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Chapter 1

General Introduction



General Introduction

In general, ecological studies show that high genetic heterogeneity in plants should be
maintained in agricultural systems. Plant diversity plays a vital role in sustaining ecosystems
(Tilman et al., 1997; Loreau, 1998; Litrico and Violle, 2015). On the contrary, most breeding
programs focus on monocultures under certain environmental conditions with the main aim to
enhance key agronomic characteristics, such as seed performance, biomass and resistance to
diseases. However, such an approach might lead to the loss of interaction traits (i.e. key genes
in response to modified environments). From a scientific point of view, however, dissecting the
underlying (molecular) mechanisms of response of a certain trait to various environmental
conditions is more interesting. Further incorporation of those mechanisms in breeding programs
will to some extent combine the genetic heterogeneity and the aims of breeding for agricultural
traits (Litrico and Violle, 2015).

Seeds are the most important units in the life-cycle of plants for survival. Seeds as dispersal
units are used as propagule for the plants which are able to survive adverse conditions and
establish the next generation (Bentsink and Koornneef, 2008). In addition to their biological
importance for plants, seeds also are used for humans as a source of medicine, oil, feed and
food. Furthermore, seeds are considered as an important product across the world and thus
producing seeds with high quality and performance is of a great interest for seed producers and

breeders.

Seed and seedling quality

The exact definition of seed quality is dependent on the final use of the seed. For example, if
seeds are used as a source of food then their oil, protein and starch content become important
(Nesi et al., 2008). From a farmer’s and producer’s point of view high-quality seeds are also
those that germinate uniformly and produce healthy seedlings in a wide range of environments,

including optimal and sub-optimal conditions (Foolad et al., 2007).

Seed quality related to its role as propagule is a complex trait determined by many different
attributes including germination characteristics, seed vigour, storability, genetic purity and lack
of dormancy and physical damages (Dickson, 1980; Hilhorst and Toorop, 1997; Hilhorst and
Koornneef, 2007; Hilhorst et al., 2010).

The environment under which seeds develop and mature has a huge influence on seed
performance since seed quality is mainly obtained at the position where the parent plants grow,
and mature their seeds (Delouche, 1980). This influence of the maternal environment probably
is an adaptation mechanism of the plants to diverse environments to improve their fitness by

the production of seeds that produce healthy vigorous seedlings at the optimal time and with
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General Introduction

optimal growth characteristics finally resulting in higher yields (Huang et al., 2010). Thus,
many of the parameters determining seed quality such as germinability, dormancy, desiccation
tolerance and seed vigour are acquired during seed maturation (Harada, 1997). Among the
factors defining seed performance, seed germination characteristics, seed size and subsequently

seedling vigour are very important and decisive (Panthee et al., 2005; Foolad et al., 2007).
Seed size related to seedling vigour

An important attribute of seed quality is seed size. It has been reported that during evolution,
seed size is a trait that has shown remarkable changes. Large variation was observed for seed
size within the different species and populations to the extent that seed size is regarded as the
most variable trait of plants (Orsi and Tanksley, 2009). Such a big variation plays an important
role in the adaptation of plants to different environments but the reason for that is not exactly
clear (Geritz et al., 1999). Most of the domesticated crops (e.g. tomato, soybean, maize and
sunflower) produce relatively bigger and heavier seeds in comparison with their wild ancestors.
Such a domesticated fitness may have been created by the selection of larger seeds in order to
increase (seed) crop yields (Broich and Palmer, 1980; Doganlar et al., 2000; Burke et al., 2002;
Fuller, 2007). The production of bigger seeds in a domesticated crop such as tomato may also
be related to the positive correlation between seed size and fruit size. Therefore, larger seeds
were mostly the results of the selection for bigger fruits which is usually considered a desirable
trait (Goldman et al., 1995).

From a seed producer’s point of view the ability of the seeds to produce seedlings with good
establishment and generate usable plants is one of the major attributes defining seed quality
(Ligterink et al., 2012). Seedling vigour has a profound effect on the establishment of seedlings
and, subsequently, on the production of useful crops. Therefore seedling vigour may be
considered as an important determinant of crop production which is greatly influenced by seed
size and seed vigour (Heydecker, 1977; TeKrony and Egli, 1991). The correlation between seed
size and seedling establishment has been reported frequently. It has been hypothesized that both
in optimal and non-optimal environments larger seeds can survive and establish seedlings better
than the smaller ones (Wulff, 1986; Lee and Fenner, 1989; Jurado and Westoby, 1992;
Leishman and Westoby, 1994). Partly due to the importance of seed size in determining seed
quality, several studies have identified many loci regulating seed size and weight in different
species, such as Arabidopsis, rice, soybean and tomato (Alonso-Blanco et al., 1999; Liu et al.,
2007; Shomura et al., 2008; Orsi and Tanksley, 2009; Joosen et al., 2012; Khan et al., 2012).
Despite these studies, the genetic and molecular basis underlying variation for seed size are still

not broadly understood.
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Seed germination characteristics

Despite the fact that seed quality is often defined by the germination percentage after a specific
period, this factor can hardly describe all aspects of seed quality. Therefore, determining the
whole cumulative germination curve and, from this, quantifying the attributes such as onset
(tio), rate (tso) and uniformity (Ussis) of germination is essential to acquire a more
comprehensive understanding of seed quality. Thus, one of the important tools determining the
performance of a seed lot is the evaluation of seed germination by assessing different
germination characteristics. The stage of seed germination plays a vital role in the plant life
cycle of tomato and is strongly affected by various environmental stress factors such as drought,
high temperature and salt (Foolad and Chen, 1999; Foolad et al., 2003). The completion of seed
germination is defined as the protrusion of the radical through the endosperm and seed coat
(Bewley, 1997). It has been previously shown that seed germination is largely dependent on the
composition of seed reserves and the balanced level of several hormones including abscisic acid
(ABA) and gibberellic acid (GA) (Penfield and King, 2009). Although seed size and/or weight
often show significant correlation with seed quality and seedling establishment, they appeared
not to be related to the seed germination characteristics under normal maternal conditions for
tomato (Fenner, 1991; Khan et al., 2012).

Thermo-inhibition and dormancy

Germination begins with the absorbtion of water by seeds (seed imbibition), is followed by the
activation of metabolism and the onset of growth related processes, and, in tomato, ends with
radical protrusion through the endosperm and seed coat (Bewley et al., 2012). In response to
undesirable environments some seeds postpone their germination until favourable conditions
are met and thus show a physiological response which is called dormancy (Hilhorst, 2007). One
of the environmental factors with a profound effect on seed germination is temperature, which
influences water absorption and activity of metabolic pathways (Weitbrecht et al., 2011;
Bewley et al., 2012; Franks et al., 2014). Elevating the environmental temperature has a
negative influence on agricultural production (Walck et al., 2011) and its negative effects are
expected to become more severe in the future, due to global warming. Therefore, it is essential
to investigate the physiological and molecular mechanisms underlying the effect of temperature

on seed quality and, more specifically, on seed thermo- dormancy.

Seeds exposed to elevated temperatures during imbibition may display physiological responses
such as thermo-inhibition or thermo-dormancy. In the case of thermo-inhibition, seeds do not
germinate at high temperature, but germinate immediately upon exposure to optimal
temperature. In the case of thermo-dormancy seeds also do not germinate at high temperature,

but also not at a subsequent optimal germination temperature (Huo and Bradford, 2015).
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Environmental (light and nitrate) and hormonal (GA, ABA and ethylene) factors may influence
thermo-inhibition and thermo-dormancy of seeds (Gonai et al., 2004; Kepczynski et al., 2006;
Toh et al., 2008). There are many studies indicating that genes functioning in ABA-biosynthesis
such as 9-cis-epoxycarotenoid dioxygenase (NCEDs) and other ABA DEFICIENT genes
(4BAs) and GA biosynthesis (GA3o0x1, GA30x2 and GA20x1) have a role in thermo-induced
dormancy and inhibition of seed germination (Toyomasu et al., 1998; Iuchi et al., 2001). GA
and ABA inversely regulate seed germination, in the way that when seed germination is
inhibited the regulation of genes involved in GA biosynthesis are suppressed while the ABA
biosynthetic pathway genes are up-regulated (Toh et al., 2008). It has also been reported that
FUSCA3 (FUS3), which is a B3-domain transcription factor, affects germination of seeds in
response to high temperature by increasing and decreasing ABA and GA biosynthesis,
respectively (Nambara et al., 2000; Curaba et al., 2004; Holdsworth et al., 2008). Regarding the
importance of global warming and its effects on seed germination and final yield of agricultural
production, it is imperative to detect more regulators of seed germination and dormancy in

response to high temperature.

In general, seed quality is a complex trait regulated by several mechanisms. Although many
studies have focused on the variation of seed quality, the mechanism(s) underlying natural
variation for seed quality traits and their interaction with the environment are still largely
unknown. In this thesis, I attempt to dissect the genetic basis of tomato seed quality by a

combined study of physiology, genetics and genomics in relation to the maternal environment.

Natural variation in tomato seed and seedling quality

In many species a wide variation in several seed- and seeding quality traits has been observed,
such as seed and seedling size and weight (Doganlar et al., 2000; Vandecasteele et al., 2011;
Khan et al., 2012), seed dormancy (Koornneef et al., 2002; Bentsink et al., 2010), seed
germination characteristics such as Gmax, t10, tso and Ussis (Foolad et al., 2003; Foolad et al.,
2007; Joosen et al., 2012; Kazmi et al., 2012) and thermo-inhibition (Argyris et al., 2008; Huo
and Bradford, 2015). Detecting the genes affecting such important traits and their natural
variation is essential because existing variation can be used for predicting and improving seed
quality. One of the most powerful methods that often has been used for studying the molecular
mechanisms underlying natural variation in plants is Quantitative Trait Loci (QTL) analysis.
QTL analysis studies the linkage between genetic and phenotypic variation of traits in
populations such as recombinant inbred line (RIL) population (Alonso-Blanco and Koornneef,
2000). RIL populations are immortal mapping populations consisting of several almost

completely homozygous lines resulting from a cross between two parental lines and subsequent
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selfing for several generations. QTLs represent the genomic regions that can explain the
observed phenotypic variation and that regulate the analysed traits. Many studies have
characterized QTLs affecting complex quantitative seed traits in different species (Alonso-
Blanco et al., 2003; Clerkx et al., 2004; Salvi and Tuberosa, 2005; Joosen et al., 2012; Kazmi
et al., 2012; Khan et al., 2012).

High quality seeds are those which show uniform and high germination percentage not only in
optimal conditions but also under non-optimal germination conditions such as high and/or low
temperature and osmotic stress (salt and osmoticum) (Foolad et al., 2007). Therefore,
investigating the seed germination response under various germination conditions and
determining the genetic basis regulating these responses may lead to the identification of the
genes responsible for controlling seed germination. Several QTLs regulating seed germination
responses have been detected in foregoing studies many of which were common among
different stressful germination conditions (Dudley, 1993; Foolad et al., 2003; Foolad et al.,
2007). Such co-locating QTLs may indicate that similar mechanisms are regulating seed
germination under different conditions and, thus, detecting the responsible genes for better
germination and then improving the seed germination responses in one condition may result in
better germination responses in other conditions as well. Although many valuable studies have
been carried out and several QTLs governing seed quality traits in different species have been
characterized (Koornneef et al., 2002; Argyris et al., 2008; Joosen et al., 2012; Kazmi et al.,
2012; Khan et al., 2012), more studies are needed to determine the effect of the maternal

environment on the function of responsible genes for final seed performance.

Influence of the maternal environment on seed performance

In addition to the different factors such as physical, physiological, genetic, seed health, method
of harvesting and storage of the seeds, the final quality of seeds is also influenced by the
maternal environment (Rowse and Finch-Savage, 2003; Sperling et al., 2004). In general, the
environment under which plants grow and seeds develop and mature is referred to as the
maternal environment and it may affect the phenotype of the progenies (Donohue, 2009). Seeds
can alter their phenotype (e.g. metabolite composition, seed size etc.) in response to the
environment experienced by either themselves or their parents (maternal environmental effects)
(Roach and Wulff, 1987; Sultan, 2000; Snell-Rood, 2013). The environment in which seeds
germinate is considered to be a very important factor affecting seed performance. Indeed, the
post dispersal environment (experienced by seeds themselves) is thought to be a more accurate
predictor of seed quality as compared to the environment that maternal plants are exposed to

(DeWitt et al., 1998). Hence, many studies investigated the genetic basis underlying the
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response of germinating seeds to various optimal and sub-optimal germination conditions
(Clerkx et al., 2004; Ren et al., 2010; Joosen et al., 2012; Kazmi et al., 2012; Khan et al., 2012).
However, the environment perceived by the mother plant may predict subsequent responses of
the progenies to future competitive conditions which are not yet in existence (Leverett et al.,
2016). Therefore, investigating the genetic basis regulating the effects of maternal

environments on seed quality is also necessary to improve and predict ultimate seed quality.

There are several reports indicating the influence of various maternal environmental factors
such as temperature (Demir et al., 2004; Schmuths et al., 2006; He et al., 2014), photoperiod
(Pourrat and Jacques, 1975; Gutterman, 2000; Munir, 2001) and nutrition (Alboresi et al., 2005;
He et al., 2014) on final seed performance. For example, in some species including Arabidopsis
(Munir, 2001) and Chenopodium polyspermum (Pourrat and Jacques, 1975) germinability of
seeds that developed under a short day regime was higher than those which were produced
under long days. Besides, in several species such as Arabidopsis (Kendall et al., 2011; Penfield
and Springthorpe, 2012; He et al., 2014), Amaranthus retroflexus, wild oat (Fenner, 1991) and
lettuce (Contreras et al., 2009) it has been shown that mother plants grown in warmer

environments produce seeds with lower levels of dormancy.

As previously described, nutrient accumulation in the seeds and final levels of seed reserves
may be one of the important indicators of seed quality. Accumulation of nutrients in the seeds
is a complex process which is not only dependent on genetic but also on environmental factors
(Papdi et al., 2009). One of the environmental factors greatly influencing seed reserves and
subsequent seedling establishment is the nutritional status of the mother plant (Farhadi et al.,
2014). Indeed, fertilizers supplied to maternal plants may alter seed quality traits such as
dormancy in progenies. Nitrate, as the major source of nitrogen used in many metabolic
pathways such as amino acid biosynthesis, is considered one of the most vital nutrients for
plants (Urbanczyk-Wochniak and Fernie, 2004). It has been shown that in some species seeds
developed and matured under higher dosage of nitrate may produce seedlings with higher shoot
and root weight (Farhadi et al., 2014; Song et al., 2016). Moreover, in some species a higher
nitrate regime applied to the mother plant led to the production of larger and heavier seeds
(Fenner, 1991). The level and composition of the nutrient supply to the mother plant may also
affect dormancy and germinability of the seeds. In several studies dosage of nitrate applied to
the maternal plant showed a negative correlation with the level of dormancy in the progenies.
For instance, in Solanum Iycopersicum (Varis and George, 1985), Nicotiana tabacum (Thomas
and Raper, 1979), Sisymbrium officinale (Bouwmeester et al., 1994) and Arabidopsis (Alboresi
et al., 2005; He et al., 2014) low nitrate levels in the soil of the mother plant increased the
dormancy of its seeds. Alboresi et al. (2005) argued that in Arabidopsis nitrate could decrease

dormancy levels of the seeds by affecting hormone (ABA and/or GA) and/or other metabolite
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levels. Modi and Cairns (1994) showed that deficiency of molybdenum in wheat mother plants
resulted in the production of low dormant seeds. They argued that molybdenum could affect
dormancy of the seeds possibly by modifying the seed nitrate content. Since molybdenum acts
as a co-factor of nitrate reductase (Mendel and Héansch, 2002), its deficiency will decrease the
activity of nitrate reductase and thus nitrate is accumulated in the seeds, resulting in a lower
level of dormancy (Modi and Cairns, 1994).

Phosphate is another important nutrient for plants, being an essential component of some vital
molecules including nucleic acids, phospholipids and ATP (Schachtman et al., 1998;
Urbanczyk-Wochniak and Fernie, 2004). Arabidopsis seeds from mother plants fertilized with
higher levels of phosphate could germinate better under sub-optimal germination conditions
(He et al., 2014). Despite the importance of maternal nutrient supply on final seed performance,

so far only a few studies have been conducted to identify this effect.

In general, genetics of the seeds and the environment experienced by the mother plants
profoundly affect final seed quality. Seed quality is however not only determined by genetic

(G) and maternal environments (E), but also by their interaction (GXE).
Genetic by environment interaction

Plants and seeds can perceive their environments and thus engage mechanisms to enable them
to face undesirable conditions (such as drought, high temperature, osmotic stress and lack of
nutrients) and therefore to be less affected by these conditions. Due to climate changes many
seed quality traits, such as seed size and/or weight and seed germination characteristics have
been adversely influenced and eventually agricultural productivity and final yield have been
reduced (Gornall et al., 2010; Singh et al., 2013). In order to cope with such sub-optimal
conditions, plants use several adaptive mechanisms resulting in a significant phenotypic
acclimation responses and changes in the plant’s physiology and several molecular
mechanisms. In many cases the changes due to acclimation varies from one genotype to another
indicating genetic variation for the phenotypic acclimation. Such a variation within the
genotypes suggests genotype by environment interactions (GXE) (El-soda et al., 2015). To
obtain a comprehensive understanding of the effects of the seed maturation environment on
seed quality and its regulating genetic mechanisms, GXE can be considered in QTL analysis
(QTL by environment (QTLx*E)). Testing the genotypes in various environments is needed for
identifying GXE factors (van Eeuwijk et al., 2010). By considering GXE effects in genetic
variation and QTL mapping, the statistical power of QTL analysis is enhanced and more QTLs
are possibly detected (El-Soda et al., 2014). Regarding this effect, QTLs are classified in two

categories: first, QTLs detected in all studied environments (regulating a phenotype regardless
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of environment) counted as main QTLs; second, QTLs affecting the phenotype in a specific

environment which are considered as environment-specific QTLs (El-Soda et al., 2014).

Generalized genetical genomics approach

Several QTLs have been detected for seed quality traits and many causal genes have been
characterized and cloned (Salvi and Tuberosa, 2005). Fine mapping is a crucial step for plant
breeding in which a regulating genomic region is minimized and putative causal genes are
detected by reducing the number of candidate genes. Despite the importance of fine mapping
and ultimate cloning of the responsible genes, it is very time-consuming and often not straight
forward. This causes difficulties for mapping and characterizing the genes regulating the
phenotypic traits such as seed and seedling quality which are complex traits controlled by
multiple genes interacting with several environmental factors (Mackay, 2001; Mackay et al.,
2009). In general, identifying the molecular mechanisms underlying the genetic variation is not
straightforward since each gene is related to many other genes and pathways and thus many

linkages between the phenotype and genotype are still unknown.

This problem may be partly overridden by applying an approach called genetical genomics, in
which traditional QTL mapping is integrated with omics analysis such as proteomics (which
detects the variation of protein abundance in a specific tissue or cell during normal or different
sub-optimal conditions), transcriptomics and metabolomics (Jansen and Nap, 2001; Joosen et
al., 2013). The variation of transcript abundance, which is measured by microarrays and, more
recently, by RNA-sequencing, can be considered as a quantitative trait and may thus be
subjected to linkage analysis to identify loci regulating the gene expression levels, which are
known as expression QTLs (eQTLs). There are two different eQTLs regarding the location of
the marker related to the eQTL and the physical position of the gene under study. When eQTLs
are located far from the position of the gene under study they are classified as trans eQTLs. In
contrast, the eQTLs which map to the position of the gene under study are considered as cis
eQTLs which are known as good candidates for being putative responsible genes for a given
trait (Wayne and McIntyre, 2002; Rockman and Kruglyak, 2006).

Metabolomics, dissecting seed and seedling quality

Plants are a rich source of metabolites which are involved in plant development, growth and
performance (Binder, 2010). Metabolites, as the final product of the genetic and developmental
environmental inputs, determine the plant’s developmental status and performance (Kooke and
Keurentjes, 2011). Metabolomics is one of the tools that can be applied for detecting,

identifying and measuring a range of metabolites (Keurentjes et al., 2006; Verpoorte et al.,
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2008). Metabolites may affect phenotypic traits more directly than the transcriptome and
proteome.Due to the complexity of data analysis of protein samples, genetical proteomics
studies are relatively scarce (Chevalier et al., 2004). Using network analysis of the metabolite
contents and integrating that with the phenotypic traits may provide an overall map of metabolic

changes and its relation to plant, fruit and/or seed quality traits (Toubiana et al., 2012).

Existing genetic variation is not limited to phenotypic traits such as seed and seedling quality
traits. Metabolite content and -composition also show quantitative variation which is regulated
by multiple genes and metabolic QTLs (mQTLs) (Windsor et al., 2005; Lisec et al., 2008;
Schauer et al., 2008; Toubiana et al., 2012). Many QTL analyses have been conducted and
many QTLs affecting metabolite level have been found (Schauer et al., 2006; Kazmi et al.,
2017). In general, the quantitative variation of metabolites may have an influence on different
phenotypic traits and a relationship between central metabolism and plant growth has been
established (Keurentjes et al., 2007; Meyer et al., 2007). Although in several reports a strong
correlation has been found between metabolites and phenotypic traits, a lack of overlap between
metabolic and phenotypic QTLs has often been observed (Rowe et al., 2008). This might be
due to the fact that each of the phenotypes is not correlated with a specific metabolite but with
a group of metabolites and, thus, the final metabolic balance between groups of metabolites

could affect phenotypic traits (Kazmi et al., 2017).

