiments as all of
the other accessions were only grown in one experiment. Each experiment contained 3 completely
randomised blocks and all 84 accessions were present in each block in two replicates, one replicate was
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given sufficient water and one replicate was given a moderate drought treatment. Cylindrical pots (9
cm high, 4.5 cm diameter) filled with a mixture (1 : 1, v : v) of a loamy soil and organic compost were
used and the seeds were sown directly on the soil. These pots contained holes to guarantee equal soil
drying throughout the whole pot (Granier 2006). At the start of the experiment the perforated pots were
place in cover pots to minimize fluctuation in water content. Cold treatment (4°C) was given to the pots
directly after sowing. To avoid too much difference in harvesting time of the rosette, the three blocks
were transferred from the cold to the climate room (PHENOPSIS, 16h light, 125 umol m? s, 70% air
humidity, 20/18°C air temperature during day and night respectively) on sequential days, four, five or six
days after sowing. The day the plants were transferred to PHENOPSIS was marked as day zero. The first
four days the pots were sprayed with water. Thereafter each pot was weighed and adjusted to the desired
soil water content twice a day. The first 2 weeks all pots were adjusted to 0.35-0.40 g H,O g" soil and on
day 15 the plants were thinned to one plant per pot. Thereafter the pots that received control treatment
were adjusted to 0.40 g H,0 g”* soil until harvest, but watering was stopped for the pots that received the
drought treatment and the cover pots were removed. If the soil water content of the drought treated pots
reached 0.22 g H,O g soil the cover pot was placed back and the pot was kept at this new soil water
content until the end of the experiment.

A separate experiment was performed to determine whether the accessions were summer or winter
annuals. All accessions (three replicates) were grown on rockwool blocks in the greenhouse (long sum-
mer days and 70% air humidity) and were watered regularly. Flowering time of the first replicate of each
accession was recorded. Accessions that flowered within 75 days were classified as summer-annuals,
whereas accessions that did not flower within this period were classified as winter-annuals.

Determination of growth and water status

All plants were daily inspected for visible signs of bolting and bolting dates were recorded. At day 24,
the largest leaf of each plant was harvested. Directly after harvest the leaf was weighed to determine the
fresh weight (FW). Thereafter the leaf was put with its petiole in water and after 24 h at 4°C the leaf was
weighed to determine the turgid weight (TW). Subsequently, the leaf was dried at 65°C for at least 48
hrs and weighed to determine the dry weight (DW). Water content (WC) was calculated by WC = (FW-
DW)/FW and the relative water content (RWC) by RWC= (FW-DW)/(TW-DW). At day 28, the rosette
of each plant was harvested and the rosette FW was determined. Growth was monitored by taking
pictures twice a day. These pictures were processed in Image] using the macros developed for PHEN-
OPSIS. All pictures and the Image] macros are publically available on PHENOPSISDB ((Fabre 2011),
http://bioweb.supagro.inra.fr/phenopsis). The projected leaf area of each plant (PLA) was determined
semi-automatically on the following days: 8, 11, 14, 16, 18, 20, 22, 24, 25, 26, 27 and 28. When more
than one plant was present in a pot before thinning, the largest one close to the middle of the pot was
taken for analysis. For each individual plant the growth dynamics, based on PLA, was modelled with an
exponential function (PLA= A * ¢™) in which PLA represents the Projected Leaf Area, A represent the
initial size and this parameter is also a magnification factor, r represents the growth rate and t represents
the time after transfer to the PHENOPSIS climate chamber. The optimal parameter values were estimat-
ed using the Growth Fitting Toolbox™ of MATLAB with the following settings; optimization algorithm:
“Trust-region, fitting method: Non-linear least square, bounds: A [0,Inf], r[0,Inf]. The removal of the
largest leaf from day 24 onwards was not corrected for when the fresh weight of the rosette and the
model parameters were determined because plants rapidly compensated for this loss.

Statistical analysis

GWA mapping was performed on the rosette FW and RWC at day 28, PLA at days 8, 11, 14, 16, 18, 20,
22, 24, 25, 26, 27 and 28, the estimated model parameters and the corresponding residuals of a linear
regression between trait values in control and drought conditions. Residuals represent the drought
response independent of plant size in control conditions. Model parameters from curve fits with r?<0.9
were not taken into account. For all traits, adjusted means were obtained with GenStat by fitting the
following mixed model: Trait (FW,PLA or model parameters) = u + Treatment + Accession(Round
x Treatment) + Round + Block(Round) + Round x Check + Block(Round) x Accession + error. The
terms Treatment and Accessions within Round and Treatment were assumed fixed to obtain Best Linear
Unbiased Estimates (BLUE), and all the remaining terms were considered random effects as they are all
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essentially different sources of experimental error due to Round, Blocks within Rounds (and the interac-
tion with check genotypes) and residual variation. The term Check refers to a factor in which reference
accessions were distinguished from the rest. All other terms are used as defined in the experimental
set-up. GWA mapping was performed on the adjusted means (log-transformed) and the corresponding
residuals using the EmmaX software package for R, which is based on (Kang 2010). A mixed model was
used that corrects for population structure, based on the kinship matrix of all SNPs. SNPs with a minor
allele frequency < 0.05 were excluded from the analysis. Pearson correlations were used to determine
correlations between data series. To calculate the correlation between traits, the adjusted means (derived
from log-transformed data) were used. Broad-sense heritabilities were obtained with GenStat by fitting
the following mixed model separately to the data of control and drought treated plants: g + Acces-
sion(Round) + Round + Block(Round) + Round x Check + error. All terms were considered random
effects. Broad sense heritability at the mean level was calculated as: H>= V /(V_+V /r), where V _is the
; : . ; . - . g g e g
genetic variance and V, is the residual variance.Differences in FW between the rosettes of plants that
were bolting at day 28 and plants that were still vegetative, and between summer and winter annuals
were determined using a t-test assuming non equal variances and a=0.05.
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Supplementary data

Table S2 Likely candidate genes per drought-QTL. We indicate whether the candidate gene was found
to be up- or down-regulated in the mentioned expression studies or upon ABA treatment. mDr = mod-
erate drought, sevDr = severe drought, d1 = 1 day treatment, d10 = 10 days treatment, Summer = sum-
mer annuals, Winter = winter annuals.
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Abstract

To study the regulation of biomass accumulation across a range of different environments,
rosette fresh weight (FW) data of 350 natural accessions of Arabidopsis thaliana grown
in 25 different environments were analysed jointly. Large variation in biomass accumu-
lation was observed between accessions and environments. Only weak and moderate
correlations were observed between FW data in the different environments suggesting
an important role for Genotype-by-Environment (GxE) interactions. Multi-environment
Genome Wide Association (GWA) mapping resulted in the detection of 64 independent
loci, with significant effects in 7 to 16 environments. These strong QTLs were predom-
inantly main effect QTLs but also significant but weaker QTL-by-environment (QxE)
effects were identified. Twelve candidate genes involved in the regulation of flowering
time, starch metabolism, and leaf size were located in close proximity of the strong
QTLs. In addition, three candidate genes reported to be involved in fitness trade-offs,
were identified in proximity of QTLs with significant QxE effect. Whole genome pre-
diction was performed with the strong QTLs as well as with the combination of strong
and weak QTLs. The first prediction could explain less of the total genetic variance per
environment than the latter (21%-57% and 26%-96%, respectively). Correlations be-
tween the environments based on the first prediction were moderate to high, whereas the
correlations based on the second prediction were predominantly weak and reflected the
correlations based on the phenotypic data. From the comparison between observations
on the phenotypic level with both predictions we conclude that GXE plays an important
role in biomass accumulation, but only a small part can be explained by the QxE effects of
the strong QTLs. Rather, GXE is mainly based on small QxE effects of weak QTLs.
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Introduction

Phenotypic plasticity, the ability to sense changes in the environment and respond to
them, is observed in all plant species. Because plants are sessile, phenotypic plasticity is
crucial to survive harsh conditions. In wild plant species plasticity is larger than in crop
species as a consequence of the domestication process (Bohnert 1995, Des Marais 2013).
In Arabidopsis thaliana, for example, large differences are observed in the phenotypic
plasticity of natural accessions for biomass accumulation under optimal and biotic or
abiotic stress conditions (Bouchabke 2008, Lisec 2008, Chardon 2010, Jha 2010, Todesco
2010). These differences, which might be the result of local adaptation, are the basis of
QTL and Genome Wide Association (GWA) mapping studies searching for biomass
accumulation and stress tolerance genes.

When plants sense changes in their environment, usually their growth rate changes.
Biomass accumulation is therefore a trait that is less stable over environments than
other traits, such as the number of leaves or flowering time (Koornneef 2004). Biomass
accumulation is a complex trait determined by many genes with often small allelic effects
that can work synergistically or antagonistically. It is of great interest to know whether
the allelic effects of these genes are similar in all environments or that a specific effect is
observed in one environment only or in a number of related environments. Alleles with
a biomass enhancing effect in multiple environments are of special interest for transla-
tional research. In crops, QTLs (and underlying genes) for which QTL by environment
interactions (QxE) play a minor role in the determination of biomass accumulation, are
of interest in breeding programs aiming at the development of cultivars with stable bio-
mass production in multiple environments (Chaib 2006, Collins 2008). To identify these
‘stable’ or ‘constitutive’ Quantitative Trait Loci (QTLs) (Lempe 2013), a good estimation
of the QxE effect is crucial (Des Marais 2013, Malosetti 2013, El-Soda 2014b).

To effectively use natural variation in the search for genes that determine plant biomass
in different environments, large investments in the phenotyping of populations in dif-
ferent locations and climates are a prerequisite. To detect the relevant QTLs, acquired
phenotyping data can be analysed with several statistical methods, which can be grouped
in three classes. The most basic type of analysis is to perform univariate mapping for each
environment separately (Hittalmani 2003, Li 2007, El-Soda 2014b, Norton 2014). This
approach does not allow to test for the effect of the same marker in all environments but
it allows to separate between environment specific and constitutive QTLs. Another type
of analysis is univariate mapping of parameters that summarise genotypic trait responses
across environments, such as principal components or regression parameters (Malosetti
2013). The most advanced analysis is multi-environment QTL or GWA mapping, which
jointly analyses the data collected in all environments (Korte 2012, Segura 2012, Alimi
2013, El-Soda 2014a). This method has the power to detect QTLs by a general model
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with separate effects per environment, and also permits testing for main effects and QxE
effects. In addition, the information about the marker effect in each environment and the
test for QxE give valuable information about the selection pressure in nature leading to
local adaptation and adaptive plasticity of genotypes (Via 1995).

In the search for genes that determine vegetative plant biomass in a wide variety of
environments, natural variation in rosette biomass was determined in 25 different
environments. Differential adaptation of accessions to the environments (GxE) was
observed. Joint analysis of the data by multi-environment GWA mapping resulted in the
detection of many constitutive QTLs with significant effect in several environments. For
most QTLs the same allele was associated with better performance in all environments.
Whole genome prediction (WGP) revealed that differential adaptation of accessions can
be explained by QxE interactions. Limited QxE was observed for strong QTLs. Most of
the GxE could be explained by the moderate and weak QTLs with small QxE effects.