Approaches such as genetical genomics provide better and more in-depth understanding of the
molecular basis regulating complex traits (Kliebenstein et al., 2006; Schauer et al., 2006;
Ligterink et al., 2012). As described above, complex traits such as seed and seedling quality are
greatly influenced by the environment. Since genetical genomics normally does not take
environmental factors into account, an advanced approach is needed to obtain a comprehensive
understanding of the regulation of molecular networks that control the phenotypic variation.
Therefore, a new experimental setup was designed which is called generalized genetical
genomics (GGQG) in which environmental cues can be incorporated in the often expensive omics
analysis (Li et al., 2008). This approach determines the genetic and environmental effects on
detected QTLs by dividing a RIL population into new subpopulations and sampling each of

them to a different interesting environment.

Integration of omics analysis

Despite the vast amount of QTLs that have been detected for seed quality, only a few genes
have been characterized and functionalized so far (Luo et al., 2005; Bentsink et al., 2006; Song
et al., 2007). This could be related to the fact that fine mapping and cloning of the causal genes
for the QTLs is time consuming and often more complex than anticipated and thus traditional
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QTL analysis may be considered as a less informative and useful technique. Therefore, more
advanced approaches are required to provide new information and increase our knowledge on
the responses of plants to environmental conditions and mechanisms controlling those
responses. Integrating ‘omics’ data from transcriptomics, proteomics and metabolomics into
the genetic dataset could be one of the advanced approaches by which the large number of

QTLs may be reduced to a few manageable common QTLs.

Using a combination of these three omics methods may provide a comprehensive dissection of
a given biological system at the level of transcription and translation (Tan et al., 2009). In order
to analyse the complex correlation of these omics traits, the genetic analysis should be
performed in well-structured populations such as a RIL population and such a quantitative
analysis should then be subjected to a combined correlation and QTL analysis (Keurentjes et
al., 2008). In general, integrating different omics datasets provides beneficial information of

how plants cope with and finally adapt to the various environments (Schwarz et al., 2011).

Scope of thesis

The success of growing tomato, like every other agricultural product, depends on many
different factors, such as the quality of the soil, water supply, climatic conditions (temperature,
light and moisture) and the quality of the seeds that were used. One of the most important factors
that affect the success of germination, seedling establishment, growth, development and final
yield of crops is seed quality. Quality of seeds is strongly affected by their genetic make-up,
the environment during seed development and maturation and also the interaction between
genome and environment. Many seed quality traits (e.g. dormancy, germination percentage,
rate and uniformity) are quantitative traits that are controlled by many genes. So far, several
Quantitative Trait Loci (QTL) analyses have been performed to investigate genetic aspects
underlying seed quality in various species including barley, Arabidopsis and tomato (Li et al.,
2005; Joosen et al., 2012; Kazmi et al., 2012). Changes in maternal environmental factors are
sensed by plants and can be reflected in the performance of their progenies (seeds). Such
responses of seeds to the environment of mother plants are probably controlled by several
mechanisms which are still largely unknown. The objective of this thesis is to exploit the natural
variation of seed and seedling quality by using ‘omics’ approaches. In addition, I attempt to
identify the molecular mechanisms that are involved in the acquisition of seed quality and
especially also to investigate how these mechanisms are controlled by adverse maternal

nutritional conditions.

In Chapter 1 I explain the definition and different aspects of seed and seedling quality and the

factors affecting them, emphasizing the importance of different maternal environmental factors.
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Furthermore, I explore the application of natural variation to detect QTLs for seed quality traits.
The genetical genomics approach in several species and its deficiency is described and the
alternative GGG approach is introduced. The integration of ‘omics’ analysis is also suggested
and is considered as an advanced approach to reduce the number of relevant QTLs and to

facilitate the identification of the causal genes.

The goal of Chapter 2 is to investigate how different nutritional environments of the mother
plant influence the quality of the progenies of different genotypes. I study two different tomato
genotypes (Solanum lycopersicum (cv. Moneymaker) and Solanum pimpinellifolium) under
different levels of phosphate and nitrate. The extensive phenotyping of the harvested seeds is
done by performing seed germination tests at both optimal and sub-optimal conditions. In order
to see whether phenotypic changes of seed and seedling traits are related to the changes of the
metabolite content and composition of the seeds, a metabolomics analysis of dry tomato seeds
is performed. In addition correlation analysis is conducted between metabolites and seed and
seedling quality traits, such as seed germination and seedling growth characteristics, in order to

establish links between specific metabolite content of the seeds and physiological performance.

In Chapter 3 I use a RIL population derived from the two distinct tomato accessions used in
Chapter 2. It is of great interest to detect which loci are involved in the response to different
nutritional maternal environments. To do so, the RILs are exposed to high phosphate and low
nitrate environments during seed development and their seeds are tested for several seed and
seedling related traits including maximum germination percentage, rate of germination, thermo-
dormancy and -inhibition of seed germination, as well as fresh and dry weight of seedlings. In
this chapter the power for detecting the loci influenced by the different maternal environments

is increased by performing a QTLXE approach.

In Chapter 4 metabolic profiling of seeds developed and matured under different nutritional
environments is done. Such a metabolic analysis may display more important metabolites
regulating plant development and may provide a better understanding of plant acclimation
processes. Using a GGG approach I perform metabolic analysis of the RIL population (used in
Chapter 3) and the parental lines grown in high phosphate and low nitrate environments. By
generating metabolite correlation networks and performing mQTL analysis, more genetic and
molecular aspects of seed metabolic changes in response to the maternal environment are

discovered.

The objective of Chapter 5 is to study the genetic variation for thermo-inhibition and thermo-
dormancy between the two tomato accessions used in Chapter 2. By applying a candidate gene
approach I investigate whether similar molecular mechanisms as in other species such as lettuce

and Arabidopsis are regulating thermo-induced inhibition and dormancy in tomato seeds. In
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addition, I use a QTL based approach with the RIL population used in Chapters 3 and 4 to
identify novel specific regulators that play a role in tomato seed performance under high

temperature conditions.

In Chapter 6 the most important and highlighted findings of this thesis are broadly discussed.
In this chapter, I also integrate the obtained results and conclusions from the experimental
chapters. In addition, I propose further required investigations and analyses to obtain a
comprehensive understanding of the seed and seedling quality, factors that influence them and

their underlying mechanisms.
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Genotype and maternal environment affect seed and seedling performance

Abstract

Seed and seedling traits are affected by the conditions of the maternal environment, such as
light, temperature and nutrient availability. In this study, we have investigated whether different
maternally applied nitrate and phosphate concentrations affect the seed and seedling
performance of two tomato genotypes: Solanum lycopersicum cv. Money maker (MM) and
Solanum pimpinellifolium accession CGN14498 (PI). We observed large differences for seed
and seedling traits between the two genotypes. Additionally, we have shown that for nitrate
most of the seed and seedling traits were significantly affected by genotype by environment
interactions (GxE). The effect of the maternal environment was clearly visible in the primary
metabolites of the dry seeds. For example, we could show that the amount of y-aminobutyric
acid (GABA) in MM seeds was affected by the differences in the maternal environments and
was positively correlated with seed germination under high temperature. Overall, compared to
phosphate, nitrate had a larger effect on seed and seedling performance in tomato. In general,
the different responses to the maternal environments of the two tomato genotypes show a major

role of genotype by environment interactions in shaping seed and seedling traits.
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Genotype and maternal environment affect seed and seedling performance

Introduction

Seeds, as the start point of the life cycle of plants, can be considered as the key life stage in
many crops like tomato. High quality and well developed seeds are crucial for a successful life
cycle of crops, from seedling establishment through to fruit and seed production, especially
under stressful environmental conditions. Seed quality is a complex trait and is composed of
different quality characteristics including physical, physiological, genetic and seed health
quality (Sperling et al., 2004). In addition, seed quality is influenced by many environmental
cues such as drought, light and temperature (Rowse and Finch-Savage, 2003). Establishment
of seed quality starts at the position where the plants grow, produce and mature their seeds
(Delouche and Baskin, 1971). The maternal environment under which seeds develop and
mature, including the climate and growth conditions, has a profound influence on seed quality
(Delouche, 1980). Maternal environmental effects are defined as a specific phenomenon in
which the phenotype of offspring is influenced by the environment that the maternal plant is
exposed to (Donohue, 2009). It has been reported that different temperatures (Demir et al.,
2004; He et al., 2014; Schmuths et al., 2006), photoperiod (Munir ef al., 2001; Pourrat and
Jacques, 1975) and nutrient conditions (Alboresi et al., 2005; He et al., 2014) during seed
development and maturation may result in differences in seed performance in plants such as

tomato and Arabidopsis.

Seed performance traits, such as seed dormancy and germinability, can be influenced by
different environmental conditions. The germinability of a seed batch is defined as the
percentage of seed germination during a specific time interval (Fenner, 1991). There are many
reports on the influence of environmental conditions under which seeds develop and mature on
seed dormancy and germinability. For instance, for S. lycopersicum (Varis and George, 1985),
Nicotiana tabacum (Thomas and Raper, 1979), Sisymbrium officinale (Hilhorst and Karssen,
1988), Arabidopsis thaliana (Alboresi et al., 2005; He et al., 2014) and Rumex crispus
(Hejcman et al., 2012) it has been shown that low nitrate levels in the soil of the mother plant
results in a decrease in germinability of their seeds. Alboresi et al. (2005) reported that nitrate
can reduce dormancy in Arabidopsis seeds by either direct effects or through hormonal and
metabolic changes in the seed. These changes probably include interactions with ABA and/or

GA synthesis and degradation pathways (Alboresi et al., 2005).

The effects of maternal environmental conditions on seed quality are not restricted to
germination characteristics of the seeds, but may also include other seed quality traits such as
seed size and seed weight as well as seedling quality characteristics such as root and shoot
weight, hypocotyl length and root architecture. In many species a higher level of nutrient supply
to the mother plant led to the production of bigger and heavier seeds (Fenner, 1992). Moreover,

in some species a higher nitrate regime applied to the mother plant resulted in an enhanced
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seedling establishment and higher shoot and root weight of the seedlings (Farhadi et al., 2014;
Song et al., 2014). In addition, there are many examples of changed metabolism in seeds in
response to the environmental condition of the mother plant (Joosen et al., 2013; Mounet et al.,
2007). A better understanding of the influence of the maternal environment on seed and
seedling quality can be obtained by performing omics analysis of seeds such as transcriptomics,

proteomics and metabolomics.

Fait et al. (2006) revealed that seed germination and seedling establishment characteristics are
associated with degradation and mobilization of reserves which are accumulated during seed
maturation like sugars, organic acids and amino acids. Therefore, profiling the metabolites and
finding the ones associated with phenotypes can be regarded as a powerful tool for monitoring
seed performance. In general, metabolite contents alter in response to abiotic stress, which is
most obvious for primary metabolites such as sugars, amino acids and tricarboxylic acid (TCA)

cycle intermediates (Arbona ef al., 2013).

In this study, we investigated if different maternal nutritional environments can affect the
quality of the progeny of different genotypes. For this purpose we investigated two different

tomato genotypes (S. lycopersicum and S. pimpinellifolium) under different nutrient conditions.

S. pimpinellifolium, the most closely related wild tomato species to the advanced tomato
breeding line (S. lycopersicum cv. Money maker), has been used in breeding programs for its
tolerance to some sub-optimal environments as well as the ability of being naturally crossed
with this species. We grew these genotypes in different concentrations of nitrate and phosphate.
Phosphate is an important nutrient for plants, making up 0.2% of the dry weight and being an
essential part of some vital molecules like nucleic acids, phospholipids and ATP. Nitrate plays
a key role in plants as a major source of nitrogen and some signal metabolites (Schachtman et
al., 1998; Urbanczyk-Wochniak and Fernie, 2005). Under both optimal and stressful conditions
extensive phenotyping by germination tests and metabolite profiling was done after harvesting
the seeds. Based on these results we show that different levels of phosphate and nitrate available
to the mother plant can influence seed and seedling traits especially under stressful germination
conditions. In addition, in order to investigate if physiological changes in seed and seedling
performance are influenced by metabolic changes in the dry seed, correlation analysis was
performed between physiological traits like seed germination and seedling growth and
metabolic changes caused by the different maternal environments in tomato. We showed that

several phenotypic traits are either positively or negatively correlated with metabolites.
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Results

Several studies have been reported recently about the effect of the maternal environment such
as temperature, light and nutrition on seed and seedling quality in plants (Alboresi et al., 2005;
He et al., 2014; Hejcman et al., 2012). However there is still a lack of knowledge on the
influence of nutritional condition of the mother plant on seed and seedling performance. In
order to investigate the effect of maternal nutrient environment on the seed and seedling quality
in tomato, two tomato genotypes, S. Ilycopersicum cv. Money maker (MM) and S.
pimpinellifolium accession CGN14498 (PI) were grown on different nutrient solutions from
flowering onwards. Their seeds were harvested and phenotyped for various seed performance
traits, including percentage of germination, germination rate and uniformity, under optimal and
several stress germination conditions (i.e. high temperature, salt and osmotic stress).
Furthermore, seed size and weight were determined. Since final successful and sustainable crop
production results from healthy seedlings and good seedling establishment, we also measured
some seedling quality traits such as hypocotyl length, root architecture and fresh and dry root
and shoot weight.

Table 1. ANOVA analysis of the effect of genotype, maternal environment and genotype-by-environment
interactions on seed and seedling quality. Values show the -10 log(P) *.

Nitrate Phosphate

Traits

Genotype Environment GxE Genotype Environment

SS

SwW

FWR
DWR
FWSH
DWSH
MRL

NLR

Gmax Water
tso! Water
Gmax NaCl
tso! NaCl
Gmax HT
tso! HT
Gmax Mann.
tso! Mann.
Nit. Content 1.66 0.06 0.77
Phy. Content 1.90

ABA Content 1.04 1.04

SS, Seed size; SW, Seed weight; FWR, Fresh weight of root; DWR, Dry weight of root; FWSH, Fresh weight
of shoot; DWSH, Dry weight of shoot; MRL, Main root length; NLR, Number of lateral root; Gmax, Maximum
seed germination percentage; tso!, Reciprocal of time to respectively reach 50% of maximum germination; HT,
High temperature; Mann, Mannitol; Nit, Nitrate; Phy, Phytate.

* Coloured cells demonstrate significant levels (Dark green: P<0.001; Light green: P<0.01; Very light green:
P<0.05) and non-coloured spots represent non-significant values.
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Factors affecting seed and seedling traits

A linear model/ANOV A was used to investigate the effects caused by the different factors like
genotype, environment and their interaction (GXE). The results showed that genotype was an
important factor, since it had a very pronounced influence on almost all traits in different nitrate
and phosphate concentrations (Table 1). Also the environment under which seeds developed
had a significant effect which was most prominent for different nitrate conditions (Table 1).
Although GXE interactions had a significant effect on some traits for the phosphate
environment, most of the seed and seedling traits in the case of different nitrate concentrations

were significantly influenced by GxE interactions (Table 1).
The effect of different nutrient regimes of the mother plant on seed quality traits
Seed germination under optimal conditions (water)

Under normal germination conditions only very low nitrate (0 mM) decreased the germination
percentage in MM (Figure 1A). Although the rate of the germination (tso') was not affected
significantly by different amounts of nitrate, it was decreased by higher amounts of phosphate

(Supplemental Figure S1A).
Seed germination in stress conditions (high temperature, salt and mannitol)

Our results showed that at high temperature MM seeds from plants grown in 0 mM nitrate,
germinated very poorly (4%) while higher concentrations of nitrate resulted in significantly
higher germination percentages (40-60%; Figure 1B). These seeds also had a higher tso”! (Figure
1C). In contrast with nitrate, Gmax Was decreased at higher levels of phosphate (Figure 1B).

While seed germination of MM was positively correlated with nitrate concentration in mannitol
(Figure 1D), germination rate was contrarily decreased at higher levels of both nutrients
(Supplemental Figure S1B). Under salt stress, both phosphate and nitrate had a positive effect
on germination percentage of MM seeds and a negative effect on their germination rate (lower
t50°! values, Figure 1E, F).

Although different nutritional environments resulted in clear changes in seed quality traits in
MM, hardly any effect was seen for PI seeds, indicating that PI was tolerant to the different

environments that were tested.
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Figure. 1. Effects of maternal nutritional environment on seed germination traits of MM and PI. A, Germination
in water (25°C); B, Germination at high temperature (Water, 35°C); C, tso”' at high temperature (Water, 35°C);
D, Germination in mannitol (-0.5 MPa, 25°C); E, Germination in salt (-0.5 MPa, 25°C); F, tso!' in salt (-0.5
MPa, 25°C) in different concentrations of nitrate (ON, 2.4N, 14N, 20N and 36N) and phosphate (OP, 0.1P, 1P,
SP and 10P). Letters above the bars represent significant differences between different concentrations of nitrate
or phosphate within each genotype (p<0.05).

Seed size and weight
By increasing the nitrate level, seed size and weight of MM plants increased. However, both
seed size and weight decreased slightly again at concentrations of 20 mM nitrate or higher. For

PI, higher amounts of nitrate and phosphate led to the production of larger and heavier seeds
(Figure 2A,B).
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Figure 2. Effects of maternal nutritional environments on seed quality of Solanum lycopersicum cv.
Moneymaker (MM) and Solanum pimpinellifolium (PI). A, Seed size; B, Seed weight of the plants grown in
different concentrations of nitrate (ON, 2.4N, 14N, 20N and 36N) and phosphate (0P, 0.1P, 1P, 5P and 10P).
On left, the average of seed size and seed weight (regardless of maternal environments) in each genotype are
presented.

ABA, nitrate and phytate

ABA content of dry seeds was not significantly influenced by the maternal nitrate
concentration, but was increased by application of 1 mM of phosphate. Although ABA showed
a relatively consistent increase in PI, concentrations above 1 mM of phosphate resulted in
decreased ABA levels in MM seeds (Supplemental Figure S2A). The phytate content of the
seeds significantly increased with higher phosphate levels in both genotypes (Supplemental
Figure S2B). Application of nitrate up to 14 mM increased phytate levels of MM seeds.

However, concentrations above 14 mM led to decreased phytate levels in both genotypes

Page | 32



Genotype and maternal environment affect seed and seedling performance

(Supplemental Figure S2B). In PI seeds nitrate content was not affected by the nutrient nitrate

level, while in MM higher levels of nitrate surprisingly led to lower seed nitrate levels.
The effects of different nutrient regimes of the mother plant on seedling quality traits
Fresh and dry shoot and root weight

Both fresh shoot and root weight of seedlings were influenced by different concentrations of
nitrate and phosphate for the mother plant. Evidently, raising the dosage of nitrate and
phosphate in both MM and PI resulted in heavier seedlings (shoot and root) (Figure 3A, B).
Shoot and root dry weight followed the same pattern as that of the fresh weight in different
environments in both lines (Supplemental Figure S3A, B).
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Figure 3. Effects of maternal nutritional environments on seedling quality traits of Solanum lycopersicum cv.
Moneymaker (MM) and Solanum pimpinellifolium (PI). A, Shoot fresh weight; B, Root fresh weight; C, Main
root length; D, Number of lateral roots in different concentrations of nitrate (ON, 2.4N, 14N, 20N and 36N) and
phosphate (OP, 0.1P, 1P, 5P and 10P). Letters above the bars (A, B) and lines (C, D) represent significant
differences between different concentrations of nitrate or phosphate within each genotype (p<0.05).

Root architecture

Although higher amounts of nitrate and phosphate produced a lower number of lateral roots in

PI, main root length of these plants were not remarkably influenced by different nutritional
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environments (Figure 3C, D). In contrast, MM plants grown in higher regimes of nitrate and
phosphate produced seedlings with longer main roots and a higher number of lateral roots
(Figure 3C, D). Hypocotyl length of the seedlings was not influenced significantly by the

maternal environment (Supplemental Figure S3C).
Trait by trait correlation

In order to investigate how different maternal nutrient environments affected different seed and
seedling characteristics in a similar way, a correlation analysis was performed for all pairs of
measured traits for either different concentrations of nitrate or phosphate, separately (Figure 4;
Supplemental Table S1). For the nitrate environment, nitrate levels were positively correlated
with seed and seedling performance traits such as seed size, seed weight and fresh weight of
shoot and root, however nitrate content of the seeds was negatively correlated with nutrient
nitrate levels (Figure 4). ABA levels had a negative correlation with almost all the measured
phenotypes as also has been observed for 4. thaliana (He et al., 2016). For the phosphate
environment, seed size, seed weight, germination in mannitol and salt, fresh root and shoot
weight and phytate content were strongly correlated with phosphate levels. Moreover seed size
and seed weight also showed a strong positive correlation with fresh root and shoot weight of

seedlings for the different phosphate environments (Figure 4).
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Figure 4. Heatmap of trait by trait correlations of seed and seedling traits in Solanum lycopersicum cv.
Moneymaker (MM) and Solanum pimpinellifolium (PI): in response to different concentration of (A) phosphate
and (B) nitrate. SS, Seed size; SW, Seed weight; FWR, Fresh weight of root; FWSH, Fresh weight of shoot;
MR Length, Main root length; NLR, Number of lateral roots; Gmax, Maximum germination percentage; tso”',
Reciprocal of time to reach 50% of maximum germination.