Results

Variation observed between accessions within and between environments

Rosette biomass was determined under 25 different conditions (environments) defined
by differences in growth location (climate room or greenhouse), substrate, daylight dura-
tion, intensity of light, relative humidity, and day and night temperature. In addition, in
some environments the plants were exposed to abiotic stresses, such as drought, N or P
deficiency and osmotic stress (PEG8000 or NaCl) (details in Table S1). Large differences
were observed between mean rosette fresh weight (FW) in the different environments
(Table 1). As expected, plants grown in environments with no stress (identified as ‘con-
trol’) were, on average, larger than plants that were exposed to abiotic stresses (Table 1).
Environment 20_Control was the non-stress environment with lowest mean FW, which
can partially be explained by the short day length (8 hours)(Sulpice 2014). Plants were
relatively large in four stress environments, 4_Pdef, 5_Salt, 11_Ndef and 12_Drought,
pointing to relatively favourable conditions despite the stress. The large range in mean
FW indicates that the environmental conditions in which plants were grown had a large
impact on plant performance. For most environments, heritabilities (H?) ranged from
0.40 to 0.85 indicating that a substantial part of the observed phenotypic variation in ro-
sette biomass within an environment could be explained by genotypic differences (Table
1). The lowest heritability (H*= 0.24) was observed for environment 19_Pdef, resulting
from both lower genetic variance and high residual variance. No relationship was found
between mean FW and H?, indicating that the amount of variation between genotypes is
not dependent on the overall performance in an environment.
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Table 1. Estimates of mean FW (log(g/rosette)), standard deviation (log(g/rosette)), number of repli-
cates, genetic variance (Vg, (log(g/rosette))?), residual variance (V,, (log(g/rosette))?) and heritability
(H?) of rosette FW in 25 environments. In addition, genetic variance explained by whole genome pre-
dictions (WGP) with only strong or with strong and weak associations. Environment labels reflect the
ranking (based on mean FW) by the prefix number, plus a short reference to the stress/treatment in that
environment (details in Table S1).

Explained genetic

variance by WGP

mean FW SD Number of Weak +

Environment (log(g)) (log(g)) replicates V, Ve H®>  Strong Strong
1_Control 0.04 0.15 3 0.019 0.010 0.85 0.57 0.60
2_Control -0.11 0.16 3 0.013 0.024 0.62 0.47 0.78
3_Control -0.16 0.20 1 * * * 0.24 0.26
4_Pdef -0.20 0.24 1 * * * 0.25 0.28
5_Control -0.20 0.14 3 0.009 0.033 0.44 0.30 0.88
6_Control -0.21 0.13 2 0.010 0.014 0.59 0.47 0.78
7_Control -0.32 0.14 4 0.008 0.042 0.45 0.35 0.55
8_Control -0.39 0.12 3 0.012 0.009 0.80 0.55 0.61
9_Control -0.44 0.15 3 0.014 0.022 0.65 0.38 0.81
10_Control -0.45 0.16 1° * * * 0.36 0.86
11_Ndef -0.49 0.13 3 0.012 0.015 0.70 0.51 0.71
12_Drought -0.50 0.22 3 0.025 0.060 0.56 0.30 0.74
13_Salt -0.52 0.18 3 0.014 0.050 0.45 0.33 0.39
14_Control -0.59 0.21 2° 0.031 0.027 0.70 0.42 0.90
15_Salt -0.61 0.24 3 0.021 0.076 0.46 0.29 0.58
16_Control -0.65 0.20 3 0.030 0.026 0.78 0.52 0.52
17_Control -0.65 0.25 3 0.026 0.072 0.52 0.21 0.92
18_Ndef -0.66 0.10 3 0.008 0.008 0.74 0.54 0.49
19 _Pdef -0.74 0.17 4 0.006 0.082 0.24 0.27 0.93
20_Control -0.76 0.14 6 0.101 0.164 0.79 0.33 0.95
21 Drought -0.83 0.20 3 0.028 0.026 0.76 0.48 0.55
22 _Pdef -0.87 0.13 3 0.009 0.021 0.55 0.36 0.96
23_Drought -0.99 0.21 6 0.035 0.051 0.80 0.26 0.72
24 Pdef -1.24 0.18 2 0.014 0.035 0.44 0.28 0.73
25_PEG -1.29 0.15 1° * * * 0.29 0.52

?pool of 3
plants

To explore differential genotypic responses across environments, correlations between
environments for rosette FW were calculated (Figure 1A). Most environments showed
weak to moderate positive and significant correlations, but also weak, non-significant,
correlations between environments were observed. The lack of strong correlations indi-
cates differential adaptation of accessions to the environments, suggesting that genotype
by environment (GxE) interactions play an important role in the determination of FW.
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Figure 1 Pearson correlations for the 25 environments based on A phenotypic observations (BLUES of
FW), B whole genome prediction (WPG) of the strongest 64 QTLs C. whole genome prediction with
weak and strong QTLs. Environments are ordered on basis of the mean FW (Table 1). Colour corre-
sponds with correlation according to the colour legend.

Observed correlations between environments did not necessarily agree with a priori
expectations, for example control environments or environments with a similar stress
like drought and osmotic stress were not always significantly correlated. On the other
hand, significant correlations were found between environments that were expected to be
different due to differences in growth conditions. For example, environment 2_Control
and 8_Ndef are strongly correlated although the growth location (greenhouse vs climate
room), the growth medium (sand vs rockwool), and some other growth condition pa-
rameters were different. This indicates the presence of an environmental factor crucial
for biomass accumulation that was not monitored, but that was equal in the correlated
environments. This is supported by the observation that, in most cases, experiments that
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were grown in the same room and at the same time correlated positively, even when
both experiments were grown under contrasting conditions (e.g. control versus stress);
examples are 8_Control and 18_Ndef, 9_Control and 22_Pdef , and 16_Control and
21_Drought. FW data collected in the 25 different environments were also compared
using an Additive Main Effects and Multiplicative Interaction (AMMI) model (Table S2)
to estimate how much of the total variance could by explained by the genotypes (G), the
environments (E) and the interaction between the two (GxE). The GxE interaction could
explain more of the total variance than the genotypes (G) emphasizing the important role
of GxE in FW determination. The AMMI model was also used to investigate the structure
of the GxE interaction by determining interaction principal components (IPCA). Each of
the first five IPCAs explained between 7% and 15% of the GxE (Table S2), suggesting that
the GXE component has a complex structure that probably is mediated by many QTLs
with QxE effects.

Multi-environment GWAS detects constitutive QTLs

In the search for genes that determine plant size in multiple environments, rosette
biomass data of all the accessions grown in the 25 environments were used to perform
multi-environment GWA mapping. The multi-environment GWA analysis resulted in
the detection of 106 strongly associated SNPs (threshold -log(p) > 10, Figure 2A) lo-
cated on different chromosomes. The arbitrary threshold of —-log(p)=10 was set to focus
on the SNPs with the largest explained variance and corresponding causal genes with
large effects. The strongly associated SNPs were sometimes located in close proximity
suggesting they are linked to the same causal SNP. Therefore 64 independent QTLs were
selected corresponding to 64 SNPs that were located at least 10 kb from each other.
Because QxE interactions were expected based on the analysis of the phenotypic data,
the model used to perform the multi-environment GWA mapping allowed the marker
effect to be different for each SNP in each environment. For all strongly associated SNPs
large differences in marker effect were observed between environments (Figure 2B). The
associated SNPs had a significant effect in on average 11 environments, ranging from 7
to 16 environments (Figure 2C), and therefore were called constitutive QTLs. Opposing
marker effects were rare; for only five SNPs the direction of the effect was, in one or
two environments, opposite from the direction in the majority of environments. For all
other SNPs the same allele was associated with better performance in all environments.
For each of the strongly associated SNPs the marker effect was split in a main and a
QxE effect. For all these SNPs the main effect was larger than the QxE effect although
significant QxE effects (-log(p) > 3) were observed for 20 of the 106 SNPs, representing
15 of the 64 independent QTLs.
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Figure 2 Multi-environment GWA analysis. A Manhattan plot of the -log(p) marker-multi-environ-
ment associations. Only the SNPs with -log(p)>5 are plotted. Each chromosome is represented by a
different colour. Threshold of -log(p)=10 is indicated with a horizontal red line. B Heatmap of the effect
(t-value = marker effect/standard error) of all 106 significant SNPs (-log(p)>10) in the 25 environments.
Colors correspond with t-value according to the color legend. Environments are ordered on basis of the
mean FW (Table 1). C Frequency distribution of the number of environments in which an associated
SNP had a significant marker effect( |t| > 2).

121



Chapter 6

Whole genome predictions reveals importance of small effect QTLs in explana-
tion of GxE interactions

Whole-genome prediction (WGP, (de los Campos 2013)) was performed to evaluate how
much of the genetic variation estimated from the observation at the phenotypic level
could be explained by the effects of the strong QTLs. WGP results in a predicted value for
each accessions in each environment. WGP with the strong QTLs could explain between
21% and 57% of the total genetic variance per environment (Table 1). Moderate to very
strong correlations were detected between predicted phenotypes in almost all environ-
ments (Figure 1B). These correlations correspond with the observation that the main
effect was prominent for all strong QTLs. Only the environments 3_Control, 4_Pdef,
17_Control and 23_Drought were not strongly correlated to any other environment. In
those environments the genetic variance that could be explained by the strong QTLs was
also low (Table 1, below 30%) suggesting that different QTLs not detected in our analysis
determine large part of the biomass accumulation in those environments. Comparison of
the correlations between environments based on the predicted values obtained by WGP
with strong QTLs (Figure 1B) and based on the phenotypic data (Figure 1A) reveals that
most of the GXE observed at the phenotypic level cannot be explained by QxE effects
of the strong associations. WGP was also performed with all SNPs (weak and strong)
that had a significant effect in at least 1 environment. WGP with weak and strong QTLs
could explain between 26% and 96% of the genetic variance per environment (Table 1).
The high explained genetic variance observed for most environments shows that the
multi-environment GWAS approach is able to detect most of the G and GxE effects pres-
ent in this data set. This corresponds with the similarities that were observed between
the correlation pattern of phenotypes predicted with weak and strong QTLs (Figure 1C)
and the correlation pattern based on the phenotypic data (Figure 1A). The low explained
genetic variance observed for some environments is due to non-additive effects that were
not considered in this approach, like epistasis. Also low frequency markers (<5%) were
not included in this approach.

Results were obtained on three levels: the phenotypic level, the level of the WGP with
strong QTLs and the level of the WGP with the combination of weak and strong QTLs.
Comparison of the three levels results in interesting conclusions about the importance
of GxE in biomass accumulation. From the observations at the phenotypic level is was
concluded that GxE interactions are important (Figure 1A) and that the GxE structure
is complex (Table S2). Surprisingly, many strong QTLs detected by multi-environment
GWA mapping did not have significant QxE effects. WGP confirmed that most of GxE
interactions could not be explained by the QxE effects of the strong QTLs and that the
QxE effects of the weak QTLs contributed more to the explanation of the GxE interac-
tions. Combining the observations at the three levels, we conclude that large effect QTLs
with large QxE effects were not observed. The observed GxE is, therefore, probably, a
consequence of many moderate and weak effect QTLs with small QxE effects.
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Table 2 Candidate genes located in close proximity (<32 kb) of SNPs detected by multi-environment
GWAS. Candidate genes are observed in four categories: Flowering time related, starch metabolism, leaf
size control and fitness trade-off.