Metabolite analysis

Nutritional environments of the mother plant affected seed and seedling performance traits.
Since the metabolites in the dry seeds have been built up during seed maturation and drying,
the underlying metabolic pathways have been analysed using a metabolomics approach to see
if the observed differences in phenotype can be explained by different metabolic content of the
mature dry seeds. Dry mature seeds from plants grown in the different nutritional environments
have been used for metabolic analysis as it gives a broad overview of the biochemical status of

the seeds and helps to better understand the responses to the different environments. This
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resulted in the detection of 89 primary metabolites from which 50 could be identified. These
could be classified as amino acids, organic acids, sugars and some other metabolites which are
intermediates of key metabolic compounds (Supplemental Excel File S1). MM plants grown
with 0 mM nitrate produced less seeds which have been used for the germination assays and

therefore, metabolites of these seeds could not be measured in this study.
Genetic effects on metabolite profiles

Both PCA and cluster analysis of the metabolites showed that metabolite content was mainly
affected by the genetic background of the seeds. A clear separation between samples of the two
genotypes in terms of known metabolites was observed in a PCA plot which indicated that the
metabolic variation caused by genetic background was larger than the variation caused by the
maternal environment (Figure 5). The dendrogram which was created by cluster analysis
revealed an obvious segregation between the two genotypes which is already shown by PCA
analysis. There are three main clusters for each genotype in which P-Control, P-5P, P-10P and
P-2.4N; P-20N and P-36N; and P-OP, P-0.1P and P-ON were grouped together (Supplemental
Figure S4). Different environments were clustered with an almost identical pattern for MM

seeds (Supplemental Figure S4).
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Figure 5. Principle component analysis of known primary metabolites in Solanum Ilycopersicum cv.
Moneymaker (MM, (M)) and Solanum pimpinellifolium (P1, (P)) seeds in response to different concentration
of nitrate (ON, 2.4N, 14N, 20N and 36N) and phosphate (OP, 0.1P, 1P, SP and 10P) during maternal growth.
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Metabolic changes in response to the maternal nutrient levels

From the 50 identified metabolites, 46 were successfully mapped to their representative

pathways with help of Mapman (http://MapMan.gabipd.org) and this was used to generate a

metabolic framework (Figure 6). Changing metabolite contents within the genotypes and
different nutritional environments are displayed as heatmap plots below the metabolites which
significantly changed in response to at least one environmental factor (Figure 6). In general,
contents of nitrogen-metabolism related metabolites such as amino acids (asparagine, alanine
and y-aminobutyric acid (GABA)) and urea were decreased significantly in seeds from plants
grown under lower amounts of nitrate for both genotypes. The GABA content of MM seeds
was decreased at higher levels of phosphate while it was increased at higher nitrate levels.
Galactarate and pyroglutamate which both are precursors of glutamate were also increased by
higher amounts of nitrate. Furthermore, some of the glycolysis and TCA cycle intermediates
were remarkably affected by the maternal environment. Fructose-6-phosphate (F6P), which is
one of the derivatives of glucose in the glycolytic pathway, was reduced by higher phosphate
levels. Citrate and malate are two TCA intermediates which were negatively influenced by

increasing phosphate levels (Figure 6).
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36 mM). Colour key represents the normalized metabolite content of seeds.
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Correlation of seed and seedling quality traits with metabolites

A correlation analysis was performed to find correlations between metabolic changes and seed
and seedling performance. In the 9 plots of Figure 7 each plot represents the correlation of
metabolites with one specific trait shown in four rows (MM and PI in nitrate and MM and PI
in phosphate). Correlation analysis showed that there are some traits which have similar
correlation patterns for all four conditions. For example, phytate content is positively correlated
with germination characteristics under saline conditions such as Gmax and tso for both
environmental factors in both genotypes. Furthermore there is a negative correlation of GABA
and gluconate with seed size and seed weight in all four cases. There is also a positive

relationship between allantoin and fresh weight of roots and shoots in all four cases (Figure 7).

The correlation plots also indicated that some correlations were specific for either nitrate or
phosphate environments. For seeds from plants grown in different phosphate environments,
seed size and weight, fresh root and shoot weight and main root length of both genotypes
displayed a negative correlation with some TCA cycle intermediates such as citrate, malate and
malonate and positive correlation with phytate. Additionally, some correlations showed
contrasting trends for the two environmental factors, such as the positive correlation of seed
size and weight with citrate for seed batches originating from different maternal nitrate levels

while they were negatively correlated in case of different phosphate levels (Figure 7).

There are multiple correlations which were only present for a single condition. For instance in
MM plants which were grown in different concentrations of nitrate, fresh weight of root and
shoot was positively correlated with a majority of the amino acids. In the same plants, seed
germination quality traits under stressful conditions like salt, high temperature and osmotic

stress were positively correlated with most amino acids and sugars (Figure 7).
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Figure 7. Correlation matrix of metabolites and seed and seedling quality traits. On the right seed and seedling
traits of two tomato species: MM and PI in different concentration of Nitrate (MM-N and PI-N, respectively)
and MM and PI in different concentration of Phosphate (MM-P and PI-P, respectively). At the bottom
metabolites are presented in details and on top they are classified as groups of metabolites. Colour key table
provides graphical representation of the correlation values of the traits and metabolites. The black rectangles
indicate correlations mentioned in the result.

Discussion

Although there are many reports addressing effects of the maternal environment on seed and

seedling quality traits in several species, the effect of the maternal nutritional condition on seed
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performance has rarely been studied. In general, studying the effects of the maternal
environment on seed performance may give insight into the processes that are involved in the
adaptability of plants. The influence of the maternal environment on the next generation may
be determined by several physiological traits such as germinability, size and weight of the seeds,
as well as metabolic traits such as amino acid and sugar content of the seeds. Several studies
have shown how the maternal environment affects seed and seedling quality in different crops.
There are report on the effect of maternal photoperiod, temperature and nutrient conditions on
seed performance (Demir et al., 2004; Donohue, 2009; Munir ef al., 2001; Schmuths et al.,
2006). The influence of maternal nutrient conditions have been studied in different species such
as tomato and Arabidopsis. It appeared that different dosages of maternal nutrients may
influence seed characteristics such as seed size, seed weight and seed dormancy (Alboresi et
al., 2005; He et al., 2014; Varis and George, 1985; Wulff, 1986). We here report the effect of
a maternal environment with different concentrations of nitrate and phosphate on seed and
seedling quality of two tomato genotypes. Additionally, we assessed primary metabolite
profiles and analysed their correlation with different physiological traits such as seed

germination and seedling development.

Genotype by environment interactions (GXE)

We used two different genotypes to see how the nutritional maternal environment may
influence seed and seedling quality traits and what is the effect of GXE interactions. We
observed that the genotype is profoundly affecting seed and seedling characteristics and, thus,
an obvious genotype specific effect was found for some phenotypic traits such as germination
at high temperature (Gmax HT) and metabolite content such as GABA (Table 1, Figure 8). For
the future, studying more S. lycopersicum genotypes may provide a more robust conclusion on
the effect of the genotype. For phenotypic traits such as seed size and seed weight, there is a
difference between the two genotypes, but there is no genotype specific effect since both
genotypes are significantly influenced by nitrate and phosphate concentration (Figure 8). MM
and PI showed almost the same trend for traits such as seed size, seed weight, fresh and dry
weight of shoot and root and also main root length of the seedlings. However, MM plants
produced generally bigger and heavier seeds and seedlings in all nutritional maternal
environments (Figure 2, Figure 3). Furthermore, the highly significant influence of GxE
interactions on several seed and seedling performance traits (Table 1) indicates that the
phenotypic plasticity of the traits varied in relation to the different nutritional environments. In
general, phosphate showed less effect than nitrate and among the nitrate levels, the traits were
mostly influenced by ON which could be an indication of the saturation of the nitrate response

at the higher dosages in most of the traits (He et al., 2014).
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Figure 8. Summarizing the signiﬁcant effects of nutritional maternal environments on seed size, seed weight,
germination at high temperature (Gmax HT) and the production of GABA in seeds. Nitrate positively regulated
seed size for both genotypes while effect of nitrate on GABA accumulation and Gmax HT was only observed
when applied to MM seeds. Seed weight of both genotypes was positively regulated by phosphate content
however, the (negative) effect of phosphate on GABA accumulation and Gnax HT was only observed for MM
seeds. Solid blue and dashed red lines indicating the positive and negative effects, respectively.

Relation between the nutritional environments of the mother plant and seed germination

There was also variability in the germination response of MM seeds from plants grown on
different nitrate levels. Seeds that developed on higher levels of nitrate germinated better under
stressful conditions, such as osmotic, salt and high temperature. These seeds also contained
higher contents of amino acids. Several studies have implied that in response to stressful
conditions, amino acids can be fed into the TCA cycle and serve as the main substrate for energy
generation. This might explain higher seed germination percentages under stress conditions
(Galili, 2011). Although different concentrations of nitrate and phosphate altered seed
germination percentages under stressful conditions in MM, there was no significant change of
seed germination in PI since PI showed almost 100% germination under optimal and the tested
stressful germination conditions. PI is a wild tomato species and is often more tolerant to
various biotic and abiotic stresses (Kazmi et al., 2012; Kumar, 2006; Rao et al., 2013;
Rodriguez-Lopez et al., 2011). Loss of abiotic stress tolerance in tomato cultivars is thought to
be the result of genetic bottlenecks during domestication (Bai and Lindhout, 2007; Doebley et
al., 2006).
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Seed size and seedling growth are strongly influenced by the maternal nutritional

environment

As described above, it appears that for both genotypes increasing the nitrate level leads to higher
amounts of amino acids in the seeds. Furthermore, proteins are one of the principal storage
compounds of seeds that are subsequently used as nutrients and energy source to assert seed
germination and seedling establishment (Bewley et al., 2012; Galili ef al., 2015). Thus, the
higher dosage of nitrate may result in the synthesis of more amino acids during development
and this might increase protein content which subsequently might result in bigger and heavier
seed and seedling production and eventually successful establishment of seedlings (Castro et
al., 20006; Ellis, 1992). Seedling vigour and establishment are two essential parameters that may
influence final crop yield and are therefore necessary for profitable crop production. Successful
seedling establishment can be considered as the most critical stage of crop development. Such
an important stage can be influenced by parameters such as the maternal environment in which
the seeds mature and several seed characteristics such as seed size, seed weight and stored
organic and mineral nutrients in the produced seeds (Lamont and Groom, 2013; Stevens et al.,
2014). Confirming a study by Khan et al. (2012), we show that seedling size in tomato is
positively correlated with seed size and weight in both genotypes. The positive correlation that
we found between seed and seedling size is also in agreement with several other studies
(Cornelissen, 1999; Greene and Johnson, 1998; Khan et al., 2012). Additionally, we have
shown that increasing the maternal phosphate level enhanced seed size and seed weight which
again resulted in increased seedling size. We observed that higher amounts of phosphate
decreased the amount of F6P in seeds. Moreover, the level of citrate and malate in the seeds
decreased with increasing maternal phosphate levels. Since glycolysis and the TCA cycle are
key metabolic pathways by which organisms generate energy, decrease in the level of
intermediates of these pathways like F6P, citrate and malate possibly indicates their
consumption for energy production. It might suggest that higher utilization of glycolytic and
TCA intermediates in seeds of higher maternal phosphate concentrations, results in more
production of ATP and consequently more growth of the seedlings (Figure 3, Figure 6). In
addition, production of bigger and heavier seedling for seeds developed under higher dosage of
phosphate may be related to the higher amount of reserves which could be stored in bigger

tomato seeds produced under the same condition.
Role of GABA in plant adaptation

Carbon (C) and nitrogen (N) are two vital factors that help plants to execute essential cellular
activities. C and N metabolic pathways are strongly coordinated to ensure optimal growth and
development in plants (Zheng, 2009). Several studies have reported that when plants are facing

N deficiency, photosynthetic output and, consequently, plant growth is negatively influenced
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(Coruzzi and Bush, 2001; Coruzzi and Zhou, 2001). Several studies have implicated a primary
role of the GABA shunt in the central C/N metabolism (Fait ez al., 2011). In this study we found
that the application of lower amounts of nitrate to mother plants resulted in lower production
of GABA in the seeds of the progeny. Therefore, the decrease in GABA content in dry seeds
as a result of maternal N deficiency could be an indication of GABA usage to alleviate N

shortage and, subsequently, to recover the C/N balance (He et al., 2016).

In this study, we observed the highest percentage of seed germination under high temperature
conditions in seeds that had developed in high levels of nitrate and/or low levels of phosphate
(Figure 1). On the other hand, although enhancing the maternal nitrate level results in an
increase in the GABA content of the seeds of MM, enhancing the phosphate levels conversely
decreased it (Figure 6). Thus, there is a good correlation for MM seeds between the different
GABA levels in the seeds as a result of the maternal environment and the ability to germinate
at high temperatures. This is in agreement with many studies in which GABA has been shown
to act as an abiotic stress mitigating component in plants (Bouche and Fromm, 2004; Kinnersley
and Turano, 2000).

In this study we observed that different dosages of nitrate and phosphate during seed
development and maturation may influence the seed and seedling characteristics. We have
shown that in tomato, nitrate has a greater effect on seed and seedling performance as compared
with phosphate. However, two different tomato genotypes showed different responses to the
maternal environment and sometimes genetic specific responses were observed for some traits.
Such differential responses may indicate the contribution of different genetic and molecular
pathways to the phenotypic adaptation. Further investigating such observations as well as the
effect of GXE interaction on the performance of the tomato seed and seedling may ultimately
help in predicting and improving seed and seedling quality by controlling production

environments and breeding programs.

Materials and Methods
Plant material, growth condition and seed extraction

S. Iycopersicum cv. Money maker (MM) and S. pimpinellifolium accession CGN14498 (PI)
were grown under standard nutrient conditions (Table 2, Supplemental Table S1) with a 16-h
light and 8-h dark photoperiod. The temperature was controlled during the day and night at
25°C and 15°C, respectively. From first open flower onwards the plants were transferred to the

different nutrient conditions (Table 2, Supplemental Table S1).
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Table 2. Nutrient conditions of mother plants after flowering.

Maternal Environment Nitrate Phosphate
Standard 14 mM 1.0 mM
Very low nitrate 0.0 mM 1.0 mM
Low nitrate 2.4 mM 1.0 mM
High nitrate 20.0 mM 1.0 mM
Very high nitrate 36.0 mM 1.0 mM
Very low phosphate 14 mM 0.0 mM
Low phosphate 14 mM 0.1 mM
High phosphate 14 mM 5.0 mM
Very high phosphate 14 mM 10.0 mM

For each environment four biological replicates were used. All plants were grown in the
greenhouse at Wageningen University, the Netherlands. After harvesting, the seeds were
collected from healthy and ripe fruits. In order to remove the pulp attached to the seeds, they
were treated with 1% hydrochloric acid (HCI) and subsequently passed through a mesh sieve
and washed with water to remove the remaining HCI and pulp. In the following step, seeds were
treated with trisodium phosphate (Na;PO4.12H>0) for disinfection. Finally, seeds were dried
at 20°C for 3 days on a clean filter paper in ambient conditions and stored in the paper bags at

the room temperature (Kazmi et al., 2012).
Seed phenotyping
Seed size and weight

Seed size was determined by taking photographs of 12-h imbibed seeds on white filter paper
(20.2 x 14.3 cm) using a Nikon D80 camera fixed to a repro stand with 60 mm objective and
connected to a computer with Nikon camera control pro software version 2.0 (Joosen et al.,
2010, Ligterink and Hilhorst, 2017). The pictures were analysed by Imagel

(http://rsbweb.nih.gov/ij/) combining colour threshold with particle analysis. Seed weight was

measured by weighing approximately 100 dry seeds and divided by the number of seeds.
Germination assay

Germination assays were performed with four replications of around 50 seeds per sample of
both genotypes in a completely randomized design. The seeds were sown in germination trays

(21x15 cm DBP Plastics, http://www.dbp.be) on two blue germination papers (5.6" x 8’ Blue

Blotter Paper; Anchor Paper Company, http://www.seedpaper.com) and 50 ml demineralized

water in the case of optimal and high temperature germination environments or Sodium
Chloride (-0.5 MPa NaCl; Sigma-Aldrich) and mannitol (-0.5 MPa; Sigma-Aldrich) in the salt
and osmotic stress conditions, respectively. Each germination tray contained three samples,

using a special mask to ensure correct placement. The trays were piled up in different piles with
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two empty trays on the top and bottom, containing two white filter papers and 15ml of water
and covered by white plastic lids to prevent unequal evaporation and wrapped in a transparent
plastic bag and stored at 4°C for 3 days. Subsequently, the bags were transferred to an incubator

(type 5042; seed processing Holland, http://www.seedprocessing.nl) in the dark at 25°C except

for high temperature which was at 35°C. Germination was scored at 24-h intervals during 14
consecutive days in the case of salt and osmotic stress conditions and at 8-h intervals for one

week for the optimal and high temperature conditions.
Seedling phenotyping

Seedling characteristics were measured in two separate experiments. In the first 12 x 12 cm
petri dishes, filled with half MS medium with agar (1%) were used. The top 4 cm of the medium
was removed and the seeds, which were sterilized for 16 h in a desiccator above 100 ml sodium
hypochlorite (4%) with 3 ml concentrated HCI, were sown on top of the remaining 8 cm. After
sowing the seeds, the plates were stored in the cold room (4°C) for 3 days and subsequently
transferred to a climate chamber and held in a vertical position (70° angle) under 25°C with 16h
light and 8h dark. For each plate 14 seeds were used and the first 7 germinated seeds were kept.
Germination was scored during the day at 8-h intervals as visible radical protrusion. After the
start of germination pictures were taken at 24-h intervals for root architecture analysis. Five
days after germination, seedlings were harvested and hypocotyl length (HypL) was measured.
EZ-Rhizo was used to analyse root architecture (Armengaud et al., 2009) and main root length
(MRL) and number of lateral roots (NLR) were determined.

In the second experiment, 20 seeds of each seed batch were sown in germination trays and
stored for 3 days at 4°C. Afterwards they were transferred to an incubator at 25°C. The first 10
germinated seeds were placed on round blue filter papers (9 cm Blue Blotter Paper; Anchor

Paper Company, http://www.seedpaper.com) on a Copenhagen table at 25°C in a randomized

complete block design (with 4 biological replicates) for 10 days. To prevent evaporation,
conical plastic covers with a small hole on top were placed on top of the filter papers. After 10
days, fresh and dry root and shoot weight of the seedlings was measured (FRW, DRW, FShW
and DShW respectively).

Nitrate, phosphate and phytate measurement

To determine the nitrate, phosphate and phytate content of the seed samples, 15-20 mg of dry
seeds were frozen in liquid nitrogen and homogenized in a dismembrator (Mikro-dismembrator
U; B. Braun Biotech International, Melsungen, Germany), by using 0.6 cm glass beads, at
2500rpm for 1 minute. Fifteen mg of dry homogenized seeds with 1 ml 0.5 N HCI and 50 mg

'Y trans-aconitate (internal standard) was incubated at 100°C for 15 minutes. After
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centrifugation for 3 minutes at 14000 rpm, the supernatant was filtered using Minisart SRP4

filters (Sartorius Stedim Biotech, http://www.sartorius.com) and transferred to an HPLC-vial.

A Dionex ICS2500 system was used for HPLC-analysis with an AS11-HC column and an
AG11-HC guard column. The elution was performed by 0—15 min linear gradient of 25-100
mM NaOH followed by 15-20 min 500 mM NaOH and 20-35 min 5 mM NaOH with a flow
rate of 1 ml min™' throughout the run. Contaminating anions in the samples were removed by
an ion trap column (ATC) which was installed between the pump and the sample injection
valve. Conductivity detection chromatography was performed for anion detection, an ASRS
suppressor was used to reduce background conductivity and water was used as counter flow.
Identification and quantification of peaks was done by using authenticated external standards
of nitrate (NaNO3, Merck), phosphate (Na2HPO4.2H20, Merck) and phytate (Na(12)-1P6 IP6,
Sigma-Aldrich) .

ABA determination

For ABA determination, approximately 15 mg of dry weight seed samples were homogenized
as described above for nitrate, phosphate and phytate extraction and extracted in 1 ml of 10%
methanol/water (v/v) according to Flokova et al. (Flokova et al., 2014) with modifications.
Stable isotope-labelled internal standard of [2H6]-ABA was added to each sample in order to
validate ABA quantification. Sample extracts were centrifuged (13000 rpm/10 min/4°C) and
further purified by solid-phase extraction using Strata X (30 mg/3 cc, Phenomenex) columns,
activated with 1 ml of methanol, water and 1 ml of the extraction solvent. The loaded samples
were washed with 3 ml of water and analyte elution was performed with 3 ml of 80%
methanol/water (v/v). Samples were evaporated to dryness in a Speed-Vac concentrator and
reconstituted in 60 pl of mobile phase prior to the UPLC-MS/MS analysis. The Acquity
UPLC® System (Waters, Milford, MA, USA) coupled to a triple quadrupole mass spectrometer
Xevo™ TQ S (Waters MS Technologies, Manchester, UK) was employed to measure ABA
levels. Samples were injected on a reverse phase based column Acquity UPLC® CSH™ C18;
2.1 x 100 mm; 1.7 pum (Waters, Ireland) at flow rate 0.4 ml min™'. Separation was achieved at
40°C by 9 min of gradient elution using A) 15 mM formic acid/water and B) acetonitrile: 0-1
min isocratic elution at 15% B (v/v), a 1-7 min linear gradient to 60% B, 7-9 min linear gradient
to 80% B and a 9-10 min logarithmic gradient to 100% B. Finally, the column was washed with
100% acetonitrile and equilibrated to initial conditions for 2 min. the eluate was introduced to
the electrospray ion source of tandem mass spectrometer operating at the following settings:
source/desolvation temperature (120/550°C), cone/desolvation gas flow (147/650 1 h'),
capillary voltage (3 kV), cone voltage (30 V), collision energy (20 eV) and collision gas flow

0.25 ml min"'. ABA was quantified in multiple reaction monitoring mode (MRM) using
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standard isotope dilution method. The MassLynx™ software (version 4.1, Waters, Milford,

MA, USA) was used to control the instrument, MS data acquisition and processing.
Analysis of seed metabolites by GC-TOF-MS

For metabolite extraction we used the method as described by Roessner et al. (2000) with small
modifications. Approximately 30 tomato seeds were homogenized with a micro dismembrator
(Sartorius) in 2 ml Eppendorf tubes with 2 iron beads (2.5 mm) precooled with liquid nitrogen
and then 10 mg of that material has been used for metabolite extraction. Metabolite extraction
was done by adding 700 ul methanol/chloroform (4:3) together with a standard (0.2 mg/ml
ribitol) to each sample and mixed thoroughly. Samples were sonicated for 10 minutes and 200
pl Mili-Q water was added, followed by vortexing and centrifugation (5 min, 13500 rpm). The
methanol phase was collected and transferred to a new 2 ml Eppendorf tube. Five hundred pl
methanol/chloroform was added to the remaining organic phase, kept on ice for 10 min
followed by adding 200 pl Mili-Q water. After vortexing and centrifugation (5 min, 13500
rpm), the methanol phase was collected and added to the previous collected phase. Finally, 100
ul of total extract was transferred to a glass vial and dried overnight in a speedvac centrifuge at
35°C (Savant SPD1211).

For each maternal environment four biological replicates were used and the gas
chromatography-time of flight-mass spectrometry (GC-TOF-MS) method was used for
metabolite analysis which was previously described by Carreno-Quintero et al. (2012). Detector
voltage was set at 1600 V. The chromaTOF software 2.0 (Leco instruments) was used for
analysing the raw data and further processing for extracting and aligning the mass signals was
performed using the Metalign software (Lommen, 2009). A signal to noise ratio of 2 was used.
Afterwards, the output was further analysed using the Metalign output Transformer (METOT;
Plant Research International, Wageningen) and Centrotypes were constructed using MSClust
(Tikunov et al., 2012). The identification of Centrotypes was performed by matching the mass
spectra to an in-house-constructed library, to the GOLM metabolome database
(http://gmd.mpimp-golm.mpg.de/) and to the NISTOS library (National Institute of Standards
and Technology, Gaithersburg, MD, USA; http:/www.nist.gov/srd/mslist.htm). The

identification was based on similarity of spectra and comparison of retention indices calculated

using a 3™ order polynomial function (Strehmel et al., 2008).
Statistical analysis
Calculation of Guax, tsg”’, AUC and Us4ss

Seed performance was determined by calculating maximum germination (Gmax, %), rate of

germination or the reciprocal of time to reach 50% of germination (tso’!), uniformity of
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germination or time from 16% till 84% germination (Uss16, h) and area under the germination
curve (AUC, during the first 100 and 200h for optimal and high temperature respectively and
300h in the case of salt and mannitol stress conditions) using the curve-fitting module of the

Germinator package (Joosen ef al., 2010).

Analysis of all factors affecting seed and seedling traits: Genotype, Environments and Genotype

by environment interactions (G XE)

To identify the factors correlating with seed and seedling traits we used an ANOVA (with linear
model trait ~ genotype * treatment). The different treatment regimens (N and P) where studied

separately. A significance threshold of 0.05 was used.
PCA, cluster and correlation analysis

Cluster and Principle component analysis (PCA) were performed using the online web tool

MetaboAnalyst 3.0; www.metaboanalyst.ca (Xia et al., 2015).

R-packages “MASS”, “Hmisc”, “VGAM”, “gplots” and “graphics” (https://www.r-

project.org/) were used for analysis and construction of the correlation between measured traits.
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Supplementary information

Supplementary Tables and Excel files of this chapter can be downloaded from
http://www.wageningenseedlab.nl/thesis/ngeshnizjani/S1/chapter2
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Figure S1. Effects of maternal nutritional environments on seed germination traits of both MM and PI. A, ts¢”

!'in water; B, tso"' in Mannitol (-0.5 MPa) in different concentration of nitrate (ON, 2.4N, 12.4N, 14N and 20N)
and phosphate (0P, 0.1P, 1P, 5P and 10P).
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Figure S2. Effects of maternal nutritional environments on ABA (A) and Phytate (B) content of both MM and
PI seeds developed in different concentrations of nitrate (ON, 2.4N, 12.4N, 14N and 20N) and phosphate (0P,

0.1P, 1P, 5P and 10P).
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Figure S3. Effects of maternal nutritional environments on seedling quality traits of both MM and PI. A, Dry
weight of shoot; B, Dry weight of root; C, Hypocotyl length of seedlings in different concentration of nitrate
(ON, 2.4N, 12.4N, 14N and 20N) and phosphate (0P, 0.1P, 1P, 5P and 10P).
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Figure S4. cluster analysis of known primary metabolites in MM and PI seeds in response to different
concentration of nitrate (ON, 2.4N, 12.4N, 14N and 20N) and phosphate (0P, 0.1P, 1P, 5P and 10P) during
maternal growth.
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QTL x E for seed and seedling performance

Abstract

Many factors influence successful germination, seedling establishment and further growth and
development of all plants. Among these factors seed quality is one of the most important with
a clear effect on successful crop development. High quality seed will aid successful seed
germination and seedling establishment, especially under sub-optimal conditions. Seed quality
is acquired during seed maturation and, thus, in addition to the genetic background of the
mother plant, it can be strongly influenced by the maternal environment under which the seeds
develop. There is little knowledge about the genetic and environmental factors, and their
interaction, that influence seed quality and seedling establishment. The aim of this study is to
identify the loci and possible molecular mechanisms involved in acquisition of seed quality and
how these are controlled by adverse maternal nutritional conditions. For this, we used a tomato
recombinant inbred line (RIL) population consisting of 100 lines which during seed
development were grown under various nutritional environmental conditions, like high
phosphate and low nitrate. Extensive phenotyping of the harvested seeds showed strong
variation for most of the seed germination traits such as maximum germination percentage
(Gmax), germination rate (tso) and uniformity (Uss16) under different germination conditions.
This variation resulted in identification of QTLs which were not only dependent on genetic
factors, but also on the maternal environment (QTLXE). Further studies of these QTLs and the
environments in which they show up may ultimately help to predict the effect of different
maternal environmental conditions on seed quality which will be very useful to improve the

production of high-performance seeds.
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Introduction

Tomato due to the level of production throughout the world (4.8 million hectares with the
average yield of 37 ton per hectare (FAOSTAT2016)) is one of the most important agricultural
commodities and being used generally as a fresh vegetable (Heuvelink, 2018). Moreover tomato
is of scientific importance as a model organism for fruit-bearing plants (Giovannoni, 2001;
Schauer et al., 2006). Tomato producers are attempting to produce plants with high quality
fruits as well as with high resistance against stressful environments, such as high temperature
and osmotic stress. Since tomato is propagated by seed, the first step to improve tomato

production is improving the quality of the seeds.

One of the characteristics of seed quality is the ability of the seed to germinate quickly and
uniformly, not only under optimal but especially also under stress-full germination conditions
(Foolad et al., 2008). Furthermore, seed quality is not solely determined by germination but
also by many other attributes such as genetic purity, vigour, viability and lack of any disease
and damages, which all affect seed performance (Hilhorst & Toorop, 1997; Hilhorst &
Koornneef, 2007; Hilhorst et al., 2010). Additionally, these quality parameters may severely
affect seedling establishment and further growth of the plant and, ultimately, the success of crop
production. In general, low quality seeds, for instance seeds with low vigour, lead to poor
seedling establishment and finally lower and non-profitable crop yield (Finch-Savage, 1995).
An important determinant of seed quality and performance is the maternal environment under
which seeds develop and mature. The different environmental factors during seed development,
such as temperature, light and nutrients may alter ultimate seed quality. Therefore, seed quality
is defined by both the genetics (G) and the environment (E), as well as their interaction (GXE)
(McDonald, 1998; Koornneef et al., 2002).

In tomato, as in many other crops, the domestication process has been accompanied by an
attrition of genetic variation and, consequently, loss of many potentially desirable traits
(McCouch, 2004; Doebley et al., 2006). Therefore, domesticated cultivars are sensitive to non-
optimal germination conditions which limits their production to optimal environments (Foolad
& Lin, 1997; Foolad & Lin, 1998; Foolad et al., 2008). However, a large source of genetic
variation is found within wild species of tomato (Solanum habrochaitis, Solanum
pimpinellifolium and Solanum pennellii). As cultivated crops suffer from abiotic stress, such as
high temperature, drought and salinity by increased frequency and severity due to climate
change, existing genetic variation could be used to reintroduce lost valuable traits in the
domesticated cultivars to cope with these environmental stresses (Lippman et al., 2007; Kazmi
etal., 2012).
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Seed dormancy is profoundly affected by the environment (Huo & Bradford, 2015). Seeds
perceive their environment and under undesirable conditions they typically do not germinate
and become dormant. Nowadays, due to global warming, high temperature is regarded as one
of the most important unfavourable environmental factors affecting seed germination. For
instance, the germination of seeds of several species such as carrot (Daucus carota), lettuce
(Lactuca sativa) and Arabidopsis is affected by thermo-inhibition or thermo-dormancy (Toh et
al., 2008; Lafta & Mou, 2013; Nascimento et al., 2013). Thermo-inhibition refers to the fact
that seeds will stop germination under high temperature, yet will immediately germinate upon
facing the optimal temperatures. In the case of seed dormancy, seeds will germinate neither at
high temperatures, nor at subsequent lower/optimal germination temperatures (Argyris et al.,
2008; Huo et al., 2013). It is previously reported that different maternal environments such as
temperature, light, water and nutrient availability during seed development and maturation may
affect seed dormancy (Fenner, 1991; Hilhorst, 1995; Holdsworth ef al., 2008; Bewley et al.,
2012).

Natural variation present in traits such as seed size and weight, as well as dormancy and
germination, exhibits a continuous distribution and is considered as quantitative variation likely
regulated by multiple quantitative trait loci (QTL) (Koornneef et al., 2002; Argyris et al., 2008).
A population of recombinant inbred lines (RILs) may be used for measuring the existing natural
variation followed by QTL mapping as a powerful tool to detect loci affecting seed traits
(Alonso-Blanco et al., 2009). Many studies have characterized QTLs regulating complex
quantitative seed traits in different species (Koornneef et al., 2002; Argyris et al., 2008; Joosen
et al., 2012; Kazmi et al., 2012). However, few studies have been conducted to investigate the
interaction between the maternal environment and genetic variation (Dechaine et al., 2009;
Elwell et al., 2011). In general, final seed performance is determined by the function of several
genes and their interaction with the environment. Using high throughput genetic tools, including
QTL mapping, to discover the genotype by environment interaction effects on QTLs affecting
these seed traits provides a better understanding of how plants adapt to and cope with new
stressful environments and is a prerequisite for crop improvement (Des Marais et al., 2013; El-
Soda et al., 2014).

In this study we analysed natural variation of several seed and seedling traits including
maximum germination percentage, rate of germination, thermo-dormancy and -inhibition of
seed germination, as well as fresh and dry weight of seedlings. We have used a RIL population
derived from two tomato accessions: Solanum lycopersicum (cv. Moneymaker) (MM) and
Solanum pimpinellifolium (PI) (Voorrips et al., 2000). From the collection of tomato wild
cultivars, S. pimpinellifolium has been used most frequently in breeding programs. It is the most

closely related wild species to the domesticated tomato cultivar (S. lycopersicum) and has also
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the ability to naturally cross with S. lycopersicum (Rick, 1958). To investigate the existing
genetic variation of seed and seedling related traits, we specifically focused on the maternal
environment in which seeds develop and mature. We investigated how loci with genetic
variation respond to different nutritional environments of the mother plant. To do so, the RILs
were exposed to high phosphate and low nitrate environments during seed development and
their seeds were tested for seed and seedling related traits. In addition we performed a QTLXE
approach to increase the power for detecting the loci affected by the different maternal
environments (Malosetti et al., 2004; Moreau et al., 2004; Van Eeuwijk et al., 2007; Joosen et
al., 2012).

Results

To identify the loci involved in variation in tomato seed and seedling traits in interaction with
different maternal nutritional conditions, we used a population of recombinant inbred lines
(RILs) derived from a cross between a wild (Solanum pimpinellifolium) and a domesticated
(Solanum lycopersicum (cv. Moneymaker)) tomato species (Voorrips et al., 2000). The RILs
were grown under high phosphate (HP) and low nitrate (LN) environments after which the
seeds were harvested for seed and seedling trait measurements. We mapped QTLs for 5 seed
germination traits under four different germination environments, three seed thermo-dormancy
traits, two seed morphology traits and four seedling traits (Table 1). By using the Germinator
package (Joosen et al., 2010) seed germination traits including maximum germination (Gmax),
rate of germination (time to reach 50% of germination, tso), uniformity of germination (time
between 16% and 84% of germination, Usai6) and area under the germination curve (until 200
hrs, AUC) were assessed. In order to quantify seed vigour, we germinated tomato seeds in water
and under three suboptimal conditions; NaCl and mannitol solutions, and high temperature
(HT). The effect of the environment on seed and seedling traits may be related to the seed
germination environment (GE), seed maturation environment (ME) and their interaction.
Regarding the importance of global warming and adaptation of seed germination and seedling
growth to it, we also mapped QTLs for thermo-tolerance (Th-T), thermo-inhibition (Th-I) and
thermo-dormancy (Th-D). Furthermore, seed size (SS) and seed weight (SW) of the RILs were
measured and used for QTL mapping. To investigate the loci involved in seedling
establishment, we also measured seedling traits such as fresh and dry weight of shoot and root
(FWSH, DWSH, FWR and DWR, respectively) (Table 1).
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Table 1. Overview of the traits and the germination environments used in this study.

Traits Germination Environments Codes
Water Gmax Water
NaCl Gmax NaCl
Gmax Mannitol Gmax Mann
High Temperature Gmax HT
Water tio! water
L NaCl tu)’l NaCl
i Mannitol 10! Mann
High Temperature tio! HT
'g Water tso”! water
= ' NaCl t54)’l NaCl
5 ts0” Mannitol tso! Mann
§ High Temperature tso! HT
E Water AUC water
<) NaCl AUC NaCl
2 AUC Mannitol AUC Mann
& High Temperature AUCHT
Water Ug41({1 water
. NaCl U3415'l NaCl
Usats Mannitol Usa16! Mann
High Temperature Usaig! HT
Thermo-Tolerance Th-T
Thermo-Dormancy Thermo-Inhibition Th-1
Thermo-Dormancy Th-D
- . Seed Size SS
- .*E' Seed Morphology Traits Seed Wight SW
s E Fresh weigh of Shoot FWSH
'93 5 . . Dry weigh of Shoot DWSH
@ g Seedling Traits Fresh weigh of Root FWR
@n Dry weigh of Shoot DWR

Gmax, Maximum seed germination percentage; tso! and tio™!, Reciprocal of time to respectively reach 50 and
10% of maximum germination; AUC, Area under the germination curve; Usais™!, Reciprocal of time between
16 and 84% of maximum germination.

Variability and heritability of seed and seedling traits

In both suboptimal nutritional conditions (HP and LN) most of the traits displayed wide
variation for the parental lines (Solanum lycopersicum (cv. Moneymaker) (MM) and Solanum
pimpinellifolium (PI)). Regarding the seed germination traits such as Gmax and AUC this
variation was more evident under suboptimal germination condition such as HT (Figure 1,
Table 2). However, for most of the traits MM was affected more by suboptimal conditions than
PI, which suggests higher susceptibility of MM to stressful conditions (Figure 1, Supplemental
Figure S1). Calculating the log, ratio of HP:LN showed that in some traits, notably in SS and
SW, different maternal nutritional environments did not affect the parental lines, however in
several other traits they have been influenced by different nutrient environments (Figure 2).

Considerable phenotypic variation for some of the traits was also reflected in the RILs for each
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nutritional environment, with coefficient of variation (CV) ranking from 12% - 120% and 13%

- 190% under HP and LN conditions, respectively (Figure 3; Supplemental Table S1).
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Figure 1. Effect of nutritional maternal environments on seed, seedling and seed germination traits. A, Gmax,
Maximum seed germination percentage; B, tso!, Reciprocal of time to reach 50% of maximum germination; C,
AUC, Area under the germination curve; D, Ussis™', Reciprocal of time between 16 and 84% of maximum
germination; E, Seed morphology and seedling traits, SS, Seed size; SW, Seed weight; FWSH, Fresh weight
of shoot; FWR, Fresh weight of root; F, Response of seed germination to high temperature, Th-T, Thermo-
tolerance; Th-I, Thermo-inhibition; Th-D, Thermo-dormancy; HP, High phosphate (in red); LN, Low nitrate
(in green); MM, Solanum lycopersicum (cv. Moneymaker) (black circle); (P), Solanum pimpinellifolium (black
triangle); Mean of all RILs (Recombinant Inbred Line) (yellow line); HT, High temperature.

Regarding the CV values the largest variation was perceived in Th-D followed by AUC and
Usai6 traits indicating high level of variation in these traits. On the other hand, maximum
germination percentage (Gmax) of seeds in water showed the lowest percentage of CV which is
as expected since most of the RILs germinated almost 100% in water. The log, ratio analysis
of HP:LN in RILs exhibited a similar result as the parental line in which several traits like AUC,
Usai6!, Th-T, Th-T and Th-D have been differently affected by HP and LN (Figure 2).
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Table 2. Averages and broad-sense heritability of seed germination and seedling traits of RILs and their parental
accessions Solanum lycopersicum (cv. Moneymaker) and Solanum pimpinellifolium grown in high phosphate (HP)
and low nitrate (LN) conditions.

Trait HP LN
MM PI RIL H?(%) MM PI RIL H? (%)

Water 94.1 96.5  90.8 77 98.2 100.0 94.4 93

o NaCl 748 947  69.2 81 484  99.0 739 85
Gmax (%) Mann. 69.5 100.0 732 90 82.7 100.0 853 89
HT 295 994 738 91 67.5 100.0 76.7 89

Water 142 347 226 90 1.63 297 2.00 91

R ; NaCl 048 130 082 83 053 143 084 70
tso (100, h) Mann. 051 123  0.86 87 0.63 137  0.90 82
HT 089 299 171 89 076 3.04 1.67 92

Water 2.15 433 3.08 83 2.11 326 252 87
NaCl 0.64 1.65 1.16 83 0.84 1.58 1.15 69

tw (x100, ) Mann. 076 170  1.27 88 087 1.68 1.21 84
HT 138 392 249 88 1.03 361 223 86

Water 1180 1639 1350 91 1334 1663 1366 93

NaCl 102 1146 52,0 78 124 1286 554 88

AUC (hrs) Mann. 159 1148 573 85 355 1261 697 90
HT 244 1646 986 93 444 1669 1007 94

Water 222 989  5.53 66 418 208 676 75

; ; NaCl 111 363  1.63 49 076 941 195 54
Usaie™! (100, h'') Mann. 085 247 151 71 124 443 228 68
HT 132 732 327 64 159 119 463 69

Th-T 048 953 205 83 050 968 13.0 98

Dormancy Th-I 523 000 232 50 000 2.09 15.0 94
Th-D 893 254 441 8 958 156 63.1 92

. SS 493 259 357 89 505 240  3.60 94

Seed Traits SW 027 0.0 0.6 89 029 0.0 017 96

FWSH 282 11.1 16.4 72 30.0  9.00 17.2 78
DWSH 150 058 092 63 1.66 057  0.96 71
FWR 124 639 894 76 132 587 945 68
DWR 0.71 038 053 69 0.79 038 0.7 62

Seedling Traits

HP, High phosphate; LN, Low nitrate; MM, Solanum Ilycopersicum (cv. Moneymaker); PI, Solanum
pimpinellifolium; RIL, Recombinant Inbred Line; H? Broad-sense heritability (%); Gmax, Maximum seed
germination percentage; tso, tio!, Reciprocal of time to respectively reach 50 and 10% of maximum germination;
AUC, Area under the germination curve; Ussis™, Reciprocal of time between 16 and 84% of maximum
germination; Mann, Mannitol; HT, High temperature; Th-T, Thermo-tolerance; Th-I, Thermo-inhibition; Th-D,
Thermo-dormancy; SS, Seed size; SW, Seed weight; FWSH, Fresh weight of shoot; DWSH, Dry weight of shoot;
FWR, Fresh weight of root; DWR, Dry weight of root; NA, Not available.