Flowering time

Gene Abbreviation Name

AT3G02380 COL2
AT3G25730 EDF3
AT3G44460 DPBF2
AT3G62090 PIL2;PIF6
AT4G14110 COP9

CONSTANS-like 2 (Ledger 2001)

ETHYLENE RESPONSE DNA BINDING FACTOR 3 (Matias-Hernandez 2014)
Basic-leucine zipper (bZIP) transcription factor family protein (Bensmihen 2005)
PHYTOCHROME-INTERACTING FACTOR 6, (Yamashino 2003)
CONSTITUTIVE PHOTOMORPHOGENIC 9 (Wang 2003)

AT5G10140 FLC FLOWERING LOCUS C (Michaels 1999)
AT5G13480 FY mMRNA processing factor (Simpson 2003)
AT5G13790 AGL15 AGAMOUS-like 15 (Fernandez 2000)
AT5G46210 CUL4 culling (Chen 2006)

Leaf size control

AT5G13060

ABAP1

Starch metabolism

ARMADILLO BTB PROTEIN 1

Masuda 2008

AT1G10760 SEX1 STARCH EXCESS 1 (Yu 2001)
AT3G52180 SEX4 STARCH EXCESS 4 (Kotting 2009)
Fitness trade-off

AT3G07040 RPM1 RESISTANCE TO P. SYRINGAE PV MACULICOLA 1 (Tian 2003)

AT4G14400 ACD6
AT5G19473  RIN family

ACCUMULATED CELL DEATH 6 (Todesco 2010)

RPM1-interacting protein 4 family protein (Afzal 2011)

Candidate genes related to flowering time, starch metabolism, leaf size and fitness
trade-off

Growth is a complex trait that results from several biological processes, and regulation
may occur at different levels. Therefore genes causal for the observed QTLs will probably
be part of various regulatory networks. Life history, the timing of the developmental pro-
cesses within the life cycle, partially determines the size of a plant (Mitchell-Olds 1996,
Melzer 2008). Flowering time, for example, is one of the most prominent differences in
the life history of Arabidopsis accessions with a large effect on biomass. When flowering
starts, the investment in the growth of the rosette will decrease and resources will be al-
located to the inflorescence, the flowers, and the seeds. Therefore, many studies observed
that changes in flowering time result in changes in biomass of the rosette (Alonso-Blanco
1999, Salehi 2005, Wu 2006). Nine genes, reported to be involved in flowering time
regulation (Chen 2012), were observed in close proximity of the 106 SNPs significantly
associated with growth (Table 2). Among these genes is FLOWERING LOCUS C (FLC,
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AT5G10140) (Michaels 1999) and one of its repressors (FY, AT5G13480)(Simpson
2003). Also starch has a central position in the regulation of plant growth (Sulpice 2009).
Developmental progress is often changed in mutants impaired in starch metabolism,
suggesting that natural variation in those genes could also result in changes in plant
size (Streb 2012). Two genes involved in starch metabolism (STARCH EXCESS 1, SEX1,
AT1G10760, (Yu 2001), STARCH EXCESS 4, SEX4, AT3G52180, (Kétting 2009)) were
observed in close proximity of the associated SNPs (Table 2). Both genes are involved in
starch degradation and mutation results in increased starch accumulation (Yu 2001, Kot-
ting 2009). Finally, changes in leaf size, as consequence of changes in cell number and/or
cell size, will in many cases result in a change of total vegetative biomass (Gonzalez 2012).
In search for biomass-enhancing genes, (Gonzalez 2009) listed all leaf size control genes
that are reported to lead to vegetative biomass, when over-expressed or mutated. One of
these biomass enhancing genes, ARMADILLO BTB PROTEIN 1 (ABAPI1, AT5G13060)
was located in close proximity (<20Kb) of one of the associated SNPs (Table 2). ABAPI
participates in a negative feedback loop regulating mitotic DNA replication during leaf
development and mutation of ABAPI results in increased cell division rates (Masuda
2008).

Genes representing biological trade-offs, with some alleles being favourable in some
environments but unfavourable in other environments, are prime candidates to underlie
QTLs with significant QxE effects. The SNP with the largest QxE effect (-log(p) = 5.5) was
found within 20Kb from ACCELERATED CELL DEATH 6 (ACD6, AT4G14400). Large
differences in marker effect between environments were observed for this SNP. A very
strong negative effect of the Col-0 allele was observed in environment 1_Control (t-value
= -6.16), whereas a non-significant effect (t-value = 0.99) was observed for 17_Control.
Some natural alleles of this ACD6 are known to cause early senescence resulting in a
reduction in biomass. The same alleles improve the resistance to Pseudomonas syringae
by higher accumulation of SA (salicylic acid) suggesting a fitness trade-off between the
environments (Todesco 2010). Another gene in close proximity of a SNPs with signifi-
cant QxE effect (-log(p)= 3.3) is disease resistance protein RPM1 (AT3G07040). Natural
variation in resistance against P. syringae could be explained by the absence or presence
of expression of this gene and was independent of expression changes in the salicylic acid
pathway (Tian 2003). Plants that expressed RPM1 had a lower biomass, again suggesting
a fitness trade-off. In addition, a protein reported to interact with RPM1 (RIN4 family,
AT5G19473 , (Afzal 2011)) was observed within 20Kb of another SNP with significant
QxE effect (-log(p) = 3.2).These results suggest that alleles of ACD6 and RPM1 influence
growth positively or negatively depending on the abiotic growth conditions.

The candidate genes discussed above correspond to 15 of the 64 independent QTLs. The
fact that only a fourth of the QTLs associated with growth could be associated with genes
with a known function related to growth, is an indication that growth and development
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of the rosette of Arabidopsis is not yet fully understood at the molecular level. Further ex-
ploration of the QTLs without obvious candidates would be of great interest, because that
could result in the identification of new genes regulating plant growth without current
functional annotation or could identify new functions (in growth) for genes currently
known to be involved in different biological processes.

Discussion

This study shows that, although biomass is influenced by almost all environmental
conditions, we were able to identify QTLs that determine vegetative biomass in a range
of different environments. Interestingly, for most QTLs the same allele was associated
with better performance in all environments and only a limited amount of SNPs with
significant QxE were identified. Multi-environment GWA mapping in combinations with
WGP revealed that the strongest associated SNPs are mostly main effect QTLs, while the
weaker associations explain most of the GxE.

Comparison with earlier biomass accumulation data

In addition to data included in the present analysis (El-Soda 2014a, Bac-Molenaar 2015),
natural variation for biomass accumulation under non-stress conditions was reported
earlier for 94 Arabidopsis accessions (Sulpice 2009) of which 40 were also included in the
present analysis. As far as we know, only information about small numbers of accessions
is publicly available for biomass accumulation upon several abiotic stresses. For example,
the impact of salt stress on biomass accumulation was reported for 4 accessions (Jha
2010) and the impact of nitrogen deficiency on biomass accumulation was reported for
19 accessions (Chardon 2010). Furthermore, biomass accumulation upon mild drought
was studied in respectively 24 and 17 accessions (Bouchabke 2008, Des Marais 2012).
Many accessions used in these studies were also included in our analysis. Sulpice et
al. (2009) reported rosette FW data ranging from 0.1 to 0.4 g per rosette after 5 weeks
growth in short-days corresponding with plant sizes in the environments with lower
average FW. Plant sizes upon stress differed two- to threefold between accessions within
the experiments, but up to 10 fold between the same accessions grown in independent
experiments (Des Marais et al. (2012); Jha et al. (2010)). These differences can only
partially be explained by age differences at harvest. Plant sizes in the environments with
lowest average FW were similar to those reported by Des Marais et al. (2012), whereas
plant size data in the environments with high average FW were similar to data described
by Jha et al. (2010) (Table 1). This indicates that the wide range of plant sizes observed
in our experiments is reflected in other independent experiments, emphasizing that our
results can be used for comparisons with past and future studies about natural variation.
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Confirmation of the interplay between flowering time and biomass accumulation

Genetic architecture of biomass accumulation has been studied in several RIL popula-
tions: Columbia-4 (Col-4) x Landsberg erecta (Ler (Quesada 2002), Cape Verde Islands
(Cvi) x Ler (Alonso-Blanco 1999, Harada 2006), Columbia-0 (Col-0) x Coimbra-24
(C24) (Lisec 2008), Ler x Antwerpen-1 (An-1) (Tisné 2010, Schmalenbach 2014), and
Shahdara (Sha) x Bayreuth-0 (Bay-0) (Loudet 2003, El-Lithy 2004). Depending on the
parents of the population, different QTLs were identified, which indicates that only a
limited amount of the natural variation present in Arabidopsis is tested in each RIL
population. Therefore multiple RIL populations should be used to assess a substantial
part of the genetic variation present in the species. In our GWA analysis a large part of the
natural variation present in the species Arabidopsis was tested at once, but the limitation
of this analysis is that rare alleles will be missed. The ERECTA locus (AT2G26330) is a
good illustration of this limitation. Many QTLs at the ERECTA locus were found for plant
size in RIL populations in which Ler was one of the parents, and evidence was found for a
role of the ERECTA locus in leaf shape (Rédei 1962) and biomass accumulation (Koorn-
neef 2004). Multi-environment GWA mapping did not identify any associated SNPs in
close proximity of ERECTA, which was expected in view of the fact that this mutation
is artificially introduced in the accessions Landsberg and therefore solely present in this
accession (Rédei 1962). For some RIL populations co-location was observed of QTLs for
flowering time related traits and biomass accumulation, giving strong evidence for a role
of FLC (AT5G10140) and other flowering time genes in the regulation of biomass accu-
mulation (Demura 2010, Tisné 2010, Schmalenbach 2014). In the multi-environment
GWA analysis, nine flowering time related genes were observed in close proximity of an
associated SNP. Four of them are located on chromosome 5, the chromosome on which
most biomass QTLs were identified in the RIL populations. One of these four genes is
FLC of which the natural variation in sequence has been described in detail (Guo 2011, Li
2014) and of which the ectopic expression in tobacco leads to plants with higher biomass
(Salehi 2005).

Evidence for a role of ABAP1, SEX1 and SEX4 in biomass accumulation

Leaf size control and starch metabolism are two processes related to biomass accumu-
lation. Leaf size is determined by the number of cells per leaf and the size of those cells
(Gonzalez 2012). Increase of cell number without decrease of cell size and vice versa re-
sults in larger leaves. Plants with larger leaves do not always have higher biomass, because
also the leaf initiation rate is of importance. A mutation in ABAPI, a gene involved in
the regulation of cell division rate, resulted in larger plants (Gonzalez 2009). ABAPI was
located in close proximity of one of the associated SNPs (Table 2). This gene is mentioned
as one of the promising genes to be used to develop genetically modified (GM) crops with
improved biomass production (Rojas, 2010). Its constitutive effect detected in the present
study makes it even more attractive. Orthologs in crops with similar function have not
been reported yet, but if they will be identified and natural variation in the sequence
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influences the growth phenotype, this gene could be used in classical breeding programs.
In a comparative study of biomass accumulation and the content of several metabolites
in 94 Arabidopsis accessions, starch was identified as a major integrator of growth regu-
lation (Sulpice 2009). A strong negative correlation was observed between biomass and
starch content of the rosette at the end of the day under different day-night regimes, in-
dicating a tight connection between growth and carbon supply. Mutant studies revealed
that plants with low starch content, or plants that were unable to degrade their starch
during the night, showed retarded growth and later flowering (Streb 2012), indicating
that both starch synthesis and degradation are crucial for proper starch turnover and
plant growth. How biomass accumulation is exactly coupled to starch availability is still
largely unknown. In our study two genes involved in starch degradation were located in
close proximity of the strong QTLS. A knockout mutant of candidate gene SEX1, a water
dikinase, in Arabidopsis showed reduced growth because of improper starch degradation
at night, whereas seed-specific down-regulation of the orthologous gene in wheat led
to an increase in vegetative biomass and grain yield (Ral 2012). This indicates that the
balance between starch synthesis and degradation is different in source and sink tissues,
but in both cases related to biomass accumulation. Absence of the second candidate gene
involved in starch degradation, SEX4, in Arabidopsis led to dramatic accumulation of
starch at the end of the night and a decrease in growth (Zeeman 1999). AtSEX4 and
its orthologs in rice and barley were stably expressed during several stresses and their
diurnal expression profiles were similar during plant development (Ma 2014). Partial
knock-down of SEX4 expression in Arabidopsis and maize did not lead to hampered
plant growth, but led to improved sugar release from plant biomass, an interesting trait
for the bio-energy industry (Weise 2012, Stamatiou 2013).

QxE effects are more prominent for weak QTLs than for strong QTLs

Large differences in the average performance of the accessions was observed between en-
vironments, even when the conditions were supposed to be optimal (classified as control)
(Table 1). In addition, in some cases no correlation was observed between the FW data
collected in different environments (Figure 1A), indicating differential adaptation. These
observations in combination with the ANOVA results (Table S2) suggest an important
role for GxE interactions in the determination of biomass accumulation. An earlier study
compared the growth of three natural accessions in ten different laboratories (Massonnet
2010) and indicated that, although the growth conditions were standardized among the
labs and the same seed batch was used, large differences were observed between laborato-
ries in both the overall and the genotype-specific performance of the three accessions. E.g,
for accession Col a six fold difference in Projected Rosette Area was observed between the
two most different laboratories. In addition, in some laboratories Col, Ler, and Ws had
similar sizes, whereas in another laboratory 5 fold size differences were observed between
the accessions. This experiment shows that it is necessary to grow the same genotypes in
multiple locations in order to be able to determine which part of the observed variation

127



Chapter 6

is explained by the genotype (G), the environment (E), or the interaction between the
two (GxE). The quality of light was identified as an important parameter affecting growth
(Massonnet 2010). In the 25 environments tested in our experiment the light intensity
was 125 or 200 umol/m?/s in all climate rooms, but different types of lamps were used in
different rooms, which can probably explain the large differences observed between the
performance in environments with nearly identical conditions. This may also explain
why some experiments that were grown in the same climate room at the same time, but
with contrasting treatments, were strongly correlated. An important role for GxE in bio-
mass accumulation was also suggested in a study in which a DH population descending
from two rice varieties that were grown in nine locations throughout Asia (Hittalmani
2003). Univariate mapping identified several QTLs for plant biomass, but none of them
was detected at more than two locations, indicating a large impact of the environment.
In that study a multi-environment mapping approach was not used, but would be the
proper method to identify constitutive QTLs with minor influence of GXE in multiple
environments. Although GxE interaction seems to play an important role in biomass
determination in the 25 environments tested in the present study, this was not reflected
in the QxE effects determined for the 64 strongest associated regions. Multi-environment
GWA mapping of flowering time and germination traits identified hardly any or no SNPs
with QxE effect, whereas GxE effects were identified (Korte 2012, Morrison 2014). It
was, therefore, suggested that multi-environment mapping lacks power to detect QxE
effect (Korte 2012, Morrison 2014). In our experiment for 24% of the strongly associated
regions, significant QxE was detected indicating that multi-environment GWA mapping
has the power to identify at least a part of the QxE effects. WPG based on strong and
weak QTLs even suggests that the QxE was identified properly, but that most of the
GxE observed is the consequence of many moderate or small effect SNPs that were not
detected because of our strict threshold. For those weaker QTLs QxE is probably in many
cases more prominent than for the 64 strong QTLs detected above our threshold. In a
multi-environment GWA analysis of 7 agricultural traits of barley determined in 17 to
28 environments the main effects explained more of the genetic variance than the QxE
effects for all investigated traits (Zhao 2012). Possibly, some of the GxE interactions in
our study can also be explained by markers below the threshold.

Constitutive QTLs promising for utilization in crops

In our study, multi-environment GWA mapping resulted in the detection of strong
constitutive QTLs with significant effect in at least 6 independent environments. Those
strong QTLs were independent of seed batch, and of place and time of data acquisition.
Constitutive QTLs with no or small GxE effects in many environments are promising
candidates for the translation of findings from lab to field, because they can be utilized
in a broad range of conditions, whereas environment specific QTLs can only be used in
the tested environment (Zhao 2012). It is reported that multi-environment-multi-trait
mapping approaches are even more effective to identify small effect constitutive QTLs
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than multi-environment mapping of one trait (Alimi 2013). Biomass is a complex trait
that is flexible and adaptive upon perturbations in the environment. Therefore one of the
promising ways to detect more small effect constitutive QTLs, is to perform multi-envi-
ronment-multi-trait GWA on traits which contribute to vegetative aboveground biomass
accumulation, like leaf initiation rate, number of cells per leaves, size of leaf cells, number
of leafs, length of vegetative growth period, and leaf thickness.

Conclusion

Our study shows that multi-environment GWA mapping is an effective method to identify
constitutive QTLs with effects in diverse environments. Several candidate genes related to
flowering time, starch metabolism, and leaf size control were located in close proximity of
constitutive QTLs. In addition, ACD6, RPM1, and an RPMI-interaction family gene were
located in proximity of strong QTLs with significant QxE effects. Some alleles of ACD6
and RPM1 have been reported to cause resistance to bacterial infection as well as reduc-
tion in biomass, suggesting a fitness trade-oft between alleles in some environments. Last,
most of the GXE observed at the phenotypic level is not the consequence of strong QTLs
with strong QxE effects, but of moderate and weak QTLs with weak QxE effects.

Materials and Methods

Plant materials and experimental design

A collection of 350 natural accessions of Arabidopsis thaliana was used. These accessions were selected
to capture most of the genetic variation present within the species (Baxter 2010, Li 2010, Platt 2010).
Each accession was genotyped with approximately 215k SNP markers (Col vs non-Col) (Kim 2007,
Atwell 2010). This collection was grown in 25 different conditions (environments) defined by differ-
ences in location (climate room or greenhouse), substrate, daylight duration, intensity of light, relative
humidity, and day and night temperature. In addition, in some environments the plants were exposed
to abiotic stresses, such as drought, N or P deficiency and osmotic stress (PEG8000 or NaCl) (details
in Table S1). Plants were harvested just before flowering (28 to 37 days after sowing) and rosette fresh
weight was determined (g plant™). Some of the data analysed were published before (El-Soda 2014a,
Bac-Molenaar 2015).

Statistical analysis

Firstly, the data collected in each of the 25 environments were analysed individually to estimate genetic
variance components and heritabilities, In addition, genotypic means per environment were obtained.
The resulting genotypic means were compiled in a genotype by environment table that was used in the
further analyses: multi-environment GWA mapping and whole-genome prediction (WGP).

Yik = (+rep, +acc; + ey (1)

The model for the individual trial analysis was:

where replicates (rep,) and accessions (acc,) were taken as random effects. The response variable fresh
weight (y,) was transformed to a logl0 scale after initial inspection of the residuals to stabilize the
variances. The genetic and error variance componentsper environment were used to estimate broad
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2
sense heritability on a mean line basis, H? = Jacc__ \where r is the number of replications per
o'z%cc +—

accession in the particular environment (depending on the experiment r ranged from 2 to 6). Some of
the experiments did not have replications, in which case, H* was not estimated. To obtain genotypic
means, the basic model was modified to include accessions as fixed effects (instead of random terms)
to obtain best linear unbiased estimates (BLUE) per accession, f;.By applying model (1) to each of the
25 environments (j = 1 ... 25), a genotype by environment table of means f;; (BLUE) was compiled
and used as the starting point for the rest of the analyses. The BLUES for 350 genotypes in five (5)
environments were subjected to Additive Main Effects and Multiplicative Interaction (AMMI) analysis
of variance and subsequently interaction principal components (IPCA) were determined (Gauch Jr
1992). In addition correlations between BLUES were calculated using Pearson’s correlations.

For the GWA the following multi-environment mixed model was used:
where is the mean of accession i in environment j, 1 is a general intercept, envj is the fixed environmental

ﬁij =u+envj+xiaj+g”-+eij (2)

main effect, xi is an indicator variable with the number of non-Columbia alleles at a particular SNP, xi =
{0,1,2}, qj are the environment-specific marker allele substitution effects (i.e. the effect of replacing each
copy of the Columbia allele at the particular SNP), gij is the residual polygenic effect per environment
that follows a multivariate normal distribution MVN ~(0,X), with X a variance-covariance matrix that
combines kinship relationships between the accessions (estimated from SNP markers) and the genetic
correlations between the environments, and eij a residual consisting of non-additive genetic effects and
experimental error. The model used here is similar to the one described in (El-Soda 2014a), but the
dimension of ¥ was much larger here because of the large number of genotypes and environments
involved. Therefore, to alleviate the computational burden, the covariance matrix ¥ was approximated
by: 1) the grouping of the accessions and estimating an unstructured covariance matrix among the
groups instead of among all accession, so reducing the dimensions from 350x350 to 10x10 (since ten
groups were formed), and 2) by estimating the genetic covariances between environments with the more
parsimonious factor analytic model instead of the unstructured model. Significant marker-trait associ-
ations were declared whenever the null hypothesis HO: aj = 0 was rejected (i.e. a SNP has a significant
effect in at least one of the 25 environments). For hypothesis testing a stringent threshold of -log(p) >10
was used to allow focusing on only major SNP effects. To avoid overestimation of explained variance
as a consequence of multiple SNPs which are linked to the same causal gene, significant SNPs located
within 10 Kb from each other were thinned selecting only the strongest associated SNP in the given
region. For each individual SNP, an explicit test for marker by environment interaction was performed,
by partitioning the environment-specific SNP effect aj into a + a*j, where a and a*j are the SNP main
effect and the interaction respectively. Testing for interaction implies testing the null hypothesis HO :
a¥j = 0. Significance of the SNP effects per environment were individually assessed by a t-test within
a:
the environment, that is,t = ?ij , with 1t1>2 pointing to a significant effect. After the GWA

detection step, the effects of the selected significant SNPs were used to obtain predicted values per
environment, #***. The explained variance per environment was assessed by the square correlation
coefficient between observed means per environments (i) and the predicted value from the selected
SNPs (1, 57). Because the GWA model will only contain strong effect SNPs, a GWP model that allows
minor effect markers was used (for a review of this type of models see (de los Campos 2013). The model
is similar to the GWA model except that not one but all markers are simultaneously included in the
model. So, for each environment the following model was used:

Qi = 1+ Xp Xim A T €5, (3)

where the term 2, x, a stands for the contribution of all M SNP markers (note that the polygenic effect
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is not in the model anymore since all the additive genetic signal is expected to be absorbed by the marker
effects). Predicted values from the model were obtained #"°* and were correlated with the means in
the particular environment (it ). The square of the correlation coefficient gives an upper bound of the
explained variance by the SNP in a particular environment (i.e. collecting all, the strong and weak SNP
effects). Unexplained variance, contained in the residual term e, are caused by genetic effects not cap-
tured by the additive model (non-additive effects such as complex interactions) and experimental error.
Environments were correlated based on the phenotypes predicted by WGP with strong effect SNPs as
well as by WGP with the combination of weak and strong effect SNPs using Pearson’s correlations.using
Pearson’s correlations.
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Supplementary data
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Table S2 ANOVA Table for AMMI Analysis and determination of the interaction principal components
(IPCA)

AMMI Analysis

ANOVA table for AMMI model

Source d.f. S.S. m.s. V.I. F pr
Genotypes 349 55.7 0.159 6.27 <0.001
Environments 24 935.1 38.964 1531.29 <0.001
Interactions 8376 2131 0.025

IPCA 1 372 31.6 (15%) 0.085 497 <0.001
IPCA 2 370 231 (11%) 0.062 3.65 <0.001
IPCA3 368 18.0 (8%) 0.049 2.86 <0.001
IPCA 4 366 14.6 (7%) 0.040 2.34 <0.001
IPCA5 364 142 (7%) 0.039 2.29 <0.001
Residuals 6536 111.6 (52%) 0.017
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Introduction

Wherever on earth a plant is growing, its environmental conditions are not constant.
Conditions change diurnally and seasonally. And, although it follows diurnal and sea-
sonal patterns, the weather on two sequential days or years is never exactly the same.
Plants, as sessile organisms, have the ability to sense the unstable growing conditions and
respond to them by adapting their growth, development and metabolism. This process
of adaptation is largely genetically regulated. Because not all individuals within a species
are genetically identical also their ability and strategy to respond to the environment
differs. Natural variation in plant performance is used in mapping approaches that couple
genetic variation to phenotypic variation and hence tries to elucidate the genes that are
involved in the regulation of plant performance. This information is valuable for breeders
who aim to develop new cultivars that have stable yields also in years with unpredictable
periods of drought, heat or other stresses. The development of new abiotic stress tolerant
and stable yielding cultivars is of vital importance to deal with the expected human
population growth and climate changes. In this thesis I studied the genetic regulation of
plant performance in several environments. I focussed on two abiotic stresses, drought
and heat. A genome wide association (GWA) mapping approach was chosen that uses the
variation present in nature with the aim to identify and study genes that explain natural
variation in plant performance under various diverse environmental conditions.

When I started the project in 2011, GWA mapping was already common practice in the
field of human genetics, but was relatively new in plant science and only a very limited
number of studies had been published at that time (Atwell 2010, Brachi 2010, Chan
2010, Cockram 2010). It was expected that GWA mapping would greatly enhance the
knowledge of the biological function of genes. This thesis shows that GWA mapping
can indeed be very successful in the detection of associations between different plant
performance traits and genomic regions in which expected and unexpected regulatory
genes are located.