The principal component analysis (PCA) of the RILs and parental lines for all traits in both
maternal environments showed that 41 and 11% of the variation was explained by PC1 and
PC2, respectively. The PCA plot showed that parental lines in general are flanking the RILs
(Figure 4). Similar results have been obtained when considering individual traits where the
phenotypes of the RILs are mainly found between the phenotypes of the two parental genotypes;
however, some traits show transgression with some RILs displaying more extremes than their
parents. This exemplifies the inheritance from both parental lines to the progenies in which one

parent has most positive and the other one has most negative alleles. In a few cases, such as
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Gmax water in both nutritional environments, substantial transgression was observed (Figure 1;
Table 2).
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Figure 2. Seed and seed germination trait differences between the maternal environments. Log, ratio of HP:LN
per line in each trait. Positive and negative values represent the higher effect of HP and LN, respectively. HP,
High phosphate; LN, Low nitrate; MM, Solanum lycopersicum (cv. Moneymaker); PI, Solanum
pimpinellifolium; Gmax, Maximum seed germination percentage; tso!, tio”!, Reciprocal of time to respectively
reach 50 and 10% of maximum germination; AUC, Area under the germination curve; Usais™!, Reciprocal of
time between 16 and 84% of maximum germination; Mann, Mannitol; HT, High temperature; Th-T, Thermo-
tolerance; Th-1, Thermo-inhibition; Th-D, Thermo-dormancy; SS, Seed size; SW, Seed weight; FWSH, Fresh
weight of shoot; DWSH, Dry weight of shoot; FWR, Fresh weight of root; DWR, Dry weight of root.

Broad sense heritability (H?) calculated for each trait in both maturation environments was high
for most of the traits (with most traits > 80% in both environments; ranking from 0.49 to 0.91
and 0.54 to 0.93 in HP and LN, respectively) (Table 2). This shows that the phenotypic variation
is better explained by genetic variation (between the RILs) than the random variation between

different plants (within the RILs) for most traits.
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Figure 3. Percentage of coefficient Variation (CV%) across the tomato RIL population containing 100 lines.
HP, High phosphate; LN, Low nitrate; Gmax, Maximum seed germination percentage; tso!, tio™!, Reciprocal of
time to respectively reach 50 and 10% of maximum germination; AUC, Area under the germination curve;
Us4i6™!, Reciprocal of time between 16 and 84% of maximum germination; HT, High temperature; Th-T,
Thermo-tolerance; Th-I, Thermo-inhibition; Th-D, Thermo-dormancy; SS, Seed size; SW, Seed weight;
FWSH, Fresh weight of shoot; DWSH, Dry weight of shoot; FWR, Fresh weight of root; DWR, Dry weight
of root.

Genotype ranking and its stability over different nutritional maternal environments

The ranking of the genotypes per trait was determined using Genstat 18 (Supplemental Table
S2, Supplemental Table S3). In order to investigate how consistent the rankings are between
the maternal environments and how big the effect is of genotype and environment interactions
(GXE) on phenotypic traits, the Spearman rank correlation coefficient (Oury et al., 2006)
between two suboptimal nutritional maternal environments was calculated from which the
stability of ranking of genotypes over two maternal environments was assessed (Table 3). For
phenotypic traits, such as SS and SW, rankings of the genotypes were quite stable from one
maternal environment to another and, thus, Spearman rank correlation values were also high
for these traits (Table 3). Such high value of correlation suggests a relatively moderate influence

of GXE on trait performance.
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Table 3. Stability of rankings of the genotypes over the two different nutritional maternal environments.

Traits Spearman rank correlation
Maximum seed germination (Gmax) 0.57
Germination rate (tso™')* 0.73
Area under the germination curve (AUC) 0.64
Uniformity (Usais™) ** 0.52
Seed size (SS) 0.77
Seed weight (SW) 0.80
Fresh weight of shoot (FWSH) 0.78
Fresh weight of root (FWR) 0.66
Thermo-dormancy (Th-D) 0.64

“Recirocal time to reach 50% of maximum seed germination
" Recirocal time between 16% and 84% of maximum seed germination

Germination environments versus maternal environments

By germinating the tomato seeds in optimal (water) and suboptimal (salt, osmotic and high
temperature stress) conditions, the obtained seed germination traits appeared to be affected by
their maternal environment (ME) as well as by their germination environment (GE), and their
interaction (MExGE). In comparison to the optimal GE, seed germination traits showed higher
variability in suboptimal GE in both MEs (Figure 3). For instance, CVs for Gmax and AUC in
water were 12% and 17%, respectively, while they showed significantly higher values in salt-
(33% and 60% respectively), osmotic- (31% and 56% respectively) and high temperature- (35%
and 44% respectively) stress (Figure 3; Supplemental Table S1). We observed the same trend
for tio! and tso! albeit to a lesser extent. Ugs16' showed a pattern which was different from other
germination traits, where optimal and suboptimal GE show more similar CVs (Figure 3;
Supplemental Table S1). Taken together, the ME affected seed germination traits less than GE.
Although ME did not change the germination traits under optimal GE, it caused a small but
significant difference under suboptimal GEs. For example, Gmax exhibited similar CVs under
optimal GE in both MEs (HP and LN) whilst under suboptimal conditions they displayed a
slight difference in CV (Figure 3; Supplemental Table S1).
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Figure 4. Principle Component Analysis (PCA) of the recombinant inbred and parental lines (Solanum
lycopersicum (cv. Moneymaker) (MM) and Solanum pimpinellifolium (PI)) for all traits in both nutritional
maternal environments. The red circles highlight the parental lines.

Two-way ANOVA shows that the effect of GE on all germination traits was significant (P value
<0.05). In general, we found that the observed variation in each trait is mostly explained by the
existing variation between GEs. For all the germination traits a larger sum-of-squares was found
for GE compared to ME and their interaction, showing that GE has a much larger effect. Still,
ME also significantly affects the germination traits with the exception of tso”! and AUC.
Furthermore, MExGE significantly affected Gmax and Usais' (Table 4).
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Table 4. Effect of maternal environment (ME), germination environment (GE) and their interaction (MExGE)
on germination traits of tomato seeds.

Trait SS SL

ME GE MExGE ME GE MExGE
Gmax 0.84 9.82 0.74 *k *k *
tio! 0.72 44.29 0.02 * Hok ns
tso! 0.04 50.96 0.14 ns ok ns
AUC 0.00 55.62 0.17 ns ** ns
Usare™! 2.06 37.31 0.99 *% *% **

SS, Sum of square, in each trait represent the proportion of effect of each environmental component (ME, GE
and MExGE) in their total sum of squares; SL, Significant level, represent the significance level of the ANOVA
test for maternal environment, germination environment and the interaction between them; Gmax, Maximum
seed germination percentage; tso”!, tio!, Reciprocal time to reach respectively 50 and 10% of maximum
germination; AUC, Area under the germination curve; Ussis™!, Reciprocal time between 16 and 84% of
maximum germination.

** P value < 0.01; * P value < 0.05; ns, no significant effect.

Trait by Trait correlation

To obtain a comprehensive visualization of possible correlations among the phenotypic traits,
a correlation network has been generated for each maternal environment (Figure 5). In general,
the mean value of all phenotypic traits showed a positive significant correlation between the
two suboptimal nutrient environments (HP and LN) (Supplemental Table S4). Nevertheless,
some differences in trait by trait correlation networks between two environments were observed
(Figure 5). Some correlations perceived under high phosphate (Figure SA) were amplified by
the low nitrate condition (Figure 5B). For instance, the positive correlations between seed traits
(such as seed size and weight) and seedling quality characteristics (like fresh and dry weight of
shoot and root) are stronger under the low nitrate condition. In addition, seed and seedling
quality traits showed negative association with seed germination traits including Gmax, AUC
and Usai6™!, especially in the HT germination environment, which became visible at the low
nitrate condition (Figure 5, Supplemental Excel file S1). On the other hand, in both correlation
networks, thermo-dormancy (Th-D) was negatively correlated with most of the germination
traits, including Gmax, AUC and tso! under different germination environments (such as water,
NaCl and HT). However, they were much more correlated under the high-phosphate than the
low-nitrate condition (Figure 5, Supplemental Excel file S1).
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Figure 5. The Spearman correlation coefficient between the means of phenotypic traits assessed under the two
maternal environments: (A), High phosphate; (B), Low nitrate. The false discovery rate cut-oft was 0.05
(FDR<0.05). The line colour indicates the direction of the correlation, Red: Negative correlation, Blue: Positive
correlation. The width of lines represents the height of the correlation with wider lines indicating higher
correlation values. The size of the circles represents the number of edges, bigger circles indicate that a given
trait correlates with a high number of other traits. Gmax, Maximum seed germination; AUC, Area under the
germination curve; Usais™!, Reciprocal time between 16% and 84% of maximum germination; tso!, Reciprocal
time to reach 50% of maximum seed germination; Water, NaCl and HT are the seed germination environments
water, salt and high temperature, respectively; Th-T, Thermo-tolerance; Th-I, Thermo-inhibition; Th-D,
Thermo-dormancy; SS, Seed size; SW, Seed weight; FWSH, Fresh weight of shoot; DWSH, Dry weight of
shoot; FWR, Fresh weight of root; DWR, Dry weight of root.

QTL identification for each trait

To determine the large effect loci regulating seed, seedling and seed performance traits, QTL
analysis of the tomato RIL population was performed using r/qtl software in a single-QTL
genome scan approach (Broman et al., 2003). The physical position of the related markers and
other characteristics of the QTLs affecting the traits measured for the RIL population grown in
the two different maternal environments are summarized in Supplemental Table S5. An
overview of the detected QTLs is also provided by the heatmap of the LOD profiles (Figure 6).
Concerning all traits, with the exception of chromosomes 2, 3, 5 and 12, all chromosomes
contain many QTLs affecting the traits of which many are co-located (Figure 6, Supplemental
Table S5). We found 16 QTLs regulating Gmax under optimal and sub-optimal germination
environments of which six were detected in seeds of HP and 10 in LN maternal conditions
(Figure 6, Supplemental Table S5). For AUC in all germination environments, 13 QTLs were
found of which nine were co-locating with the ones affecting Gmax on chromosomes 1, 4, 5, 10
and 11. With the exception of two QTLs on chromosome 6 and 10 discovered for the HP
environment, all other QTLs regulating AUC were associated with the LN maternal condition.
The result showed that tio! and tso! in all germination environments and both maternal
environments are regulated by almost the same QTLs which is not surprising as they are highly
correlated traits. In total 18 QTLs were detected for tjo™! and tso”' on chromosomes 2, 4, 6, 7, 8
and 11 which are also largely related to the LN maternal environment (Figure 6, Supplemental
Table S5).
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Figure 6. Genomic location of quantitative trait locus (QTL) detected for seed, seedling and seed performance
traits. The green and red thick line next to the traits represent the maternal environment: LN and HP,
respectively. Chro, Chromosome; DWR, Dry weight of root; FWR, Fresh weight of root; FWSH, Fresh weight
of shoot; DWSH, Dry weight of shoot; SW, Seed weight; SS, Seed size; Th-D, Thermo-dormancy; Th-I,
Thermo-inhibition; Th-T, Thermo-tolerance; AUC, Area under the germination curve; tio! and tso™!, Reciprocal
of time to respectively reach and 10 and 50% of maximum germination; Usais™!, Reciprocal of time between 16
and 84% of maximum germination; Gmax, Maximum seed germination percentage; HT, High temperature;
Mann, Mannitol. The LOD score scale indicates the significant QTLs. Positive (blue) and negative (red) values
represent a larger effect of Solanum lycopersicum (cv. Moneymaker) and Solanum pimpinellifolium alleles,

respectively.
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For SS and SW, three and four QTLs were found respectively. The co-locating QTLs for these
two seed traits for the HP maternal environment were detected on chromosome 1. A co-located
QTL was also found for seedling quality in the same maternal environment. Furthermore,
another QTL related to seedling quality on chromosome 9 is co-locating with seed traits such
as SW (Figure 6, Supplemental Table S5).

There is a strong QTL on chromosome 1 regulating thermo-dormancy traits in both maternal
environments. This QTL affects both Th-T and Th-I traits in the same direction, while
antagonistically regulating Th-D (Figure 6, Supplemental Table S5). This QTL is co-locating
with seed germination traits, such as tso! and Ussis! under high temperature germination

conditions.

For seed germination traits under salt and mannitol germination conditions a co-located QTL
is found on chromosome 7. This might be related to the fact that both salt and mannitol cause
osmotic stress for seeds and thus seed germination could be regulated by similar mechanisms.
On the other hand, we have also identified QTLs on chromosome 8 which are present in the LN
maternal environment only. Also, on chromosome 11, a QTL was detected for seed germination
in both maternal environmental conditions, which was stronger when maternal plants were
cultivated in LN conditions. These QTLs might have been detected as a consequence of

genotype by environment interactions (GXE).
OTL by Environment

Generally, when different environments are studied simultaneously, detected QTLs are
influenced by several environments. The QTL by Environment interaction (QTLxE) is the term
considering the sensitivity of the genetic background to environmental conditions. In this study
seeds were grown under two maternal environments and germinated in optimal (water) and
three suboptimal conditions including osmotic (NaCl and mannitol) and high temperature
stress. Therefore, in each seed germination trait the environmental component of QTLXE can
be explained by either the maternal environment (ME) or the germination environment (GE)
and their interaction (MExGE). We identified the QTLs affected by the environments and also
decomposed the environmental effect into the different environmental components; GE, ME
and their interaction. Figure 7A represents the QTLs regulating the seed germination traits
independently from the environments. Those QTLs were detected through all the maternal and
germination environments and they are only associated with the genotype. With the exception
of chromosomes 5, 9 and 10, the rest of the chromosomes displayed several QTLs strongly
regulating seed germination traits including tio™!, tso!, AUC and Ussis™l. As an example, the
QTL at the bottom of chromosome 6 significantly affected to™!, tso"' and AUC regardless of the
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different environments under which seeds had developed or were germinated (Figure 7,
Supplemental Figure S2). On the other hand, we have shown that some of the QTLs regulating
seed germination traits are significantly influenced by the environment. For example, the QTL
located near the top of chromosome 2, which regulates AUC, was significantly influenced by
GE and to a lesser extent by ME (Figure 7, Supplemental Figure S2). We have observed that
GE showed generally more effects on QTLs than the ME. This result is in accordance with the
observed variance between ME and GE in which seed germination traits showed higher
variance in different GEs in comparison with different MEs (Figure 3; Supplemental Table S1).
Germination environment affects QTLs related to tio™! and tso”!, located on chromosomes 3, 6
and 11. Some QTLs affecting Usais™' on chromosomes 8 and 11 were also influenced by the GE
(Figure 7, Supplemental Figure S2). In comparison with GE, ME hardly showed an effect on
the QTLs. The only effect of the ME was observed for the QTL associated with AUC on top of
chromosome 2. Although the detected QTLs were sometimes influenced by either maternal or
germination environments, they were not affected by the interaction of GE and ME at all (Figure

7, Supplemental Figure S2).
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Figure 7. Profiles of the QTLs regulating the seed germination traits. A, QTLs detected in all maternal and
germination environments; B, QTLs with significant effect of germination environment (GE); C, QTLs with
significant effect of maternal environment (ME); D; QTLs with significant effect of GEXME; Gmax, Maximum
seed germination percentage; tso”!, Reciprocal of time to reach 50% of maximum germination; AUC, Area under
the germination curve; Usai6™!, Reciprocal of time between 16 and 84% of maximum germination.
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Discussion

In this study we have used the genetic variation in a tomato RIL population to study how the
genotype, maternal environment and their interaction influences seed and seedling quality traits.
Although several studies have been conducted previously on the effect of abiotic stresses, such
as drought and salt stress on seed quality (Foolad et al., 2003; Foolad, 2004; Asins et al., 2015),
studies of the effect of maternal nutritional conditions on the produced seed and seedling traits
are scarce. Here we have grown tomato plants in different sub-optimal nutritional conditions
and, for the first time, in a genetical approach, studied its effect on produced seed quality and
seedling establishment related properties. Nitrogen and phosphorus are two key elements
required for plant growth (Schachtman et al., 1998; Urbanczyk-Wochniak & Fernie, 2004).
Hence, their non-optimal concentrations in mother plants may seriously affect the produced
seed and the seedlings from those seeds. By exploiting the natural variation observed in a
tomato RIL population obtained from a cross between Solanum Ilycopersicum (cv.
Moneymaker) and Solanum pimpinellifolium, we identified several loci controlling seed and

seedling traits related to suboptimal nutritional seed maturation conditions.
How are seed and seedling traits correlated?

Breeders and producers often are interested in seed traits such as tso”! and seedling traits such
as ability to produce normal and healthy seedlings. Furthermore, traits such as germination
percentage and uniformity of germination, may also pose an important focus for breeders. The
AUC (combining germination rate (tso) and percentage (Gmax)) will determine how fast seeds
will germinate to a certain level, which directly affects further establishment of seedlings. On
the other hand, seedling properties such as shoot and root weight determine how fast seedlings
can penetrate the soil and start nutrient uptake and how fast the above ground tissues develop
to provide required assimilates through photosynthesis. All together these factors determine
seed and seedling vigour. Correlation of seed traits (SS and SW) with seed performance (rate
of seed germination and uniformity) and with seedling traits have been studied before. Many
studies have implied a direct relation between SS and SW and better seedling growth (Nieuwhof
et al., 1989; Doganlar et al., 2000; Khan et al., 2012). This can be due to the amounts of reserve
food which are deposited in seeds during seed development and maturation. Bigger tomato
seeds produce seedlings with higher weight (Nieuwhof ez al., 1989; Khan et al., 2012; Chapter
2 of this thesis). Our results confirm the relation of SS and SW with seedling quality and
establishment. In both suboptimal nutritional maternal conditions SS and SW were significantly
influencing seedling quality traits. However, this correlation was most obvious in the LN
nutritional condition. Such a strong correlation between seed and seedling traits suggests a
similar genetic architecture, whereas the environment can partially affect such relations. In the

former study in which the same RIL population was grown in standard conditions, similar
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correlations have been found between seed and seedling size. However, there was no obvious
correlation between SS and seed germination traits (Khan ez al., 2012). This contradicts our
findings in which significant negative correlations were found between SS and seed
performance traits such as Gmax, tso!, AUC and Us416" in both nutritional conditions. Such a
negative correlation was even more apparent if seeds were germinated at high temperature (HT)
(Figure 5, Supplemental Excel file S1). Such a discrepancy may be caused by the maternal
environments under which seeds developed and matured. Khan et al., (2012) grew the RILs
under optimal environment while suboptimal maturation environments were used in this study.
Hence it is postulated that the stressful environments that we used affect the correlation of the

seed size and seed germination traits such as Gmax and tso™'.

The negative correlation that we found between SS and seed performance has been reported
previously in tomato. The inheritance of germination time factors (e.g tso™) was negatively
correlated with SS, implying that smaller seeds take longer to germinate (Whittington, 1973).
We also have found collocated QTLs for SS and seed performance traits such as Gmax and tso™!
on chromosome 11 which antagonistically affected the traits under study (Figure 6). Such co-

locating QTLs might be an indication for the same regulatory mechanism for these traits.
Breeding of crops

In general, a breeding strategy is highly dependent on genotype by environment interactions
and the heritability level. Detection of a high correlation between the performance of genotypes
in the different maternal environments may simplify the breeding strategy as it is then not
required to select different genotypes for implementation into a breeding program. It has been
mentioned previously that genotype re-ranking per trait in different environments is an
indication of genotype by environment interaction (GXE) (Oury et al., 2006). Considering this,
good breeding traits are the ones with the lower GXE effects. The results of the Spearman
correlation analysis show that genotype re-ranking for most of the studied traits did not occur,
therefore traits were limited affected by GXE. According to the results we would expect a
successful breeding process of the traits such as SS, SW, tso”! as well as seedling traits such as
FWSH due to their high correlation value. In contrast, breeding for traits like Usais” with a low
correlation value would encounter difficulties because of the feasible influence of the GXE
interaction. Furthermore, the genotype ranking per trait demonstrated that from the first 10
genotypes per trait some are consistent between two maternal environments, which is dependent
on the trait. Regarding the seed performance traits, with the exception of Gmax, within the rest
of the traits including tso, AUC and Us4is”! three genotypes (207, 250 and 289) showed a
consistent high ranking level between maternal environments. Hence these high-ranking
genotypes may be selected for breeding programs for seed performance (Table 5). Through the
seed traits such as SS and SW we also found three stable genotypes (235, 238 and 258) between
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two maternal environments which could be considered as good candidates for further breeding
of seed traits (Table 5).