In my General Discussion I will discuss the main findings of this thesis and their
commonalities and will compare my results with the research of others in the field of
quantitative genetics and plant phenotyping. First I will discuss the many strong associa-
tions detected by GWA mapping. Thereafter I will discuss the choices that I made related
to plant phenotyping and experimental design that increased the impact of my findings.
Further, I will discuss the candidate genes, their validation and the information they give
about stress response mechanisms and about their ecological role. Finally, I will discuss
the GWA mapping method itself and the impact of this research outside the Arabidopsis
research field.
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Discussion

GWA mapping detects many strong plant performance QTLs

Genes involved in the regulation of plant performance can be active in one specific
environment or in various related or unrelated environments. Studies of co-expression
and co-regulation of genes are performed to detect common and environment-spe-
cific regulators (Rizhsky 2004, Nakashima 2014, Polanski 2014). Especially the role of
transcription factors in various stress responses has been studied in detail (Chen 2012,
Mizoi 2012, Nakashima 2012). Most of these studies in Arabidopsis exclusively use the
reference accession Col-0. But differences are observed at the sequence, gene expression,
metabolite and phenotype level between Col-0 and other natural accessions of Arabi-
dopsis. In this thesis the variation between various natural accessions has a central place.
This natural variation is used to identify sequence variation' underlying variation in plant
performance. In Chapters 2 to 5 of this thesis the identification of environment-specific
plant performance QTLs was the subject whereas in Chapter 6 the focus was on the
identification of growth regulators that are important over a range of environmental
conditions. Strong associations were observed for both environment-specific as well as
common plant performance regulators. GWA mapping of anthocyanin accumulation
upon osmotic stress resulted in the detection of one very strong association (-log(p)>20)
which could explain more than 15% of the phenotypic variance (Chapter 2). In addition,
GWA mapping revealed seven QTLs strongly associated with silique length under control
conditions and upon short-term heat stress (Chapter 3) each explaining between 5 and
12% of the phenotypic variation. Furthermore, I found 22 QTLs for growth related traits
under control conditions (Chapter 4) and six QTLs for growth under moderate drought
(Chapter 5). Each of these 28 QTLs is explaining more than 5% of the phenotypic vari-
ance of the corresponding trait. No overlap in QTLs was observed between the different
environments except for one association with the region in which the flowering gene
FLC (FLOWERING LOCUS C) is located. In Chapter 6, multi-environment GWA map-
ping resulted in the detection of more than 100 SNPs associated with growth in 7 to 16
environments. For most QTLs the sign of the effect was the same in all 25 environments
included in the study, but for a limited number of QTLs opposing effects were detected.
Interestingly also in this multi-environment study FLC was detected as common growth
regulator. Therefore the role of this gene will be discussed in detail below. The identifi-
cation of so many strong associations, each explaining more than 5% of the phenotypic
variance, is remarkable. GWA mapping studies of other complex traits in Arabidopsis, like
flowering time under field conditions (Brachi 2010), photosynthetic adaptation to high
light (van Rooijen 2015), plant performance upon severe drought (El-Soda 2014) or low
water potential-induced proline accumulation (Verslues 2014), resulted in the detection

1 Each time I speak about sequence variation in a gene that results in changes at the phenotype
level, I mean sequence variation in the coding sequence, introns, promotors or other cis-regulatory
elements that result in changes at the phenotype level.
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of no or a very limited number of strong associations. Atwell et al (2010) reported GWA
mapping of 107 traits and the detection of strong associations for several of these traits.
But the traits with strong associations were in most cases expected to be regulated by a
limited number of genes (i.e. qualitative traits), such as defence against bacterial infec-
tion, which is expected to be activated through the recognition of avirulence proteins by
one or a few plant disease resistance proteins. This thesis shows that also for traits that are
expected to be regulated by many genes (i.e. quantitative traits), GWA mapping can result
in the detection of several strong associations that together explain a substantial part of
the total variance. Successful identification of these strong associations was partly due to
choices made in the experimental design and plant phenotyping as I will discuss below.

Important choices in experimental design and plant phenotyping

Plants continuously sense their environment and respond to it. To study the natural
variation in plant performance in a particular environment, the trait under consideration
needs to be quantified in a large number of genotypes, preferably with replicates. In ear-
lier days, genotyping was the limiting factor but with the recent advances in sequencing
technologies the identification of SNP markers at high density became easy, accurate and
cheap (Jiménez-Gomez 2011). Consequently, plant phenotyping became the bottleneck
in quantitative genetics studies (Houle 2010, Furbank 2011). In my work I made certain
choices regarding phenotyping and experimental design that influenced the outcomes
significantly.

The first issue regards the fact that plant growth is a dynamic trait, which is constantly
influenced by changes in the environment. I, therefore, decided to investigate the nat-
ural variation in the drought response by measuring plant size on multiple days along
the growth period by top-view imaging. The value of top-view imaging in the study of
natural variation in plant responses to environments was already shown before (Aguir-
rezabal 2006, Zhang 2012). Phenotyping over time allows to compare the response of
accessions to the environment during different stages of the development and allows
to model growth. Parameters estimated by the growth model can be used to compare
the growth of accessions based on the whole growth period instead of a single time-
point. Statistical reports indicated that the acquisition of plant performance data over
time is valuable for the detection of QTLs (Ma 2004, Malosetti 2006), but only a limited
number of publications describe research in which the investigation of dynamic traits
over time is combined with mapping (Busemeyer 2013, Moore 2013, Wurschum 2014).
GWA mapping of temporal plant size data and growth model parameters resulted in the
detection of many QTLs which would not have been identified if plant size had only been
determined at a single-time point (Chapters 4 and 5).

The second issue regards a related subject, namely, that the impact of stress on plant
development is not equal in all developmental stages. Short-term heat stress has hardly
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any influence on vegetative growth, but can impact the development of flowers and seeds
significantly (Bita 2013). In addition, not all floral and embryo developmental stages are
equally sensitive to short-term heat treatments (Hedhly 2011). To include the differences
between the heat responses of the various developmental stages in our analysis, I choose
to determine the length of the siliques along the whole inflorescence as a proxy of seed
set. In this way I could distinguish the response of flowers that opened before, during
and after the treatment. Two minima in silique length were observed, indicating the two
most sensitive stages. The first minimum was observed for siliques that resulted from
flowers that opened just before the treatment and, therefore, received the treatment
after (post) anthesis, during early embryogenesis. The second minimum was observed
for siliques that resulted from the flowers that opened some days after the heat stress
and hence, the treatment was given during the developmental stage in which male and
female meiosis takes place (pre-anthesis treatment). GWA mapping of the heat responses
of the various developmental stages resulted in the detection of different QTLs for the
pre- and post-anthesis heat responses, suggesting differences in the genetic regulation of
the response in both phases. Focus on total yield would have been more logical from a
breeders perspective because this is the final trait of interest. However, this focus would
ignore differences between developmental time windows and, therefore, would never
have led to these in-depth insights in the developmental stage specific regulation of the
heat response. My approach, which takes developmental differences in sensitivity into
account, showed to be of vital importance to reach my aim, which was, to elucidate and
study genes involved in regulation of plant performance upon heat stress and to improve
our understanding of the mechanisms involved.

The third issue that improved our results was the simplification of the quantification of
the phenotype. The large number of individuals in a mapping population makes detailed
studies of plant performance often unfeasible in practice because of time and manpower
constraints. In Chapter 2 to 5, simplification of quantification was applied successfully.
The most simplified method is described in Chapter 2 where anthocyanin accumulation
in the leaves upon stress treatment was quantified by visual scoring of the rosette colour
in 5 classes. This method turned out to be very effective because the classes strongly
correlated with the concentration of anthocyanins in the leaves. GWA mapping of this
simplified trait resulted in the detection of one very strong QTL, associated with a well-
known transcription factor, involved in the regulation of anthocyanin accumulation, for
which sequence variation underlying natural variation in anthocyanin accumulation was
not described yet. In Chapter 3, the influence of heat stress on fertility was quantified
by the length of the siliques along the inflorescence. This was a good measure to quan-
tify seed set, because silique length strongly correlated with the number of seeds in the
siliques. An additional advantage was that silique length could be determined also after
drying of the inflorescence and, therefore, could be done on any moment after the harvest
of the inflorescences. Unfortunately, this method did not allow to detect aborted seeds
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but analysis of the number of seeds per silique would have been a precarious task because
soon after seed ripening siliques will open and seeds will shatter. This fast phenotyping
method allowed me to distinguish pre- and post-anthesis heat responses. In Chapters
4 and 5 we chose to quantify biomass accumulation in a non-destructive way using
top-view imaging to determine the projected leaf area (PLA). PLA is just an estimate of
biomass since leaves might overlap and leaf thickness and water content will influence
the correlation between this trait and aboveground biomass. Nonetheless, strong cor-
relations between PLA and total biomass were observed. Time-series measurements and
subsequent addition of the time-dimension to GWA mapping, however, was crucial for
the detection of time-dependent QTLs.

In this era in which phenotyping is the bottleneck for successful quantitative genetics,
issues as addressed above should be considered before the experiment starts. Many plant
biologist are interested in traits that are changing over time. In addition, not only the
impact of heat is varying between developmental stages but probably the impact of all
environmental stresses depends on the developmental stage (Chan 2011). In many cases
high throughput phenotyping platforms that use imaging techniques to estimate plant
performance parameters can be of great help because in these platforms simplified phe-
notypes can be acquired automatically and frequently for many plants. High throughput
determination of aboveground (Granier 2006, Zhang 2012, Tisné 2013) and belowground
(Normanly 2012, Moore 2013, Richard 2015) plant biomass and plant architecture
estimates have been reported. In addition, high throughput analysis of photosynthesis,
based on chlorophyll fluorescence, has been described (Harbinson 2012). In the future
we can expect high throughput imaging with infrared cameras to determine leaf water
content, estimated from leaf temperatures, and high throughput imaging of plant stress
status based on hyperspectral camera’s (Fahlgren 2015). All these imaging techniques will
allow the acquisition of phenotyping data of many plants in a non-destructive way and
therefore can be very useful for GWA mapping of dynamic traits.

Candidate genes suggest regulatory pathways and evolutionary trajectories

The ultimate goal of the project was not to identify QTLs but to identify genes involved
in the regulation of plant performance. Therefore, genes located in close proximity of the
strongly associated SNPs were listed as candidate genes. The size of the support region in
which the causal gene was expected was determined based on the local LD. The candi-
dates within these regions were prioritized based on prior knowledge, such as reported
mutant phenotypes (Chapters 2 and 4), TAIR annotation (all Chapters), gene expression
(Chapters 2, 3 and 5), and information about pathways reported to play a role in the reg-
ulation of the trait of interest (Chapters 4 and 6). In some cases additional experiments
were performed to confirm the suggested role of the candidate or to determine the causal
nucleotide. In each of the chapters of this thesis our search for the causal genes resulted in
valuable information about the regulatory pathways involved in the stress responses and
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about the ecological role of the causal genes, as I will discuss below.

GWA mapping of anthocyanin accumulation upon osmotic stress (Chapter 2) showed
that this mapping method enables to hypothesize about the connection between natural
selection on the phenotype level and sequence variation at the genotype level. GWA
mapping of anthocyanin accumulation upon osmotic stress resulted in the detection of
a strong association on chromosome 1 which was in linkage disequilibrium with three
genes, located in tandem, that all were close relatives and all were annotated to play a role
in anthocyanin accumulation. Expression analysis did not reveal a correlation between
the expression of one of these genes and anthocyanin accumulation. Therefore variation
in the coding sequences was investigated in detail. It was observed that the second most
common allele of one of the three genes, MYB90, was associated with higher anthocy-
anin accumulation and therefore the nucleotide that distinguishes this allele from the
other alleles of MYB90 was identified as the quantitative trait nucleotide (QTN). The two
most common alleles were both present in the population at relatively high frequency
(>15%) suggesting balancing selection, assuming that, depending on the environmental
conditions, the first or the second allele of MYB90 provides fitness benefits. Interestingly,
sequence variation in MYB75, another relative of the three genes in the QTL region and
located elsewhere in the genome, was previously reported to be causal for variation in
anthocyanin accumulation upon osmotic stress (Teng 2005), Ilk et al. 2015). In detail
sequence analysis of this gene revealed that one allele is dominating the population and,
therefore, is confounding the detection by GWA mapping.

GWA mapping of silique length upon short-term heat stress resulted in the detection
of 4 QTLs (Chapter 3). For 2 QTLs strong evidence was gained that we identified the
causal genes. The strong association on chromosome 5 was caused by sequence variation
in FLC. Two isogenic lines containing either a functional or non-functional FLC allele
showed a large difference in the heat response. The line with the functional FLC was very
sensitive to heat, whereas the line with the non-functional allele was hardly affected. FLC
is well-known for its role in flowering time determination (Michaels 1999), but was not
associated earlier with heat stress. This study could therefore add a new function to this
well-known gene. In addition, mutant analyses of several genes located in close proximity
with the strongly associated SNPs on chromosome 2 identified QUL2 as causal for the
association. Hardly anything is reported about the biological or chemical function of this
gene. Identification of QUL2 shows that GWA mapping can lead to new discoveries.

From our search for genes involved in the regulation of plant growth under control
conditions (Chapter 4) it can be concluded that many (independent) pathways influ-
ence growth within the natural population and possibly also within a single accession.
GWA mapping of temporal data and growth curve parameters resulted in the detection
of many QTLs. Within the support window of these QTLs eight genes were found for
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which an overexpression or mutant phenotype related to growth was reported earlier.
These eight genes were annotated to play a role in very different biological processes, such
as germination, embryo development, senescence or flowering, suggesting that natural
variation in growth is caused by sequence variation in genes which are part of various
gene networks.

The candidate genes located in the support window of QTLs detected by GWA mapping
of traits related to growth under moderate drought were prioritized based on previously
reported expression data (Chapter 5) (Huang 2008, Harb 2010, Baerenfaller 2012, Des
Marais 2012, Clauw 2015). Genes in the support window of a QTL were selected when
differential expression was observed in at least three independent expression studies. For
five, out of six, QTLs this approach resulted in the selection of probable causal genes
that drive the stress response. When plants are exposed to drought many genes are
differentially expressed (sometimes up to half of the total number of expressed genes).
GWA mapping was helpful to distinguish between differentially expressed genes that
are regulators that drive the stress response and genes that just change expression as a
downstream effect of the action of the regulators.

The multi-environment mapping of fresh weight data recorded in 25 diverse environ-
ments suggested a remarkable number of flowering genes to be involved in the regulation
of biomass accumulation. Among them were well characterised genes like FLC, FY
(mRNA processing factor) and COL2 (CONSTANCE-LIKE 2). This suggests a mechanis-
tic link between flowering time and plant size (see next paragraph). In addition, for many
QTLs none of the candidates genes was an obvious candidate based on prior knowledge
suggesting that GWA mapping can lead to new discoveries. However, two obvious can-
didates were located in close proximity of QTLs with high QxE, ACD6 (ACCELERATED
CELL DEATH 6) and RPM1 (RESISTANCE TO P. SYRINGAE PV MACULICOLA 1).
Some alleles of both genes improve biomass accumulation in case of bacterial infections
but reduce biomass accumulation in absence of bacteria (Tian 2003, Todesco 2010).
This suggests a biological trade-off, because it depends on the environmental conditions
which alleles are favourable. The possibility to estimate the size of the interaction between
the QTL and the environment is one of the advantages of multi-environment GWAS over
univariate GWAS.

In summary, GWA mapping allows to connect natural selection on the phenotype level to
sequence variation at the genotype level. Detailed analysis of the sequence variation will
help to hypothesize about the evolutionary trajectories (Bergelson 2010). GWA mapping
is applied without an a priori hypothesis and therefore the ideal method to discover novel
and unexpected connections between plant performance traits and genes. In addition,
univariate GWA mapping will mostly discover environmental specific associations,
whereas multi-environment GWA mapping is powerful in the detection of genes involved
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in plant performance regulation in many diverse environments.

Validation and suggested follow-up work

In the previous section I focused on the conclusions that can be drawn from the putative
and confirmed causal genes. In this section I will pay attention to the methods that can be
used to validate the causality of the underlying genes. In addition I would like to suggest
which focus follow-up work should have.

For three selected candidates, MYB90, a regulator of anthocyanin accumulation upon
osmotic stress (Chapter 2), and FLC and QUL2, both regulators of heat responses
(Chapter 3), I was able to perform additional validation experiments. In Chapter 2, first
the expression of the three candidate genes upon osmotic stress was determined but
no correlation between anthocyanin accumulation and gene expression was observed.
Subsequently, re-sequence data were used to determine the alleles of the three candidate
genes and a clear association was observed between higher anthocyanin accumulation
and the second most frequent allele of MYB90. This allowed us to conclude that amino
acid 209 of this gene is most probably causal for the association. Fortunately, this valida-
tion process was relatively easy due to the small support interval, the large allelic effect
size, the simple treatment and the large amount of appropriate prior knowledge. Such an
easy confirmation process is only possible if the QTL points to a well-described gene in
one of the pathways known to be involved in the trait of interest.

In Chapter 3 the validation process was started by the analysis of eight T-DNA or mutant
lines of genes in the support windows of two of the four heat-stress QTLs. Among all the
mutants analysed, only one mutant phenotype was observed. Mutation of FLC, a flow-
ering time gene, resulted in earlier flowering and improved heat tolerance. To be able to
conclude that sequence variation in FLC is causal for the association, allele complemen-
tation should be done. For this, knock-out lines of different alleles should be constructed
in their own background and subsequently each of the mutants is complemented with
other alleles. If a knock-out line of one allele cannot be complemented by another allele,
proof is obtained that the sequence difference between the alleles is responsible for the
phenotypic difference. In most cases alleles of accessions with opposing phenotypes are
tested and weak and strong alleles are compared. For FLC six major alleles are known (Li
2014) with different function during vernalization. Comparing them all pairwise would
give a complete view of the functions of the alleles in heat responses. However, construc-
tion of complemented knockout lines takes several generations. If, a priori, a mutant line
of the gene of interest is available in any background another method based on crossing
can evaluate complementation capacities of alleles as well (Mackay 2004, Weigel 2012),
reducing the number of generations needed. Complementation tests, through transfor-
mation or crossing, are needed to prove causality of the genes but additional functional
analyses of the causal genes are as important because insights in the biological and mo-
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lecular function of the gene will help to elucidate the molecular mechanisms underlying
the trait of interest. In case of FLC, additional functional analysis would allow us to reveal
whether FLC interacts directly with genes important in the heat response, or whether this
connection is mediated via several intermediate downstream steps.

For one of the tested candidate genes, QUL2, no mutant phenotype was observed but
redundancy in function was suggested for two family members because a temperature
dependent phenotype was reported for a triple mutant of QUL2 and two homologs
(Fuentes 2010). I tested a double mutant of QUL2 and its closest homolog QULI and a
decrease in heat tolerance was observed compared to both single mutants and the wild
type, revealing redundancy between the function of QULI and QUL2. This suggests that
QUL2 could be causal for the observed association but that sequence variation only leads
to variation detectable at the phenotype level in accessions with weak or non-functional
QULI alleles. Not any functional analysis has yet been done for QUL2 and follow-up
experiments would, therefore, probably lead to new discoveries. Such analyses would be
helpful in the identification of the pathway of which QUL2 is part and to understand why
sequence variation in QUL2 results in changes in the heat response.

In summary, sequence and mutant analyses of three candidates resulted in strong sugges-
tions of causality. Although complementation tests are needed to validate the causality,
I think that follow-up research should be focused on the functional analysis of the can-
didate genes. This will result in improved understanding of the complex and dynamic
regulation of plant performance and the interaction between genotype and environment.

Is plant performance regulated by FLC?

In the natural population used for all our experiments, large variation in flowering time
was observed. Based on flowering time, two basic plant types can be distinguished with-
in the population: summer annuals that flower without vernalization (i.e. without the
requirement of a cold period) and winter annuals that require vernalization to flower.
Summer annuals typically grow closer to the equator, whereas winter annuals typically
grow in northern regions although many exceptions to this general rule are known
(Stinchcombe 2004). In addition, summer annuals germinate in spring and flower in
summer, whereas winter annuals germinate in autumn, overwinter in the rosette stage
and flower in spring (Grennan 2006). These two types of life cycles have a large impact on
the environmental conditions that plants experience during their life cycle and, therefore,
also on the selection of traits.

Variation in vernalization requirement could, for a large part, be explained by sequence
variation in two genes, FRI (FRIGIDA) and FLC (FLOWERING LOCUS C) (Michaels
1999, Michaels 2001, Li 2014). Accessions with strong alleles of both genes are winter an-
nuals. Non-functional FRI results in loss of the vernalization requirement for flowering,
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independent of the FLC allele. The vernalization requirement is also lost when the FLC
allele is weak or non-functional, independent of the FRI allele. (Note: Although vernaliza-
tion is not any more required for flowering, application is still advancing flowering.) It is
suggested that the vernalization requirement has an evolutionary advantage in temperate
climates since it prevents plants to flower in winter and it promotes rapid flowering in
spring. Closer to the equator, where winters are less cold, the vernalization requirement
is a disadvantage since it will prevent flowering in spring after a relatively warm winter.
In Chapter 3 we report that a QTL was observed at chromosome 5 at the position of
FLC for both flowering time (after vernalization) and pre-anthesis heat response. An
association with a lower LOD score was observed at the same position for growth upon
drought (Chapter 5) and a constitutive QTL was found at that position with effects on
biomass accumulation in a range of different environments (Chapter 6). Furthermore,
8 additional genes involved in flowering time regulation are present in close proximity
of the other SNPs associated with biomass accumulation (Chapter 6). In addition, in
the Chapters 4 and 5 we report that, on average, summer annuals have larger rosettes
than winter annuals. These observations suggest a genetic link between flowering time
and plant performance. Colocation of flowering time QTLs with other QTLs has been
reported before in several RIL populations, for example for drought response (Juenger
2005, McKay 2008, Tisné 2010, El-Soda 2014), leaf rhythmic movement (Swarup 1999),
temperature dependent seed germination (Chiang 2009), and leaf senescence (Wingler
2010). In most cases the colocation was found with the FLC locus. All these observations
suggest pleiotropic effects of FLC, which means that one gene, FLC, influences multiple
seemingly unrelated traits. This influence is probably indirect via diversification of the
downstream effects.

Besides pleiotropy, the link between flowering time and several plant performance traits
can also be explained by correlated responses of the traits to selection. For example, loss
of vernalization requirement is advantageous in warm climates. In these climates it is also
advantageous to be drought and heat tolerant. Therefore, in warm climates the optimal
organism has lost the vernalization requirement and, in addition, is drought and heat
tolerant. Co-occurrence of these traits in the same accessions does therefore not per se
require overlap in the regulatory network but might be a consequence of population
structure. However, we observed a significant difference in heat response between two
lines that contained either a Col-0 FLC allele or a non-functional FLC allele in the same
background, which supports the suggestion of overlap in the regulatory networks and
therefore a pleiotropic role for FLC (Chapter 3). This pleiotropic role is also supported
by the analysis of NILs of three flowering time QTLs, of which one covers the genomic
area around FLC. Significant differences were observed between early and late flowering
NILs for drought response (Schmalenbach 2014). In addition, analysis of a NIL covering
the genomic region around FLC and an FLC overexpression line revealed that high FLC
expression leads to high germination rates at low temperatures (Chiang 2009). Additional
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evidence for overlap in regulatory networks was gained from analyses of mutants of other
genes in the regulatory pathway downstream of FLC. These mutants also showed changes
in the germination rate at low temperatures. However, these results could not be fully
reproduced by others (Chen 2014).

To be conclusive about the role of FLC in the determination of plant performance traits
additional experiments are needed. To begin with, experiments to determine whether a
general relation exists between timing of phase transition and plant performance (like
drought and heat response) independent of the genotype. In this way we may answer
questions like: Do external factors that influence flowering (such as photoperiod, tem-
perature, externally applied GA) also influence plant performance? Do all mutants that
change flowering time also change plant performance or is this specific for FLC (and its
downstream targets)?

Secondly, experiments are needed to confirm overlap in regulatory networks by answering
the following questions: Will mutation and overexpression of genes up- and downstream
of FLC lead to changes in plant performance? Does FLC physically interact with genes
known to be involved in plant performance [protein-protein interactions, protein-DNA
interactions (cis-regulatory elements)]?