Table 5. The 10 genotypes with the highest value per trait within two nutritional maternal environments.
Gmax tso™! AUC Usaig”! Ss SW
HP LN HP LN HP LN HP LN HP LN HP LN

245 225 207 291 207 291 269

289 302 215 219 207 286

282 292 212 257
217 290 269

238 257 300 216
225

224 291 205 : 227 294 225 269 287 258
279 250 | 294 212 219 207 225 215 | 287 217 290

207 215 215 227 206 212 291 231 253 238 266 240
219 222 | 245 254 227 222 292 287 216 281 238

10 280 291 | 285 [F2077 294 231 | 263 | 227 | 233 240 | 238 [JENEN
Gmax, maximum seed germination; tso™!, Reciprocal of time to reach 50% of maximum seed germination; AUC,
area under the germination curve; Usais!, Reciprocal of time between 16% and 84% of maximum germination;
SS, Seed size; SW, Seed weight. HP, High Phosphate; LN, Low Nitrate. The consistent genotypes are
highlighted.

o 0 1NN AW =

QTL and QTLXE detection

In general, QTL detection depends on several factors such as trait heritability, population type,
number of lines and genetic map quality (Mackay, 2001; Mackay et al., 2009). Controlled
growth conditions of the plants together with controlled conditions of performed experiments
resulted in identification of traits with high heritability values in our study. Substantial variation
found between the parental lines and the 100 RILs provided us with a powerful tool for
analysing the genetical background of traits by QTL analysis. QTL analysis ultimately resulted
in identification of several interesting QTLs, regulating seed and seed performance traits, as
well as seedling characteristics. In this study, we have analysed several traits in two different
environments and various regulating QTLs were found for them. According to the results, we
have discovered more QTLs with high explained variance at low nitrate maternal environment
as compared to high phosphate (Figure 6, Supplemental Table S5). Such a result could indicate
that more physiological mechanisms and, subsequently, more genes are involved in plant
adaptation to a low nitrate environment. Many of the identified QTLs in this study have been
reported previously for the same population, but under standard conditions only (Kazmi et al.,
2012; Khan et al., 2012). For example, the QTL that we have found at the end of chromosome
6, predominantly regulating the tso! trait in both maternal environments, was also detected in
the standard condition. In addition, we have identified more environment-specific QTLs which
were detected exclusively in one of the environments. These QTLs are more interesting from
scientific point of view, however, QTLs detected in all different environments which may be
considered as robust QTLs are the most interesting ones for further analysis for breeders and

producers. These stable QTLs could regulate the traits independent from the growth
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environment. Further analysis, such as fine mapping, would ultimately result in identification
of gene(s) regulating the analysed traits. As an example, many studies carried out so far to
identify the genetic loci regulating SW in tomato have resulted in the identification of several
QTLs (Tanksley et al., 1982; Weller et al., 1988; Grandillo & Tanksley, 1996; Doganlar ef al.,
2000; Khan et al., 2012). An interesting QTL which is common in different reports is present
on chromosome 4 (Orsi & Tanksley, 2009; Khan et al., 2012). This QTL also appeared in our

population grown under LN nutritional condition.

Studies of the interactions of QTL by environment have been carried out previously in different
crops including tomato and rice taking a relatively simple strategy (Paterson ef al., 1991; Lu et
al., 1997). Plants were grown in different environments, QTL analysis was performed for
individual environments and finally the results obtained from the different environments were
compared with each other. Here we report for the first time interactions of the QTL by
nutritional environment in a tomato RIL population derived from a domesticated (Solanum
lycopersicum (cv. Moneymaker)) and a wild-type (Solanum pimpinellifolium) tomato species.
Here we used a more complex strategy which has been applied previously for other species
and/or environments (van Eeuwijk et al., 2010; Des Marais et al., 2013; Li et al., 2015). In this
method QTLs are directly studied in several environments. Although there is considerable
overlap between the simple and more complex strategies, the second method enhances the
statistical analysis resulting in higher LOD values and higher chances of finding significant
QTLs (Tétard-Jones et al., 2011). According to our results (Figure 7) we have detected some
QTLs with significant QTLxXE. The environmental effects are mostly applied by germination
environments, which indicates that QTLs are regulating the tomato seed germination traits
almost independently from the maternal environments. Therefore, we conclude that in
comparison with the nutritional maternal environment, the germination environment must be

considered as the more important factor for seed performance in tomato.

Taken together, our results provide the genetical background of the effects of the maternal
environment on seed and seedling traits. These results potentially could be further implemented
in tomato breeding programs. We also suggest fine mapping of detected QTLs to narrow down
the quantitative genetic loci and ultimately identify the causal gene(s). These can be the start to
investigate more in-depth details of the molecular regulation of seed germination performance

under different maternal and germination environments.
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Material and methods
Plant material and growth conditions

The RIL population was derived from a crossing between two parental lines: S. lycopersicum
cv. Moneymaker and S. pimpinellifolium accession CGN14498. The population of 100 lines
was genotyped in F7 using a set of 865 single nucleotide polymorphism (SNP) markers
(Voorrips et al., 2000). Fs seeds of this population were grown under controlled conditions in a
greenhouse at Wageningen University, Netherlands with 16h light and 8h dark. The temperature
was adjusted to 25°C and 15 °C during day and night, respectively. All the lines were fertilized
uniformly by the same dosage of nutrient (standard nutrient condition) until flowering (Table
6, Supplemental Table S6). From the first open flower onwards the lines were transferred to
new nutritional conditions and exposed to high and low concentrations of phosphate and nitrate,
respectively (High phosphate: 14.0 mM nitrate, 10.0 mM phosphate; Low nitrate: 2.4 mM
nitrate, 1.0 mM phosphate; Standard: 14.0 mM nitrate, 1.0 mM phosphate).

Table 6. Nutrient conditions of mother plants after flowering.

Maternal Environment Nitrate Phosphate
Standard 14 mM 1.0 mM
Very low nitrate 0.0 mM 1.0 mM
Low nitrate 24 mM 1.0 mM
High nitrate 20.0 mM 1.0 mM
Very high nitrate 36.0 mM 1.0 mM
Very low phosphate 14 mM 0.0 mM
Low phosphate 14 mM 0.1 mM
High phosphate 14 mM 5.0 mM
Very high phosphate 14 mM 10.0 mM

Afterwards, healthy and full ripened fruits were collected and seeds were extracted with 1%
hydrochloric acid (HCI) to remove the main part of the pulp that is stuck onto the seeds. The
seed extract together with diluted HCI was passed through a mesh sieve and then washed with
water to remove the residual pulp and HCI. In order to disinfect the seeds, they were soaked in
a trisodium phosphate (Naz3PO4.12H>O) solution and then dried on filter paper at room
temperature for 3 days and brushed to remove impurities. At the end, the seeds were stored in
small paper bags in a cold (13°C) and dry (30% RH) storage room (Kazmi et al., 2012).

Phenotyping of seeds and seedlings
Seed size and weight

Seed size was measured by using a Nikon D80 camera fixed to a repro stand with 60 mm
objective and connected to a PC with Nikon camera control pro software version 2.0 (Joosen et
al., 2010). The images of 12-h imbibed seeds on white filter paper (20.2 x 14.3 cm) were

Page | 76



QTL x E for seed and seedling performance

processed by ImageJ (http://rsbweb.nih.gov/ij/) combining colour threshold with particle
analysis. For seed weight, a batch of dry seeds was weighed and then divided by the number of
the weighed seeds.

Germination experiments

Germination experiments were executed in a completely randomized design with 2 replications
of around 50 seeds per line of the RIL population, as well as the parental lines. The seeds were
sown in germination trays (21x15 cm DBP Plastics, http://www.dbp.be) containing one layer
of white filter paper (20.2 x 14.3 cm white blotter paper; Allpaper BV, Zevenaar, The
Netherlands, http://www.allpaper.nl) and 15 ml of demi water for normal and high temperature
conditions, or 15 ml NaCl (-0.5 MPa; Sigma-Aldrich) or mannitol (-0.5 MPa; Sigma-Aldrich)

for salt and osmotic stress, respectively. Each germination tray was loaded with three samples

using a special mask to ensure correct placement of the seeds. The trays were piled up with one
empty tray containing one white filter paper and 15 ml of water at the bottom and top of the
pile and a white plastic lid at the top. The trays were wrapped in a transparent plastic bag and
stored at 4°C for 3 days and subsequently transferred into a dark incubator (type 5042; seed
processing Holland, http://www.seedprocessing.nl) at 25°C except for the high temperature
condition, which was at 35°C. Germination was scored manually by counting the germinated
seeds at 24-h intervals during 14 following days for salt and osmotic stress and at 8-h intervals

for one week in the case of normal and high temperature conditions.
Seedling phenotyping

Seedling characteristics were measured by sowing around 20 seeds of each seed batch on
germination trays containing two blue germination papers (5.6’ x 8’ Blue Blotter Paper; Anchor

Paper Company, http://www.seedpaper.com) and 50 ml demineralized water. The germination

trays were stored at 4°C for 3 days. Then, they were transferred to an incubator at 25°C without
light. The first 10 germinated seeds were placed on circular blue filter papers (9 cm Blue Blotter
Paper; Anchor Paper Company, http://www.seedpaper.com) which were placed on a
Copenhagen table at 25°C in a randomized complete block design with 2 biological and 2
technical replicates, for 10 days. Conical plastic covers with a small hole on top were placed on
top of each filter paper to inhibit evaporation. At the end of the 10 days, the seedlings were
collected and fresh weight of their shoots and roots was measured (FWSH and FWR
respectively). The dry weight of shoots and roots was also measured after incubating them in
80°C for 3 days (DWSH and DWR respectively).
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Statistical analysis
Calculation of seed quality traits

Seed quality traits like Gmax (maximum germination), tio"! (time to reach 10% of maximum
germination), tso”! (germination rate, time to reach 50% of maximum germination), Usais™
(uniformity, time between 16 and 84% of maximum germination) and AUC (area under the
germination curve till 200h) were measured based on the cumulative germination data using
the curve-fitter module of the Germinator package (Joosen et al., 2010). The parameters tio™,
tso! and Us416”' were only determined when germination of more than 80% of the RILs reached
10, 50 and 84%, respectively. The average of two biological replicates of each line was used

for subsequent QTL analysis.
Broad sense heritability, coefficient of variation and ANOVA analysis

The total phenotypic variation (Vp) can be influenced by genetic (V) and environmental (VE)
variation (Vp = Vg + VE). For each maternal and germination environment the broad sense
heritability (H?) was calculated for individual traits as the proportion of phenotypic variation
due to the effect of genetic variation (H? = V/Vp). The calculation was performed in Genstat
18 with the QTL phenotypic analysis tools, using preliminary single environment analysis and
considering plant replications as an additional fixed term. Within a population the absolute
variation or dispersion per trait is defined as the standard deviation (o). The relative variation
called the coefficient variation (CV) for individual traits is the ratio of the standard variation to
the mean () of the lines in the population (CV = (o/u)*100).

Since tomato seeds were grown in different nutritional maternal environments (ME) and were
germinated in several conditions (GE), the seed germination traits were influenced by ME, GE
and their interactions (MExGE). To identify the effect of each component on seed performance
traits a two way ANOVA analysis was performed using Genstat 18 with a significant threshold
of 0.05. The contribution of each environmental component to an individual trait was presented

by the sum of squares (SS).
Stability of the genotype rankings over two nutritional maternal environments

For each trait the stability of the genotypes over two nutrient maternal environments was
estimated by calculation of Spearman rank correlation. We used the same approach as
performed in previous studies to take the GXE interaction affecting traits into account (Becker
& Leon, 1988; Oury et al., 2006).
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Principle component analysis

A PCA of the RILs and the parents based on the trait measurements was made using the R
prcomp function with the scale and center arguments set to TRUE. The first two components

of the PCA were plotted using the autoplot function from the ggfortify library.
Correlation analysis

In each maternal environment pairwise Spearman correlation analysis was done between all
seed, seedling and seed performance traits using the rcorr R package. The values of the
correlation and statistically significant level of the correlations was represented as correlation
value and false discovery rate (FDR), respectively. Correlation values with FDR<0.05 were
selected to generate a correlation network using Cytoscape v.3.4.0. The NetworkAnalyser tool
in Cytoscape was used to obtain further characteristics of the networks. The correlation between
the mean values of each RIL for each trait between two maternal environments was also

calculated using the rcorr R package.
QTL and QTLXE analysis
Linkage analysis

At the beginning, 5529 Single Nucleotide Polymorphisms (SNPs) were used to genotype the
RIL population and markers with identical values were removed, leaving2251 polymorphic
markers. Furthermore, co-segregating markers were also removed and the remaining 865
unique markers were used for generating the genetic linkage map which contains 12 individual
linkage groups corresponding to the 12 chromosomes of tomato. The map has been constructed
using JoinMap 4 (Van Ooijen and Voorrips, 2001) based on recombination frequency and
Haldane’s mapping function and integrating the existing SNP marker data set for the RILs
(Kazmi et al., 2012).

QTL detection

The values of the seed, seedling and seed performance traits were used for QTL detection. QTL
analysis was carried out by genome scan with a single QTL model (scanone) using the r/qtl
package (Broman et al., 2003). The Logarithm-of-Odds (LOD), physical position, related
marker and additive effects of each detected QTL together with phenotypic variation explained
by each QTL (explained variance, EV%) were determined. The genome-wide significant LOD
threshold (>2) was estimated using 10.000 permutation tests (Doerge & Churchill, 1996;
Broman et al., 2003).
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QOTL XE analysis

The QTL by Environment effect was determined by an ANOVA model in which for each
germination trait the model includes; the genetic background (GB), GE, ME and marker under
study and their interactions (Phenotype ~ ME * GE * marker + GB). All calculations were done
in R and visualised using the ggplot2 package (Wickham, 2010). For convenience the
commonly used threshold of -log10(p) > 3 was used, to show significant QTLs.
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Supplementary information

Supplementary Tables and Excel files of this chapter can be downloaded from
http://www.wageningenseedlab.nl/thesis/ngeshnizjani/SI/chapter3
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Figure S1. Effect of nutritional maternal environments on seed and seedling traits. tio!, Reciprocal of time to
reach 10% of maximum germination; DWSH, Dry weight of shoot; DWR, Dry weight of root.
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G x E affects dry seed metabolites

Abstract

Each phenotypic trait of seeds may be influenced by their metabolite composition which varies
during seed development and -maturation. Therefore, the metabolic components of dry seeds
possibly represent the maternal environment under which seeds developed and matured. The
natural variation in seed metabolite composition has been previously studied and several QTLs
were detected regulating this variation. In this study, a generalized genetical genomics (GGG)
approach has been used for the metabolic analysis of a recombinant inbred (RIL) population
which was obtained from a cross between two tomato species: Solanum lycopersicum (cv.
Moneymaker) and Solanum pimpinellifolium. The RILs together with the parental lines were
grown in two maternal environments: high phosphate and low nitrate contents. A correlation
analysis of metabolite composition and seed phenotypic traits indicated several relations
between metabolite contents and seed quality traits such as seed size, seed weight and seed
germination percentage. In our study, seed size and -weight exhibited a positive correlation
with several amino acids and some intermediates of the TCA cycle, such as succinate, citrate
and malate. By performing metabolic correlation analysis and also generating metabolite
networks and combining these with QTL analysis, several interesting mQTLs were identified.
We showed that the dry seed metabolites and the QTLs regulating them are modulated by

genetic factors, maternal environment and their interaction.
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Introduction

The maternal environment under which seeds develop and mature have a profound influence
on seed properties such as germination vigour. The sink-source connection between the mother
plant and the seeds allows the seeds to accumulate reserves required for seed germination and
seedling growth (Baud et al., 2008). Metabolites such as amino acids, sugars and organic acids
play a vital role in the different stages of seed development such as maturation, desiccation and
germination (Borisjuk et al., 2004; Fait et al., 2006). During seed maturation, the content of
these metabolites in seeds decreases and storage reserves, including starch, oil and seed storage
proteins increase (Fait et al., 2006; Galili et al., 2014). It has also been shown that the
subsequent metabolite content and composition of dry seeds may reflect the maturation
environments in which they developed (He et al., 2016). For example, in different species it has
been reported that nitrogen related metabolites such as asparagine, allantoin and GABA show
a lower content in seeds developed under low nitrate maternal environments (He et al., 2016);
Chapter 2, this thesis). Although many studies have been performed related to the effect of
maternal environments on dry seed metabolic content, more information is required to
understand the genetic and molecular mechanisms governing the metabolic changes in response

to the maternal environment.

In general, each observed phenotype in plants is the consequence of different cellular processes
such as gene transcription, protein translation and, finally, metabolite production (Kooke and
Keurentjes, 2011). Therefore, genetic variation is not only confined to phenotypic traits such as
seed and seedling quality traits. Many studies revealed that metabolite composition and content,
which play a very critical role in plant growth and development, is also controlled by genetic
variation within plant species (Windsor et al., 2005). The existing natural variation for both
phenotypic traits and metabolite content is displayed by a continuous distribution, considered
as quantitative variation. Such variations are often regulated by multiple loci and can be
detected in mapping populations like recombinant inbred line (RIL) populations where the
different loci are known as phenotypic or metabolite quantitative trait loci (QTLs and mQTLs,
respectively) (Lisec et al., 2008; Keurentjes and Sulpice, 2009). Many QTL analyses have been
performed in seeds and many QTLs that regulate complex quantitative traits such as seed
germination characteristics, seed size, seedling traits as well as seed metabolites have been
described (Schauer et al., 2006; Kazmi et al., 2012; Khan et al., 2012; Kazmi et al., 2017).

Plants are a rich source of biochemical compounds that are mainly contributing to plant
development, adaptation and final appearance and yield (Binder, 2010). Therefore, the
quantitative variation of these metabolites may have an influence on different physiological
traits like seed germination and seedling establishment. The integrative analysis of metabolites

and genetics has provided valuable information and knowledge on how natural variation
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regulates metabolite levels and their subsequent effect on growth of plants and their adaptation

and how this knowledge can be used in plant breeding (Kliebenstein, 2009).

Genetical genomics in which QTL analysis is integrated with proteomics, transcriptomics and
metabolomics has provided in-depth understanding of molecular mechanisms regulating
complex traits (Jansen and Nap, 2001; Keurentjes et al., 2006; Kliebenstein et al., 2006; Schauer
et al., 2006). Nonetheless, more advanced approaches are required for further determination of
the complexity of quantitative traits. In addition to genotype (G), molecular networks are also
influenced by the environment (E) and the interaction between genotype and the environment
(GxE). Thus, the incorporation of different environments in genetic studies is a prerequisite for
comprehensive perception of the regulation of molecular mechanisms. Li et al. (2008) proposed
a new strategy which is called generalized genetical genomics (GGG) by which both genetic
and environmental perturbations can be studied. This approach allows QTL analysis governing
the interesting molecular traits under consideration of multiple environments. It is a cost-
effective method to not only determine the genotype but also the environmental effects and
their interaction for detected QTLs (Li et al.,, 2008). In principle, by creating similar
subpopulations of RILs and subjecting each of these to a different environment, G, E and GXE

effects can be investigated in a cost-effective experimental design (Joosen et al., 2013).

Although the QTLs governing dry seed metabolite content have been previously detected in
many plants, including tomato (Toubiana et al., 2012; Kazmi et al., 2017), the effect of GXE
interactions has been studied to a much lesser extent (Albert et al., 2016; Rosental et al., 2016;
Kazmi et al., 2017). In this study we used a RIL population derived from a cross between two
tomato species: Solanum lycopersicum (cv. Moneymaker) and Solanum pimpinellifolium
(Voorrips et al., 2000). We have exploited the existing natural variation in this population to
investigate how QTLs are influenced by the environment to which the mother plants are
exposed. Moreover, metabolic profiling of the seeds which have matured in different
environments will be useful to illustrate important metabolic differences that regulate the
development and adaptation of plants (Joosen et al., 2013). By using a GGG approach we
performed metabolite analysis for the RIL population and their parental lines, grown in high
phosphate and low nitrate environments. By generating metabolite correlation networks and
performing mQTL analysis, genetic and molecular aspects of seed metabolic changes in

response to the maternal environments have been discovered.

Results and discussion

In this study we used 100 lines of a tomato recombinant inbred line (RIL) population derived

from a cross between Solanum Ilycopersicum (cv. Moneymaker) (MM), and Solanum
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pimpinellifolium accession G1.1554 (PI) (Voorrips et al., 2000). The RILs, together with the
parental lines, were grown in two different nutritional environments; high phosphate and low
nitrate. The harvested seeds were used to measure the metabolite content in the dry mature
seeds. The metabolites were measured by gas chromatography-time of flight-mass spectrometry
(GC-TOF-MS) analysis in a specific GGG design. In total 118 primary metabolites were
detected from which 58 could be identified. These identified metabolites were classified as
amino acids, organic acids, sugars, sugar alcohols and some other compounds (Supplemental
Excel file S1).

Principal component analysis of the primary metabolites in the parental lines (MM and PI)
indicated clear genetic effects as the two genotypes displayed different accumulation of
metabolites in each maternal environment. In addition, maternal environmental effects were
also observed within each genotype as metabolites accumulated differently in HP and LN (the

two different maternal environments) (Figure 1).
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Figure 1. Principal component analysis (PCA) of annotated metabolites in the two parental lines grown in two
different nutritional environments. MM, Solanum lycopersicum (cv. Moneymaker) shown as triangles; PI,
Solanum pimpinellifolium shown as circles; HP, High phosphate shown in red; LN, Low nitrate shown in green.

Furthermore, analysis of significant changes in dry seed metabolites of the two species (MM
and PI) between the different environments revealed that the metabolite contents were
influenced to a higher extent in MM compared to PI. In MM the level of 36 metabolites, mostly
including amino acids and organic acids, were significantly changed between the environments,
while for PI this number decreased to 26 from which 19 were common between the two species
(Supplemental Excel file S2). In general PI as a wild tomato species is more tolerant to
suboptimal environments (Kumar, 2006; Rodriguez-Lopez et al., 2011; Rao et al., 2013) which

might be the reason why it does not need to modify its metabolites to a high extent to cope with
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a changing environment. While in the case of MM, which is considered as a domestic sensitive
accession, many metabolites should be altered in order to allow it to deal with environmental

stresses.