In summary, my work, and supporting literature, suggests that FLC has direct or indirect
influence on different traits, but the molecular mechanisms and evolutionary background
are still unclear. More detailed studies of FLC and its different roles are needed to clarify
these points.

GWA mapping and the future

In literature, several advantages and shortcomings of GWA mapping have been described
(Visscher 2012, Korte 2013). Considering these remarks and the results obtained in this
thesis the following question arises: Is GWA mapping a valuable approach to use in future
studies that aim to use natural variation to elucidate the genetic regulation of plant traits?

The strongest advantage of GWA mapping over classical QTL mapping is the detection
of QTLs with small support windows because the linkage decay in natural populations is
much faster than in experimental populations. My results confirmed this small support
interval size. The second advantage of GWA mapping is the possibility to simultaneously
test most of the natural variation present in the species. This thesis reports the detection of
many associations that were not found earlier in similar experiments in RIL populations.
The large variation included in the population is responsible for these new discoveries.
Described disadvantages of GWA mapping are: spurious associations as a consequence of
population structure, rare causal alleles that cannot be detected but hamper the detection
of common causal alleles and lack of power to detect small effect causal alleles (Korte
2013). At the moment most statistical models used to perform GWA mapping allow for

146



General Discussion

correction for population structure to avoid false positive discovery as a consequence of
population structure (Astle 2009, Seren 2012). Also in this thesis a model was used that
corrects for population structure based on kinship. I think that presence of population
structure should not stop us from using GWA mapping, because models that correct and
that do not correct for population structure can always be used in parallel. Although
using those models in parallel does not solve the problem of false positives and false neg-
atives, it increases ones understanding of the problem. The two other disadvantages are
in my opinion more serious obstacles. Analysis of sequence variation in MYB90, the gene
causal for natural variation in anthocyanin accumulation upon osmotic stress (Chapter
2), revealed several rare alleles for this gene and for its close relative MYB75. For some
rare alleles of MYB75 it is known that they can have a large effect on the phenotype (Teng
2005). The QTN causal for the reported association could only explain 15% of the total
phenotypic variance. No additional QTLs were observed. Therefore I suggest that the
unexplained phenotypic variance is partially due to the presence of rare causal variants
and due to small effect QTLs of which the detection of the effect was obscured by the
rare causal alleles. When another natural population is used (more natural accessions or
different natural accessions) allele distributions will be shifted and may lead to the detec-
tion of alleles that were rare in the natural population used in this thesis. But for optimal
identification of rare causal variants and small effect QTLs bi-parental populations, in
which all alleles have a 50%/50% distribution, are more suitable.

This thesis reports the detection of several strong associations for various plant perfor-
mance traits (Chapters 3, 4 and 5). The strong associations that are related to the same
trait together, in many cases, explained more than 25% of the total phenotypic variance
and even more of the genotypic variance. For example, the three QTLs associated with
pre-anthesis heat response together explained 27% of the total phenotypic variation and
almost 50% of the total genotypic variation. This suggests that GWA mapping is able to
detect the most important regulators of plant performance effectively. The minor regula-
tors maybe resulted in moderate or weak associations and are therefore not considered in
this thesis. Lowering the threshold would probably detect many of them, but the chance
of false discoveries will likely also increase.

Interestingly, multi-environment GWA mapping resulted in the detection of large num-
bers of strong associations (more than 100 association above the threshold of -log(p)=10).
For a substantial part of these associations the marker effect is small in all tested environ-
ments, suggesting that this method is more powerful to detect small effect QTLs.

Considering all these remarks and observations I would encourage scientists not to
hesitate to use GWA mapping because, first of all, an inventory of the natural variation
present for a trait of interest gives a lot of valuable information. It tells you whether Col-0
is representative for many or only for a few accessions. If several plant performance traits
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are investigated in the same population it is possible to search for correlations between
them. Correlations between plant traits and ecological conditions can then also be
discovered. Investigation of natural variation can, therefore, lead to the formulation of
hypotheses about favourable trait combinations in certain environments. Secondly, the
amount of genetic variation that influences a trait of interest is for most traits unknown
beforehand. GWA mapping will give an indication of the genetic architecture of a trait.
But because for many complex traits several mechanisms are described that result in the
same phenotype I recommend to focus not only on the overall phenotype but also to
pay attention to sub-traits contributing to the overall phenotype. For example, drought
resistance can be acquired, amongst others, by expansion of the roots, smart opening and
closure of the stomata, and osmotic adjustment. The regulatory networks of these drought
response mechanisms are most probably not, or only partially, overlapping. Therefore, it
is expected that genetic variation in the corresponding genes will have a large impact on
the sub-trait but only a small effect on the overall phenotype. It would be interesting,
for example, to determine the root-shoot ratio, the stomatal conductance or the amount
of osmotically active compounds in the leaves. The same can be considered for many
other complex traits. It is expected that GWA mapping of less complex sub-traits will
increase the power to detect regulatory genes (Kloth 2012). Similar arguments are used
to perform QTL analysis on genome wide gene expression data (Keurentjes 2007) and
metabolite profiles (Keurentjes 2009). Multi-trait GWA mapping of related traits allows
the detection of regulatory genes with effects on multiple sub-traits.

In conclusion, GWA mapping is an attractive method to search for genes regulating
complex traits, because of the small support intervals and the large natural variation that
can be assessed. However, the genetic architecture of some complex traits may hamper
GWA mapping. In such cases it may be helpful to also measure sub-traits for which the
genetic architecture fits GWA mapping better. I expect that multi-trait GWA mapping
would support the detection of regulatory genes influencing several sub-traits.

Impact results on research outside Arabidopsis field

Functional characterisation of candidate genes should result in fundamental insights in
the regulation of plant performance. These insights likely provide information that is not
only valid for Arabidopsis but also for other plant species. One of the desired follow-ups
of my work is to use the findings to develop crops that are more stress tolerant and that
have a stable performance in a wider range of environments. Translation of our findings
to crops may be done in several ways. It is possible to search for orthologs of candidate
genes in crops and additionally exploit the natural variation of those orthologs within a
crop species. To confirm similarity in function, these crop orthologs could be expressed
in Arabidopsis mutant lines to assess if any of the natural alleles can complement the
mutant phenotype. It is also possible to express the Arabidopsis gene in a crop species.
If this results in better plant performance, this insight could be directly used to develop

148



General Discussion

genetically modified crops but it might also be a research tool to understand which genes
in crops are involved in obtaining better performance. This may be done via studies of
crop proteins that interact with the Arabidopsis proteins or through studies of crop genes
that are differentially expressed as a consequence of the presence of the Arabidopsis gene.
If homology with the candidate is weak or when the observed orthologs seem to have a
different function, one should focus on understanding the underlying mechanism, since
translation of networks from one species to another might be more fruitful than single
gene comparisons (Ferrier 2011).

Not all crops are equally suitable for translation of my findings. Availability of sequence
information (genome or transcriptome sequence) will speed up the search for orthologs
and their natural alleles. Without sequence information orthologs could be found using
primers designed to amplify conserved regions of the genes and subsequent amplification
of the adjacent regions by (RACE-)PCR, but this is more time- and labour-intensive.
Fortunately, with the recent advances in sequencing techniques the sequencing of cDNA
libraries is relatively straight forward and, therefore, in many cases suitable and preferred.
In addition, availability of a transformation protocol is needed for expression of Arabi-
dopsis genes in the crop. Sequence information of wild relatives is also valuable, because
it allows to search for sequence variation of the candidate genes. If sequence variation
can be coupled to changes in the phenotype, marker assisted breeding programs could
be started.

GWA mapping of agronomic traits is also performed in some crops (Cockram 2010,
Famoso 2011, Norton 2014, Thirunavukkarasu 2014). Because of the limited genetic
variation present within breeders’ germplasm, the support windows of the QTLs re-
ported are usually larger than for Arabidopsis and, in addition, it is expected that for
some important regulatory genes no sequence variation is present anymore within the
population due to selection against it. Addition of wild relatives of crops to populations of
cultivars would enhance the genetic variation tested and therefore improve the resolution
of GWA mapping in crops. The positive site of reduced genetic variation is a reduction
in number of genetic pathways that result in the same phenotype and, therefore, it is
expected that the genetic network behind the trait of interest is less complex. Due to
the disadvantages of GWA mapping in crops, GWA mapping and subsequent functional
analysis of genes in Arabidopsis is still a valuable tool in understanding plant responses
to varying environments (Assmann 2013).
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Conclusion

My work has resulted in the identification of a substantial number of genomic regions in-
volved in the regulation of plant performance under heat, drought or other abiotic stress
conditions. For several genes in these genomic regions strong evidence was obtained that
sequence variation was causal for natural variation at the phenotype level. This thesis
shows that GWA mapping in Arabidopsis is a useful tool to identify new functions for
known and unknown genes. Such insights will be useful in the interpretation of future
mapping results in Arabidopsis and in crops. Follow-up translational experiments are
challenging, but successful translation will have great economic and societal impact,
because abiotic stresses cause large worldwide yield losses.
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Summary

Summary

All plants are able to respond to changes in their environment by adjusting their mor-
phology and metabolism, but large differences are observed in the effectiveness of these
responses in the light of plant fitness. Between and within species large differences are
observed in plant responses to drought, heat and other abiotic stresses. This natural vari-
ation is partly due to variation in the genetic composition of individuals. Within-species
variation can be used to identify and study genes involved in the genetic regulation of
plant performance.

Growth of the world population will, in the coming years, lead to an increased demand
for food, feed and other natural products. In addition, extreme weather conditions with,
amongst others, more and prolonged periods of drought and heat are expected to occur
due to climate change. Therefore breeders are challenged to produce stress tolerant
cultivars with improved yield under sub-optimal conditions. Knowledge about the
mechanisms and genes that underlie tolerance to drought, heat and other abiotic stresses
will ease this challenge.

The aim of this thesis was to identify and study the role of genes that are underlying nat-
ural variation in plant performance under drought, salt and heat stress. To reach this goal
a genome wide association (GWA) mapping approach was taken in the model species
Arabidopsis thaliana. A population of 350 natural accessions of Arabidopsis, genotyped
with 215k SNPs, was grown under control and several stress conditions and plant perfor-
mance was evaluated by phenotyping one or several plant traits per environment. Genes
located in the genomic regions that were significantly associated with plant performance,
were studied in more detail.

Plant performance was first evaluated upon osmotic stress (Chapter 2). This treatment
resulted not only in a reduced plant size, but also caused the colour of the rosette leaves
to change from green to purple-red due to anthocyanin accumulation. The latter was
visually quantified and subsequent GWA mapping revealed that a large part of the
variation in anthocyanin accumulation could be explained by a small genomic region
on chromosome 1. The analysis of re-sequence data allowed us to associate the second
most frequent allele of MYB90 with higher anthocyanin accumulation and to identify the
causal SNP. Interestingly MYB75, a close relative of MYB90, was not identified by GWA
mapping, although causal sequence variation of this gene for anthocyanin accumualtion
was identified in the Cvi x Ler and Ler x Eri-1 RIL populations. Re-sequence data revealed
that one allele of MYB75 was dominating the population and that the MYB75 alleles
of Cvi and Ler were both rare, explaining the lack of association at this locus in GWA
mapping. For MYB90, two alleles were present in a substantial part of the population,
suggesting balancing selection between them.
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Next, the natural population was exposed to short-term heat stress during flowering
(Chapter 3). This short-term stress has a large impact on seed set, while it hardly affects
the vegetative tissues. Natural variation for tolerance against the effect of heat on seed
set was evaluated by measuring the length of all siliques along the inflorescence in both
heat-treated and control plants. Because the flower that opened during the treatment was
tagged, we could analyse the heat response for several developmental stages separately.
GWA mapping revealed that the heat response before and after anthesis involved differ-
ent genes. For the heat response before anthesis strong evidence was gained that FLC,
a flowering time regulator and QUL2, a gene suggested to play a role in vascular tissue
development, were causal for two strong associations.