Metabolites are not only influenced by the genetic background of the seeds but also by the
environment under which seeds develop and mature and the interaction between genotype and
environment (GXE) (He et al., 2016). In our study, a wide range of the metabolites in the
parental lines were also significantly influenced by the genotype, nutritional environment and
their interaction (Supplemental Table S1). In total 15% of the annotated metabolites did not
significantly change in our analysis and 57, 60 and 53% of the metabolites were respectively

influenced by genotype, environment and GXE.
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Figure 2. A, Principal component analysis (PCA) of known metabolites of dry seeds of RILs grown in HP,
High phosphate (green circles) and LN, Low nitrate (red circles) conditions. B, Loading scores of metabolites
for PC1 and PC2. AA, amino acids (red triangles); OA, Organic acids (yellow triangles); SA, Sugar alcohols
(green triangles); Others, Other components (Blue triangle).
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The substantial variation caused by G, E and GXE is probably an indication of a sophisticated
regulation of metabolites in developing tomato seeds. Thus, metabolite content of the seeds
could be considered as a complex trait which is likely regulated by multiple quantitative trait
loci (QTLs) (Lisec et al., 2008; Keurentjes and Sulpice, 2009).

Table 1. Name, category, p.value and Log, ratio (HP:LN) of the metabolites in the RILs that significantly
changed between the two maternal environments: High phosphate (HP) and Low nitrate (LN).

Metabolite Category p-value” Log?2 ratio (HP:LN)
Sorbitol Sugar Alcohol 2.15E-20 0.458
Galactarate Organic acid 1.07E-16 0.222
Glycolate Organic acid 5.58E-16 0.114
Glycerate Organic acid 2.11E-15 0.123
Erythronic acid Organic acid 1.94E-13 0.108
Phosphoric acid Others 2.24E-13 0.105
Malate Organic acid 6.44E-12 0.091
Fructose-6-phospate Others 1.89E-11 0.440
Salycilate Organic acid 3.08E-11 0.098
Succinate Organic acid 4.59E-10 0.138
Ethanolamine Organic acid 1.21E-09 0.133
Guanosine Others 1.64E-09 -0.103
Malonate Organic acid 3.32E-08 0.260
Pyroglutamate Amino Acid 1.76E-06 0.083
Gluconte Organic acid 3.19E-05 -0.044
Palmitic acid Others 5.02E-05 0.102
GABA Amino Acid 0.000105 0.315
Urea Amino Acid 0.000144 0.277
Glutamate Amino Acid 0.000286 -0.030
Benzoate Organic acid 0.000898 0.138
Galactinol Sugar Alcohol 0.000964 0.037
Glycine Amino Acid 0.001629 0.129
Aspartate Amino Acid 0.002707 0.037
Leucine Amino Acid 0.003873 0.070
Glycerol-6-phosphate Others 0.004499 0.028
2ketoglutaric acid Others 0.008428 -0.187
Fumaric acid Organic acid 0.008688 0.164
Citrate Organic acid 0.009523 -0.026
Serine Amino Acid 0.011373 -0.057
Trehalose Sugar 0.015004 0.138
Phenylalanine Amino Acid 0.016327 -0.034
Mannitol Sugar Alcohol 0.020692 0.027
Quinate Organic acid 0.020719 -0.067
Maltose Sugar 0.021543 0.127
Threonate Organic acid 0.021684 -0.035
Alanine Amino Acid 0.027004 0.042

*p.value shows the significance level of the metabolite changes by ANOVA analysis between the two
maternal environments: High phosphate and Low nitrate.

To detect these mQTLs, we analysed metabolite profiles in the dry mature seeds of all the RILs.
PCA analysis of this data revealed a clear separation between the known metabolites of the
seeds grown in the two nutritional maternal environments (Figure 2A). Twenty-three and 15%
of'the total variation was explained by PC1 and PC2 respectively. Similar results were obtained
after analysis of all 118 detected metabolites (Supplemental Figure S1A). Both PCA plots show

that especially PC2 explained the variation related to the maternal environment. The loading
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plot of the PCA showed that the main components contributing to PC2 were organic acids
including glycolate, glycerate, malonate and succinate and amino acids such as glutamate,

serine, threonine and asparagine (Figure 2B, Supplemental Excel file S3).
Metabolite profile and correlation in HP and LN

ANOVA analysis of the metabolites in the two maternal environments indicated that contents
of 36 of 58 known metabolites were significantly changed between HP and LN maternal
conditions. These metabolites included mostly amino acids such as serine, pyroglutamate and
GABA and organic acids including TCA cycle intermediates such as galacterate, malate,

succinate and malonate (Table 1).

In general Log?2 ratios of HP:LN in the RIL population showed that most of the metabolites had
a higher level in seeds from the HP environment as compared to the LN environment (Figure
3, Table 1).
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Figure 3. Fold change of the metabolites in two nutritional maternal environments. HP, High phosphate and
LN, Low nitrate. AA, Amino acids; OA, Organic acids; SA, Sugar alcohols.

The metabolite profiles of seeds from the two maternal environments showed that seeds grown
in HP conditions contained a higher amount of metabolites, such as many sugars, amino acids
and organic acids (Figure 3, 4). A high metabolite level was predominantly observed for
GABA, sugars (maltose, fructose and glucose), organic acids including benzoate, salicylate,
glycerate and also some TCA cycle intermediates such as galacterate, malate, malonate and
succinate. The TCA cycle, including several catabolic reactions, plays a very critical role in

energy metabolism in plants. In addition, it contributes in many other ways to the metabolome
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by being involved in a large number of metabolic networks (Araujo et al., 2012). In plants, it
has been shown that amino acids such as leucine, iso-leucine and valine can be degraded into
new products which can be used as precursors for the TCA cycle to provide additional energy
for plants. The rate of the degradation of these compounds can be increased due to sub-optimal

conditions like abiotic stresses (Binder, 2010).

Both HP and LN maternal environments could be sub-optimal environments for plant growth
and seed development. Our results revealed that most of the amino acids were not significantly
altered between the two maternal environments; however some of them such as GABA,
pyroglutamate, glycine, leucine and aspartate showed significantly lower values in seeds grown
in LN. This result was consistent with findings for tomato and Arabidopsis plants that reported
a general decrease of amino acid levels under low nitrate conditions (Urbanczyk-Wochniak and
Fernie, 2004; Tschoep et al., 2009). GABA is one of the amino acids which frequently shows
higher levels under stress conditions (Shelp et al., 1999; Michaeli et al., 2011; Renault et al.,
2011). GABA is an amino compound which is produced via the so-called GABA shunt pathway
which has a primary role in keeping a balance in central C/N metabolism (Bouche and Fromm,
2004). It has been shown that GABA levels increased rapidly under stressed growth conditions.
Thus, GABA is thought to be involved in the tolerance of plants to sub-optimal environments
(Kinnersley and Turano, 2000; Fait et al., 2008; Renault et al., 2011). In our study we have
observed that the GABA content was lower in seeds developed in LN conditions in comparison
with those of the HP maternal condition. Our findings confirmed previous studies, where seeds
also showed low amounts of GABA under LN maternal conditions (He et al., 2016); Chapter
2, this thesis).

It has previously been reported that nitrate starvation resulted in a decrease in TCA cycle
intermediates in tomato (Urbanczyk-Wochniak and Fernie, 2004) and Arabidopsis (Tschoep et
al., 2009) leaves. We also found that in comparison to the HP condition, seeds developed under
LN possessed a lower amount of TCA cycle intermediates such as malate, succinate and
malonate (Figure 4). This could be an indication of higher consumption of TCA cycle
intermediates to produce more energy under LN to allow the plants to survive and continue

growth.
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Figure 4. Metabolite profiles in dry tomato seeds. The comparison of metabolite content of the 100 tomato
RILs grown in two nutritional maternal environments, HP, High phosphate and LN, Low nitrate.

(AR

Metabolite correlation networks

In general, correlations between metabolites can be used to assist in unravelling the biological
basis of variation caused either by different environments or genetic backgrounds (Ursem et al.,
2008). In order to understand the correlation between metabolite contents within the RIL sub-
populations and how their interaction is influenced by the nutritional maternal environment,
pairwise Spearman correlation analysis was performed between the metabolites. For each

environmental condition, correlation analysis of all 118 detected metabolites has been
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performed and a correlation heatmap was generated (Supplemental Figure S2, Supplemental
Excel file S4). The results showed that most of the unknown metabolites are highly correlated
with annotated metabolites such as amino acids and organic acids including TCA cycle
intermediates. Only known metabolites that showed significant correlations (FDR<0.05) were
selected for constructing correlation networks (Figure 5, Table 2). By using the network
approach, the correlation between metabolites within each sub-population as a result of similar
genetic regulation can be visualised, while different metabolic patterns in between the different
maternal environments could provide more insight into the influence of environment and GXE
on regulation of metabolites. Correlation networks have often been used in metabolomics
studies (Steuer et al., 2003; Morgenthal et al., 2006) to provide additional information to
multivariate approaches which have been described previously (Graffelman and van Eeuwijk,
2005). In our study, the correlation network for the HP maternal environment contains in total
395 significant correlations (edges) between 56 metabolites (nodes). The HP condition resulted
in a network with higher density (0.256) as compared to LN, which had in total 238 edges and
51 nodes (Table 2). In general, the network related to the HP environment showed higher levels
of some attributes such as range of node degree, number of nodes and edges, network density
and average number of neighbours by possessing more metabolite connections and correlations
(Table 2). This higher connectivity in the network could be related to the overall higher
metabolic levels under this specific condition. In our study dry seed metabolites were connected
more under the HP condition, in comparison with LN, which indicates that the regulatory
mechanisms under HP conditions induce several changes in metabolism. These metabolic
changes could assist plants to cope with sub-optimal growing conditions and may result in
acclimation of the plant (Hochberg et al., 2013).

Table 2. Properties of the networks constructed from HP and LN seed metabolite levels.

Attributes High Phosphate Low Nitrate
Number of nodes 56 51
Total number of edges 395 238
Number of positive edges 379 232
Number of negative edges 16 6
Range of node degree 1-28 1-21
Average number of neighbours 14.11 9.33
Network density 0.256 0.187

The most highly connected metabolites in each condition can be found in Supplemental Table
S2. Under LN, mainly amino acids are highly correlated with each other and thus could be
predominantly involved in metabolic changes due to LN conditions (Figure 5A). However,
under HP maternal condition, in addition to the amino acids such as alanine, glycine, serine and
threonine, some of the TCA cycle intermediates including malate, fumarate and succinate are
also highly connected (Figure 5B). In both environments we observed strong correlation

between metabolites within the same category such as amino acids. Such a consistent
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correlation observed in both environments suggested that these metabolites are mainly under
genetic control and not much influenced by the environment or GXE interactions. In our results
under HP conditions glycine showed a strong correlation with malate (one of the TCA cycle
intermediates, R = 0.6, FDR = 0.00021) while we could not find it back in the LN network.
Such different network topologies indicate a strong environmental effect on the correlation
between these metabolites. These examples show that the correlation networks and the
differences amongst them may provide imperative information to understand the molecular

basis of metabolic changes (Schauer et al., 2006).

@ Sugar & SA
@ Other

Figure 5. Correlation networks of known metabolites for each maternal environment. A, Low nitrate; B, High
phosphate. The colours of the nodes represent the metabolites category. AA, Amino acids; OA, Organic acids;
SA, Sugar alcohols. The Blue and Red colour of the edges (lines) indicate positive and negative correlations,
respectively. The size of the nodes correlates with the number of connections within the network (the degree).

Correlation of metabolites within the whole RIL population

Spearman correlation analysis was performed and a correlation matrix was generated between
all pairs of known metabolites across the whole RIL population. The results revealed that some
metabolites are highly correlated with each other (Figure 6). Except a few exceptions, all amino
acids cluster together. They showed a high degree of correlation of mostly greater than 0.5 with
p-values of less than 0.001 (Supplemental Excel file S5). Such a high positive significant
correlation could be an indication of a preserved metabolism of amino acids in seeds. It has
previously been reported that the metabolism of amino acids in seeds might be regulated by
post-transcriptional regulators in order to regulate the distribution of nitrogen (Toubiana et al.,
2012; Kazmi et al., 2017). We also observed a high number of significant correlations between
amino acids and TCA cycle intermediates such as citrate, malate, fumarate and succinate. Such

a correlation between amino acids as a nitrogen (N) source and TCA intermediates as carbon
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(C) metabolites, indicates a maintained crosstalk between N and C metabolism in the seeds
(Figure 6, Supplemental Excel file S5). A similar crosstalk has been previously suggested for
different species including Arabidopsis and tomato (Stitt and Fernie, 2003; Gutiérrez et al.,
2007; Nunes-Nesi et al., 2010; Kazmi et al., 2017).
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Figure 6. Spearman correlation matrix of all pairs of known metabolites across the whole RIL population
derived from S. lycopersicum cv. Moneymaker and S. pimpinellifolium.
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We have also detected significant correlation between galactinol and myo-inositol (R=0.53 and
p-value=1.06E-6) (Figure 6, Supplemental Excel file S5). These metabolites are classified as
sugar alcohols which have been reported to be involved in responses of seeds to stressful

environments, such as low temperature (He et al., 2016).
Correlation between metabolites and seed phenotypic traits

In order to assess the relationship between metabolites and seed phenotypic traits, seed
performance phenotypes which were previously assessed for the same seeds (Chapter 3), were
integrated into the metabolic correlation matrix (Figure 7). We found many positive and
negative correlations between metabolites and phenotypic traits. The results revealed that seed
size and weight are positively correlated with most of the amino acids and TCA cycle
intermediates such as succinate, citrate and malate (Figure 7, Supplemental Excel file S6). The
strongest positive correlation was found between seed size and amino acids including
pyroglutamate, leucine and isoleucine (R>0.4, p-value<0.0001). Among all the seed
germination traits maximum germination percentage (Gmax) showed the highest number of
significant correlations with metabolites of which most are negative. Gmax under osmotic stress
(mannitol and NaCl) has a significant positive correlation with 2-ketoglutarate which is one of
the TCA cycle intermediates, involved in supplying the required energy for seed germination
(Supplemental Excel file S6). Gmax under optimal and sub-optimal germination environments
showed strong negative correlation with many of the amino acids (such as pyroglutamate,
GABA, methionine and leucine), organic acids (glycerate and malonate) and TCA cycle

intermediates (malate and succinate).
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from S. lycopersicum cv. Moneymaker and S. pimpinellifolium.
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Amino acids, are the precursors of protein synthesis and also precursors of some TCA cycle
intermediates (e.g. citrate and succinate), serve as energy generation units for embryo growth
as well as radicle protrusion (Ratajczak et al., 1996; Lehmann and Ratajczak, 2008; Rosental et
al., 2014). Since energy and proteins are two elements supporting germination, such a negative
correlation between them and germination of tomato seeds is not expected. However, our results
are in accordance with several foregoing studies which reported that accumulation of amino
acids, such as methionine, lysine and GABA, may cause inhibition of seed germination (Amir,
2010; Angelovici et al., 2011). In some other reports, amino acids were considered as one of
the biological methods to control weeds since the external application of many amino acids
decreased the seed germination percentage for some species such as broomrape (Wilson and
Bell, 1978; Vurro et al., 2006). Such a negative effect of amino acids on seed germination could
be related to accumulation of certain amino acids in the seeds and subsequent reduction of some
other metabolites such as TCA cycle intermediates which may play vital roles in seed
germination (Angelovici et al., 2011; Rosental et al., 2016). For example, the biosynthetic
pathway of lysine uses pyruvate which is the central component of the TCA cycle. Depletion
of pyruvate from the TCA cycle will ultimately result in a decrease in the production of TCA
cycle intermediates. Hence, such a decrease in TCA cycle input results in declined levels of
available energy, which in turn negatively affects seed germination (Shedlarski and Gilvarg,
1970; Day et al., 1994; Angelovici et al., 2011). A strong negative correlation was found
between Gmax in water and methionine content of the seeds (R=0.42, p-value<0.001). Similar
results have been found in different species such as lettuce (Wilson and Bell, 1978) and tomato
(Rosental et al., 2016). Feedback inhibition of increased methionine on the upstream enzymes
activity such as cystathionine y-synthase (CGS) has been reported before (Chiba et al., 2003;
Rosental et al., 2016). Hence high methionine content of seeds may limit the synthesis of sulfur-
rich proteins which subsequently results in the reduction of seed germination (Amir, 2010).
However, our findings seem in contrast with a few other studies in which a high level of
methionine did not lead to a decrease of germination which indicated that methionine was not

negatively correlated with germination (Gallardo et al., 2002; Amir et al., 2012).

We also performed a correlation analysis between metabolites and seed phenotypic traits within
each tomato RIL sub-population and two correlation heatmaps were generated (Supplemental
Figure S3). In general, substantial differences were not observed between the two maternal
environments (HP and LN); however, correlations appeared stronger within HP as compared to
LN conditions and some correlations were specifically observed in one of the environments.
For example, the positive correlation observed between many amino acids and seed size and
weight were either lost at LN or were not as strong as what was observed at HP (Supplemental
Figure S3). In addition, a limited number of metabolites (e.g. galactarate) showed a significant

positive correlation with most of the phenotypic traits in LN; however, the same metabolite
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showed a weak negative correlation with the same seed phenotypic traits in HP (Supplemental
Figure S3). An association of germination percentage and metabolic content of the dry seeds
may raise the possibility to predict germination behaviour using the metabolic signature of the
dry seeds (Rosental et al., 2014).

mQTL profiling of the tomato RIL population

The calculation of the coefficient of variation (CV) showed that most of the metabolites possess
a CV value higher than 40%, which indicates that there is considerable variation within the RIL
population for the metabolite levels in the dry seeds (Figure 8, Supplemental Table S3). In order
to investigate if such a high level of variability within metabolites could be explained by
differences in alleles and genetic factors, a metabolic quantitative trait locus (mQTL) analysis
was performed with the obtained metabolite data. Each metabolite is in general controlled by
several pathways and regulators. Thus, as expected we hardly identified metabolites for which

a single genetic locus significantly explained the metabolite levels.
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Figure 8. Distribution of metabolite variation within the genotypes for each nutritional maternal environment
with high phosphate (HP) in black and low nitrogen (LN) in grey.
In our study we performed mQTL analysis for each maternal environment to evaluate the

genetic variation within each sub-population. Furthermore we used the whole set of RILs to
detect mQTLs explained by a genetic component (G) and the genotype by environment
interaction (GxE).

Table 3. Number of QTLs identified in each sub-population and for the genetic and genotypei x environment
component when analysing the whole population

Condition Number of mQTLs
High phosphate (HP) 129

Low nitrate (LN) 66

Genetic (G) 382

Genetic by environment interaction (GXE) 146
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We identified several mQTLs across all conditions (Table 3). Regarding the sub-populations
66 and 129 mQTLs were detected for seeds from LN and HP environments, respectively. The
heatmap of the LOD profiles and characteristics of the mQTLs in each environment are
presented in Supplemental Figure S4 and Supplemental Excel file S7, respectively. In both
maternal environments several mQTLs were detected which were hardly detected for other
metabolites. For example, in the seeds developed under HP conditions a single strong QTL on
chromosome 9 was detected, regulating asparagine. Another independent significant QTL was
identified on the top of chromosome 11 for phenylalanine under the same environmental
conditions (Supplemental Figure S4A, Supplemental Excel file S7). Detection of such specific
mQTLs in our data reveals the tight and independent genetic regulation of metabolite
biosynthesis in seeds (Keurentjes et al., 2008). Under the same maternal condition some organic
acids such as benzoate, gluconate, glycerate and glycolate mapped to a similar position on
chromosome 5 (Supplemental Figure S4A, Supplemental Excel file S7). On chromosome 9, we
detected mQTLs for TCA cycle intermediates including citrate and malate which were co-
locating with the one regulating FOP as one of the precursors of the TCA cycle. There is also a
QTL on the top of chromosome 1 affecting amino acids in seeds from the HP environment.
Despite the strong correlation that has been found between amino acids and TCA cycle
intermediates in seeds from HP conditions, no co-located QTLs were identified for them. This
might be due to several smaller QTLs regulating variation of the metabolites, each of them
explaining a small part of the variation and therefore not reaching the threshold LOD score.
Regarding the seeds grown in the LN maternal environment we found more than one QTL for
some of the metabolites such as GABA, citrate and malate. The vital role of these metabolites
has been reported in relation with the alleviation of environmental stress effects (Kinnersley
and Turano, 2000; Kaplan et al., 2004; Krasensky and Jonak, 2012; Obata and Fernie, 2012).
For the LN environment many of the amino acids have co-locating QTLs at the bottom of
chromosome 4 and in the middle of chromosome 5 (Supplemental Figure S4B). Such strong
co-locating QTLs for amino acids was expected since they showed a high connection in the
correlation network of the LN environment (Figure 5A). In general, such co-localizing QTLs
for metabolites suggest that in addition to the single independent QTLs regulating metabolite
contents, some general regulatory loci and genes are involved in the regulation of metabolite

synthesis (Keurentjes et al., 2008).