Furthermore, the impact of moderate drought on plant performance was evaluated in the
plant phenotyping platform PHENOPSIS. Homogeneous drought was assured by tight
regulation of climate cell conditions and the robotic weighing and watering of the pots
twice a day. Because plant growth is a dynamic trait it was monitored over time by top-
view imaging under both moderate drought and control conditions (Chapter 4 and 5).
To characterise growth it was modelled with an exponential function. GWA mapping of
temporal growth data resulted in the detection of time-dependent QTLs whereas mapping
of model parameters resulted in another set of QTLs related to the entire growth period.
Most of these QTLs would not have been identified if plant size had only been determined
on a single day. For the QTLs detected under control conditions eight candidate genes
with a growth-related mutant or overexpression phenotype were identified (Chapter 4).
Genes in the support window of the drought-QTLs were prioritized based on previously
reported gene expression data (Chapter 5). Additional validation experiments are needed
to confirm causality of the candidate genes.

Next, to search for genes that determine plant size across many environments, biomass
accumulation in the natural population was determined in 25 different environments
(Chapter 6). Joint analysis of these data by multi-environment GWA mapping resulted
in the detection of 106 strongly associated SNPs with significant effects in 7 to 16 envi-
ronments. Several genes involved in starch metabolism, leaf size control and flowering
time determination were located in close proximity of the associated SNPs. Two genes,
RPM1 and ACD6, were located in close proximity of SNPs with significant GxE effects.
For both genes, alleles have been identified that increase resistance to bacterial infection,
but that reduce biomass accumulation. The sign of the allelic effect is therefore dependent
on the environmental conditions. Whole genome predictions revealed that most of the
GxE interactions observed at the phenotypic level were not the consequence of strong
associations with strong QxE effects, but of moderate and weak associations with weak
QxE effects.
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Summary

Finally, in Chapter 7 I discuss the usefulness of GWA mapping in the identification of
genes underlying natural variation in plant performance under drought, heat stress
and a number of other environments. Strong associations were observed for both en-
vironment-specific as well as common plant performance regulators. Some choices in
phenotyping and experimental design were crucial for our success, like evaluation of
plant performance over time and simplification of the quantification of the phenotype. It
is suggested that follow-up work should focus on the functional characterization of the
causal genes, because such analyses would be helpful to identify pathways in which the
causal genes are involved and to understand why sequence variation results in changes
at the phenotype level. Although translation of the findings to applications in crops is
challenging, this thesis contributes to the understanding of the genetic regulation of
stress response and therefore will likely contribute to the development of stress tolerant
and stable yielding crops.
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De groei van de wereldbevolking zal in de komende jaren leiden tot een toename van
de vraag naar voedsel, diervoeder en andere natuurlijke producten. Daarnaast wordt,
als gevolg van klimaatverandering, een toename verwacht in extreme weersomstan-
digheden, zoals meer en langere droogte- en hitteperiodes. Plantenveredelaars worden
uitgedaagd om nieuwe cultivars te ontwikkelen die beter presteren onder sub-optimale
omstandigheden. Kennis van mechanismen en genen die bijdragen aan het verkrijgen
van droogte-, hitte- of andere abiotische stresstolerantie, zullen deze uitdaging makkeli-
jker maken.

Planten reageren op veranderingen in hun omgeving door middel van allerlei aanpassin-
gen in, bijvoorbeeld, groeisnelheid, morfologie en metabolisme. Grote verschillen zijn
echter waargenomen in de effectiviteit van deze reacties en de gevolgen daarvan voor
plantfitness. Zo zijn er verschillen in de reacties van planten — zowel behorende tot ver-
schillende soorten als tussen verschillende genotypes van dezelfde soort - op droogte,
hitte en andere sub-optimale omstandigheden. Deze natuurlijke variatie is grotendeels
toe te schrijven aan verschillen in de genetische samenstelling van de individuele planten.
De natuurlijke variatie binnen een soort kan worden gebruikt om genen te identificeren
die een rol spelen in de regulatie van de groei en stresstolerantie van planten.

Het doel van het onderzoek beschreven in dit proefschrift is de identificatie en bestudering
van de rol van genen die verantwoordelijk zijn voor natuurlijke variatie in de prestaties
van planten onder droogte, hitte en andere stresscondities. Een Genome Wide Associa-
tion (GWA) mapping benadering in de modelplant Arabidopsis thaliana is gekozen om
dit doel te bereiken. Een populatie van 350 natuurlijke ecotypes van Arabidopsis, gegen-
otypeerd met 215.000 merkers, werd opgekweekt onder controle-omstandigheden en
onder een aantal stresscondities. De prestaties van de planten werden geévalueerd door
middel van het fenotyperen van een of meerdere groei-eigenschappen in elke testomgev-
ing. Deze groei-eigenschappen werden gekoppeld aan genomische regios door middel
van GWA mapping. Genen binnen de genomische regio’s die significant geassocieerd zijn
met de gemeten plant prestaties, werden in meer detail bestudeerd.

De prestatie van planten werd als eerste geévalueerd in een omgeving met osmotische
stress (Hoofdstuk 2). Deze behandeling zorgde niet alleen voor een afname in plantg-
rootte, maar veroorzaakte ook een verandering in de kleur van de rozet, van groen naar
paars-rood. Dit is een gevolg van anthocyaan-ophoping. GWA mapping van deze, met
het oog gekwantificeerde, roodverkleuring liet zien dat een groot deel van de natuurlijke
variatie in anthocyaan-ophoping kan worden verklaard door variatie in een kleine regio
op chromosoom 1. Vergelijking van een aantal genoom sequenties van Arabidopsis eco-
types zorgde er voor dat we het op één-na-meest voorkomende allel van het gen MYB90
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konden associéren met hogere anthocyaan-ophoping en dat we de verantwoordelijke
SNP (single nucleotide polymorphism) konden identificeren. Opmerkelijk was dat
MYB?75, een nauwe verwant van MYB90, niet werd geidentificeerd door de GWA map-
ping, hoewel in een eerdere studie de variatie in de sequentie van dit gen was aangewezen
als verantwoordelijk voor verschillen in anthocyaan-ophoping in de Cvi x Ler and Ler x
Eri-1 RIL populaties. Ecotype genoomsequenties lieten zien dat één allel van MYB75 de
GWA populatie domineerde en dat de allelen van Cvi en Ler alleen in zeer kleine aan-
tallen voorkwamen. Dit verklaart de afwezigheid van een associatie met dit locus in de
GWA mapping. Twee allelen van MYB90 waren in een substantieel deel van de populatie
aanwezig, wat suggereert dat er een balans is in de selectie van beiden allelen.

De GWA populatie werd ook blootgesteld aan kortstondige hitte op het moment van
bloeien (Hoofdstuk 3). Deze kortstondige stress had een enorme impact op de zaad-
zetting, terwijl het de vegetatieve weefsels nauwelijks beinvloedde. Natuurlijke variatie
in de hittetolerantie van zaadzetting werd geévalueerd door het bepalen van de lengte
van alle hauwtjes aan de hoofdstengel van controle en hitte-behandelde planten. Omdat
de bloem die opende gedurende de hitte-behandeling werd gemarkeerd, konden we de
hitte-reactie van verschillende ontwikkelingsstadia in bloemen van dezelfde bloeiwijze
afzonderlijk bestuderen. GWA mapping liet zien dat andere genen betrokken zijn bij de
hitte-reactie voor de opening van de bloem dan daarna. Sterk bewijs werd geleverd dat de
hitte-reactie voor de opening van de bloem, onder andere, wordt bepaald door FLC, een
gen dat ook de bloeitijd bepaalt en QUL2, een gen dat waarschijnlijk een rol speelt in de
ontwikkeling van vaatweefsel.

De invloed van milde droogte op de prestatie van planten werd geévalueerd met behulp
van het plantenfenotyperingsysteem PHENOPSIS in Montpellier. Door precieze regulatie
van de omstandigheden in de klimaatcel en door het gebruik van een robot die de potten
met plantjes twee keer per dag woog en daarna water gaf, werd een gecontroleerde en
homogene uitdroging bereikt. Omdat plantengroei een dynamische eigenschap is werd
deze, in zowel controle als droogtecondities, dagelijks geobserveerd door middel van een
camera die van bovenaf foto’s nam (Hoofdstuk 4 en 5). De toename in de plantgrootte
werd gemodelleerd met een exponentiele functie. GWA mapping van de groeigegevens
resulteerde in de detectie van tijdsathankelijke QTLs, terwijl mapping van model param-
eters resulteerde in een andere set van QTLs gerelateerd aan de totale groeiperiode. De
meeste van de QTLs zouden niet geidentificeerd zijn als de plantgrootte alleen op één
tijdsstip was gemeten. Aan de QTLs die gedetecteerd werden in controle condities kon-
den acht kandidaatgenen met een mutant- of overexpressiefenotype worden toegekend
(Hoofdstuk 4). Genen in de support-window van de droogte-QTLs werden geprioriteerd
op basis van eerder gerapporteerde genexpressie gegevens. Extra bevestigingsexperi-
menten zijn nodig om de causaliteit van de kandidaatgenen te bewijzen.
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Vervolgens deden we onderzoek naar genen die de plantgrootte bepalen onder een reeks
van verschillende omstandigheden, De biomassatoename in de GWA populatie werd
bepaald in 25 verschillende omgevingen (Hoofdstuk 6), die onder andere verschillenden
in daglengte, temperatuur en lichtintensiteit. In de helft van de omgevingen werden de
planten ook blootgesteld aan verschillende abiotische stressen. Gezamenlijke analyse
van deze gegevens door middel van multi-environment GWA mapping resulteerde in de
detectie van 106 sterke associaties met een significant effect in 7 tot 16 omgevingen. Ver-
scheidene genen die een rol spelen in zetmeelmetabolisme, de regulatie van bladgrootte
of de bepaling van bloeitijd lagen dichtbij de geassocieerde merkers. Twee genen, RPM1
en ACDG6, waren in de nabijheid van merkers met significante genotype-met-omgeving
(GxE) interactie gelegen. Voor beiden genen zijn allelen geidentificeerd die verantwoor-
delijk zijn voor een toename in de resistentie tegen bacteriéle infecties, maar die daarnaast
ook verantwoordelijk zijn voor afname in biomassa. De richting van het alleleffect is
daarom athankelijk van omgevingsfactoren. Whole genome prediction liet zien dat de
meeste GxE interacties die zichtbaar waren op fenotype-niveau niet veroorzaakt werden
door sterke associaties met sterke QTL-met-omgeving (QxE) interacties, maar door
matige of zwakke associaties met zwakke QxE effecten.

Als laatste wordt de bruikbaarheid van GWA mapping voor de identificatie van genen
die verantwoordelijk zijn voor de prestatie van planten in diverse omgevingen waaronder
droogte en hitte bediscussieerd (Hoofdstuk 7). Sterke associaties werden waargenomen
voor zowel omgevings-specifieke als ook voor algemene regulators van de prestatie van
planten. Enkele keuzes die te maken hadden met de fenotypering en het experimentele
ontwerp waren cruciaal voor ons succes, zoals de evaluatie van de groei van planten over
tijd en de vereenvoudiging van de kwantificeringsmethode van de fenotypen. Er wordt
aangeraden om in vervolgonderzoek te focussen op de functionele karakterisering van de
causale genen, omdat deze analyse zal helpen bij de identificatie van de signaaltransductie
cascade waarbinnen de causale genen een rol spelen. Ook zullen deze analyses bijdragen
aan het begrijpen waarom variatie in de sequentie resulteert in veranderingen op het
niveau van het fenotype. Dit proefschrift draagt bij aan het begrijpen van de genetische
regulatie van stress-reacties van planten en, hoewel de vertaling van deze resultaten
naar toepassingen in gewassen een uitdaging is, het draagt waarschijnlijk ook bij aan de
ontwikkeling van stresstolerante gewassen met een stabiele opbrengst.
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seeds. The frontcover symbolises the growth of plants in less optimal conditions, like
drought and heat. Some plants perform well in these conditions, while other plants show
for example reduced seed set. This thesis aims to contribute to the development of plants
that perform well even in less optimal conditions.
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