Combining the sub-populations and using the whole set of RILs leads to an increase in the
number of detected QTLs with 382 and 146 QTLs for G and GxE effects, respectively. An
overview of the detected QTLs is provided by the heatmap of the LOD profiles (Figure 9). On
the top and bottom of chromosome 4 there are two QTLs that explain the variation for many
amino acids such as aspartate, GABA, glutamine, methionine, serine and threonine. Similarly,

a co-located QTL was detected for galactarate and malate on chromosome 10 (Figure 9). Co-
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localization of these mQTLs is not surprising since galactarate is the precursor of 2-oxoglutarate
and 2-oxoglutarate is one of the intermediates of the TCA cycle and is generally converted to
malate in a couple of subsequent reactions. Our results show that myo-inositol and galactinol
are highly associated with each other and closely grouped together. Therefore, it is not
surprising that they both have a co-locating QTL on chromosome two (Figure 6, Figure 9). The
robust correlation between raffinose pathway metabolites including galactinol and myo-inositol
has also been reported for seeds of other species that developed under environmental stress
(Cook et al., 2004; He et al., 2016). These metabolites are known for their protective role for
cellular structures of embryos during seed development and desiccation (Taji et al., 2002).
Furthermore, they are able to play a key role in protecting plants from the effects of stress
resulting from reactive oxygen species (ElSayed et al., 2014). Some of the organic acids
including gluconate, glycerate and glycolate, together with two of the TCA cycle intermediates
(malate and succinate), had a co-locating QTL on chromosome 9 (Figure 9). Glutamate and
GABA showed a shared QTL on chromosome 4 which has previously been detected in the same
population developed under standard conditions (Kazmi et al., 2017). Metabolites belonging to
the same functional class are often highly correlated and can have co-locating mQTLs (Kazmi
et al., 2017). Although several mQTLs were detected at similar positions, in general more co-
located mQTLs would be expected due to the strong correlation that has been observed between
the metabolites. This could be related to the fact that several small QTLs are involved in
regulation of the metabolites and each of them is explaining only a small part of their variation.
Such small QTLs are likely to escape the QTL significant threshold in the QTL analysis
(Keurentjes et al., 2008).

A few mQTLs co-located with the phenotypic QTLs that have been detected in a previous study
(Chapter 3 of this thesis). For instance, the QTLs on the middle of chromosome 10 affecting
galactarate and malate co-located with ones influencing uniformity of germination (Uss16) at
different germination conditions, such as high temperature, mannitol, water and NaCl. In
addition, the QTL on chromosome 9, which is specifically regulating methionine, is located at
the same position as QTLs affecting seed size, seed weight and fresh and dry weight of the
seedlings. Despite the many strong correlations between metabolites and phenotypic traits
(Figure 9), we could hardly detect co-locating QTLs for them. This might be due to the fact that
each of the phenotypes may not be correlated with a specific metabolite but with a group of
metabolites and thus the final metabolic balance between the groups of metabolites could affect

phenotypic traits such as Gmax.
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Figure 9. Heatmap of LOD profiles of the mQTLs detected for G and GXE. A, Heatmap representing the
positions of the mQTLs explained by the genetic component (G); B, Heatmap indicating the position of the
mQTLs affected by genotype by environment interactions (GXE). The 12 chromosomes of tomato are separated
by dashed lines. Coloured spots indicating the significant QTLs. The blue and yellow colours show loci where
the S. pimpinellifolium and the S.. lycopersicum alleles enhance the metabolite levels, respectively. Metabolites
and their categories are shown at the right side of the panels.
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Conclusion

In this study we performed GC-TOF-MS metabolite profiling of a tomato RIL population and
their parental lines grown in high phosphate and low nitrate environments. Our results show
clear genetic variation at the metabolite level between the two parental lines, where the maternal
nutritional environment was also introducing variation within each genotype. Elucidation of
genetic and molecular aspects of metabolic changes of seeds as a response to different maternal
environments was carried out by using metabolite correlation networks, followed by mQTL
analysis. In general the HP environment induced more metabolic changes as compared to the
LN environment. Correlation of metabolites within the whole RIL population revealed a
crosstalk between N and C metabolism in which significant correlations were observed between
amino acids and TCA cycle intermediates. Besides mQTLs detected in the individual
environments and the genetic effects, many mQTLs were detected for GXE. In spite of the
strong correlations found between metabolites and phenotypic traits, the detected mQTLs were
hardly co-located with the ones affecting phenotypic traits. This might be caused by the fact
that not a single metabolite, but a group of metabolites together influence the phenotype. This
study has provided novel insights towards better understanding of the effect of maternal
environment on tomato seed and seedling performance by combining various physiological,
omics and genetical analyses. In addition to the new insights that have been provided in this
study, more in-depth investigations are needed to further elucidate the regulation of the dry seed
metabolome under different nutritional environments and its influence on seed and seedling

performance.

Materials and methods
Maturation conditions and seed collection

One hundred lines of an F7 RIL population obtained from S. lycopersicum cv. Moneymaker
(MM) x S. pimpinellifolium (PI) accession G1.1554 (Voorrips et al., 2000) have been genotyped
with 865 single nucleotide polymorphism (SNP) markers. The Fs population was grown in two
different nutritional maturation environments as previously described (Chapter 3). The fully
ripened fruits were collected and the seeds were extracted and dried as previously reported
(Chapter 2). Finally, the dry seeds were stored in paper bags at 13°C and 30% RH.

Generalized genetical genomics design (GGG)

The population of 100 tomato lines was divided into two sub-populations based on the
distribution of parental alleles. By using the R-procedure DesignGG (Li et al., 2009; Joosen et

al., 2013) the tomato lines were allocated to the suitable sub-population in a way that alleles
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show a similar distribution in both sub-populations as compared to the whole population
(Kazmi et al., 2017).

Extraction and analysis of dry seed metabolites

The dry seed metabolites were extracted using the method as previously described by Roessner
et al., (2000) with small changes. In short, 10 mg seeds of each tomato line was homogenized
using a micro dismembrator (Sartorius) in a precooled 2 ml Eppendorf tube with 2 iron balls
(2.5 mm). A solution of 700 ul methanol/chloroform (4:3) together with a standard (0.2 mg/ml
ribitol) was added to each Eppendorf tube and mixed thoroughly. After 10 minutes of sonication
200 pl Milli-Q water was added to the samples followed by vortexing and centrifugation (5
min, 13,500 rpm). Then, the methanol phase was collected and transferred to a new 2 ml tube
and the remaining organic phase was extracted again with 500 pl methanol/chloroform. The
solution was kept on ice for 10 minutes and afterwards 200 pl Milli-Q water was added. Again
after vortexing and centrifugation (5 min, 13,500 rpm), the methanol phase was collected and
combined with the former collected phase and mixed well. A solution of 100 pl of this mix was
transferred to a glass vial and dried overnight using a speedvac centrifuge at 35°C (Savant
SPD1211).

The gas chromatography-time of flight-mass spectrometry (GC-TOF-MS) method which was
previously described by Carreno-Quintero et al., (2012) was used for analysis of the dry seed
metabolites. Detector voltage was set at 1600 V. Analysis of the raw data was performed using
chromaTOF software 2.0 (Leco instruments). Furthermore, the Metalign software was used for
further analysis such as aligning the mass signals (Lommen, 2009). The peak threshold for noise
was set to 2 and the output was loaded in Metalign Output Transformer (METOT; Plant
Research International, Wageningen) and MSClust (Tikunov et al., 2012) was used to construct
Centrotypes. The Centrotypes were identified by matching the mass spectra to an in-house-
constructed library, to the GOLM metabolome database (http://gmd.mpimp-golm.mpg.de/) and
to the NISTOS library (National Institute of Standards and Technology, Gaithersburg, MD,

USA,; http://www.nist.gov/srd/mslist.htm). The identification was based on spectral similarities

and comparing the retention indices calculated by a third order polynomial function (Strehmel
et al., 2008).

Statistical analysis (coefficient of variation, PCA and ANOVA analysis)

Within a population the absolute variation or dispersion per trait is defined as the standard
deviation (o). The relative variation called the coefficient variation (CV) for individual traits is
the ratio of the standard variation to the mean (u) of the lines in the population (CV =
(o/w)*100). In this study we calculated CV for each metabolite in two nutritional maternal

environments separately. The metabolomics data were logl0 transformed and then used for
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further analysis such as ANOVA, principal component and correlation analysis. In order to
indicate the effect of the genotype, environment and their interaction, ANOVA analysis was
performed on the metabolite content of the parental lines, MM and PI, grown in different
nutritional environments. The significance threshold of the p-value was set to 0.05. Principal
component analysis (PCA) was performed on metabolic values of the RILs and the parental

lines using the R-package “pcaplots”.

Log? ratio of metabolites between HP and LN (HP:LN) and metabolite profiles in both maternal
environments (HP and LN) were investigated to identify the metabolic differences between two
nutritional maternal environments with Metaboanalyst 3.0

(http://www.metaboanalyst.ca/faces/home.xhtml).

Correlation analysis and network construction

R-packages “MASS”, “Hmisc”, “VGAM”, “gplots” and “graphics” (https://www.r-
project.org/) were used for analysis and construction of the Spearman correlation between all
known metabolites and also between the metabolites and the seed phenotypic traits. In addition,
by using the “rcorr” R-package for each sub-population the Spearman correlation between the
known metabolites was analysed and the significance level of correlations was described as
false discovery rate (FDR). Correlation values with FDR<0.05 were used to create a correlation
network for each maternal environment by using Cytoscape v.3.4.0. The NetworkAnalyser tool

of Cytoscape was used to obtain additional characteristics of the metabolic networks.
mQTL analysis

Logl0 transformed data together with the tomato linkage map containing 865 SNP markers
were used for performing QTL analysis using Rqtl v3.3.1 (Broman et al., 2003; Arends et al.,
2010). We performed QTL analysis using the approach as previously described by Joosen et
al., (2013) for Arabidopsis and Kazmi et al., (2017) for tomato, with small modifications. A
model (Y =G + E + GxE + €) was used for the whole RIL population to identify the effect of
genotype (G), maternal environment (E) and their interaction (GxE). Furthermore, in order to
identify the metabolic variation explained by the genetic component we carried out the QTL
analysis for known metabolites in each sub-population with simple interval mapping (SIM)
using MapQTL® 6.0 (Van Ooijen, 2004). In both QTL analysis (Rqtl and MapQTL) 1000
permutation tests were applied to our data to estimate the LOD threshold at a significance level
0f 0.05.
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Supplementary Tables and Excel files of this chapter can be downloaded from
http://www.wageningenseedlab.nl/thesis/ngeshnizjani/S1/chapter4
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Figure S1. Principle component analysis (PCA) of all known and unknown metabolites of dry seeds grown in
HP, High phosphate and LN, Low nitrate. A, Scores for PCA for HP and LN are presented by two components
PCI and PC2. B, Loading scores of metabolites for PC1 and PC2. Amino A, amino acids; Organic A, Organic

acids; SA, Sugar alcohols.
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Figure S2. The correlation matrix of all detected (known and unknown) metabolites in tomato RIL population
derived from s cross between Solanum. Lycopersicum cv. Moneymaker and Solanum pimpinellifolium grown
in two maternal environments. A, High phosphate; B, Low nitrate
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Figure S4. Heatmap of QTL profiles of the mQTLs detected in tomato RIL population derived from s cross
between S. Lycopersicum cv. Moneymaker (MM) and S. pimpinellifolium (PI) grown in two maternal
environments. A, High phosphate; B, Low nitrate. The 12 chromosomes of tomato are separated by white lines.
Coloured spots indicating the significant QTLs. The blue and red colours in the LOD colour scale showing the
higher effect of PI and the MM alleles on metabolite levels, respectively. Metabolites and their categories are
shown at the right side of the panels.
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Thermo-induced dormancy in seeds

Abstract

Exposing imbibed seeds to high temperatures may lead to either thermo-inhibition of
germination or thermo-dormancy responses. In thermo-inhibition, seed germination is inhibited
but quickly resumed when temperatures are lowered. Upon prolonged exposure to elevated
temperatures, thermo-dormancy may be induced and seeds are not able to germinate even at
optimal temperatures. In order to explore underlying physiological and molecular aspects of
thermo-induced secondary dormancy, we have investigated the physiological responses of
tomato seeds to elevated temperatures and the molecular mechanisms that could explain the
performance of tomato seeds at elevated temperature. In order to investigate how tomato seeds
respond to high temperature we used two distinct tomato accessions: Solanum lycopersicum
(cv. Moneymaker) (MM) and Solanum pimpinellifolium accession CGN 14498 (PI). MM seeds
did not germinate under high temperature conditions while seeds of PI reached a maximum
germination of 80%. Despite the high germination percentage of PI, germinated seeds did not
produce healthy seedling at 37°C. By using a candidate gene approach we have tested if similar
molecular pathways (abscisic acid (ABA) and gibberellic acid (GA)) present in lettuce and
Arabidopsis, are regulating thermo-inhibition and thermo-dormancy responses in tomato. We
showed that the ABA biosynthesis pathway genes NCEDI and NCED9 were upregulated
whereas two of the GA-biosynthesis regulators (GA3ox ! and GA20ox1) were downregulated in
tomato thermo-dormant seeds at elevated temperature. To identify novel regulators of tomato
seed performance under high temperature, we screened a Recombinant Inbred Line (RIL)
population derived from a cross between the two tomato accessions MM and PI for thermo-
inhibition and dormancy induction. Several QTLs were detected, particularly for thermo-
dormancy, which may be caused by new regulators of thermo-inhibition and thermo-dormancy
in tomato. None of the genes studied in this research were co-locating with the detected QTLs.
The new QTLs discovered in this study will therefore be useful to further elucidate the
molecular mechanisms underlying the responses of tomato seeds to high temperature and

eventually lead to identification of the causal genes regulating these responses.
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Introduction

Seed germination is the start and end of the life cycle of most flowering plants and is, therefore,
a critical step in plant development and growth. Although rapid seed germination directly after
sowing is a desirable trait for seeds from the producer’s point of view, it can be an undesirable
trait at times (Huo and Bradford, 2015). Generally, seeds are able to sense unfavourable
environmental conditions and may, thus, postpone germination until conditions are more
favourable. Such a physiological response is called dormancy (Hilhorst, 2007). The occurrence
of dormancy is heavily influenced by environmental factors. One of the environmental factors
which are becoming more relevant in the light of global warming is elevated temperature (Long
and Ort, 2010; Franks et al., 2014). Therefore it is of great importance to study the physiological
and molecular background of seed germination and dormancy in response to the adverse effect
of high temperatures in more detail. Elevated temperatures not only influence post-germination
processes, but may also directly affect germination. Exposure of seeds to high temperature may
result in certain physiological responses, called ‘thermo-dormancy’ and ‘thermo-inhibition’, in
order to prevent seedling damage. Thermo-inhibition refers to the fact that seeds will halt
germination at high temperature, but will immediately germinate upon encountering optimal
temperatures. Thermo-dormancy is defined as dormancy that is induced by high temperatures
(Argyris et al., 2008; Huo et al., 2013). In this case seeds will not germinate at high
temperatures, but also not when the seeds are exposed to lower/optimal germination
temperatures. This implies that prolonged imbibition at high temperature results in the induction

of dormancy.

Many studies have shown that germination of species such as sunflower (Helianthus L.), carrot
(Daucus carota), Arabidopsis thaliana and lettuce (Lactuca sativa) is inhibited if they are
exposed to high temperatures during imbibition (Corbineau et al., 1988; Toh et al., 2008; Lafta
and Mou, 2013; Nascimento et al., 2013). Genetic, molecular and physiological analysis have
provided insights into the mechanisms of seed germination and dormancy (Holdsworth et al.,
2008). Thermo-inhibition and thermo-dormancy can be alleviated by environmental factors
such as light and nitrate, or by applying GA, inhibitors of ABA biosynthesis, or ethylene (Gonai
et al., 2004; Kepczynski et al., 2006; Hilhorst, 2007; Matilla and Matilla-Vazquez, 2008; Toh
et al., 2008; Bogatek and Gniazdowska, 2012).

Combining genetic and physiological analysis may improve the understanding of the molecular
mechanisms underlying seed germination and dormancy (Yamauchi et al., 2004; Bentsink et
al., 2006). The existing natural variation in plants for seed germination behaviour has been used
for genetic analysis and identification of Quantitative Trait Loci (QTLs). Many studies have

been reported regarding the genetic aspects of thermo-inhibition and thermo-dormancy in seeds
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resulting in several QTLs in both model plants such as Arabidopsis and crops such as rice and
lettuce (Alonso-Blanco et al., 2003; Gu et al., 2006; Bentsink et al., 2007).

Abscisic acid (ABA) and gibberellic acid (GA) are phytohormones that play critical roles in the
life cycle of plants, including seed germination and dormancy. ABA has been shown to be a
major inhibitor of seed germination and it has an important role in the induction of primary and
secondary dormancy in seeds. The ABA biosynthesis pathway is sensitive to several
environmental factors and this is one way in which different environments result in different
levels of dormancy (Kermode, 2005; Finch-Savage, 2013). Conversely, by application of
exogenous GA or by increasing the GA synthesis in seeds, dormancy can be alleviated in many
plant species (Carter and Stevens, 1998; Gonai et al., 2004). Thus, germination is regulated by
a balance between synthesis and catabolism of ABA and GA. Several genes are known which
function in ABA (9-cis-epoxycarotenoid dioxygenase (NCEDs) and ABAs) and GA (GA3oxl1,
GA30x2 and GA2ox1) biosynthetic pathways and which may, thus, affect the inhibition of
germination caused by high temperatures (Toyomasu et al., 1998; Iuchi et al., 2001). In general,
when seed germination is inhibited, ABA-associated genes are up-regulated and GA-related
genes are suppressed. In Arabidopsis, it has been indicated that high temperature results in the
accumulation of ABA in seeds by increased expression of NCED2, NCEDS5 and NCED9 and
reduced GA content by repression of GA200x and GA3ox (Toh et al., 2008). In lettuce, it has
been shown that expression of the LsNCED4 gene, which is involved in ABA biosynthesis, was
highly induced under high temperature (Argyris et al., 2008).

Further studies have indicated that the maturation, germination and dormancy of seeds may be
regulated by an interaction between phytohormones (e.g. ABA, GA) and a network of
transcription factors (Finkelstein et al., 2002; Suzuki and McCarty, 2008). For example,
FUSCA3 (FUS3) is a B3-domain transcription factor which plays a critical role in hormonal
biosynthesis and signalling pathways and, consequently, in the life cycle of plants. Under stress
conditions such as high temperature, FUS3 can induce dormancy in seeds by increasing and
decreasing ABA and GA biosynthesis, respectively (Nambara et al., 2000; Curaba et al., 2004;
Holdsworth et al., 2008). In Arabidopsis, it was reported that high temperature greatly increased
the expression of FUS3. Overexpression of FUS3 results in delayed seed germination at high
temperature (32°C), while mutant lines (fis3) are tolerant to that high temperature (Chiu et al.,
2012). Microarray analysis has revealed the direct effect of FUS3 on the expression NCEDS5
and NCED9 and several GA biosynthesis genes. This implies that thermo-dormancy may be
the consequence of an increase in NCEDS5 and NCED9 expression in Arabidopsis (Yamamoto
et al., 2010; Wang and Perry, 2013). A similar effect of high temperature on the expression of
FUS3 was found in lettuce (LsFUS3) and it is possible that also in lettuce FUS3 has a direct
effect on the expression of LsNCED4 (Huo and Bradford, 2015).
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Ethylene has been shown to be one of the promotors of seed germination (Matilla, 2000; Matilla
and Matilla-Vazquez, 2008). It functions in breaking seed coat imposed dormancy in species
such as Rumex crispus and Arabidopsis (Taylorson, 1979; Siriwitayawan et al., 2003). 1-
aminocyclopropane-1-carboxylic acid (ACC) synthase (4CS) is one of the genes which is
involved in ethylene biosynthesis. In lettuce (Abeles, 1986), chickpea (Cicer arietimum)
(Gallardo et al., 1991), sunflower (Corbineau et al., 1990) and tomato (Kpczyska et al., 2006)
it was reported that either ethylene or its biosynthetic precursor ACC could break thermo-

dormancy.

Several reports have presented putative hormonal and molecular mechanisms by which seeds
may perceive environmental signals and regulate dormancy and germination (Wigge, 2013;
Penfield and MacGregor, 2014). Despite many studies on the mechanisms of thermo-inhibition
and thermo-dormancy in crops such as lettuce, little is known about the germination behaviour
and regulation of tomato seeds at high temperature. The objective of this study was to
investigate the genetic variation of thermo-inhibition between two tomato accessions: Solanum
lycopersicum (cv. Moneymaker) (MM) and Solanum pimpinellifolium (PI). Furthermore, we
have used a candidate gene approach to see if similar molecular mechanisms as in lettuce and
Arabidopsis are likely to regulate thermo-inhibition and thermo-dormancy in tomato. Finally,
a Recombinant Inbred Line (RIL) population derived from a cross between the MM and PI
tomato accessions (Voorrips et al., 2000) has been used to perform QTL analysis and detect
new QTLs and potential new regulators of seed germination and dormancy in tomato under

high temperature.

Results

Germination of the cultivated tomato accession Solanum lycopersicum (cv. Moneymaker)

seeds in response to optimal and high temperature

Seeds of MM plants germinated to around 90% at 25°C in both light and dark conditions.
However at high temperature (37°C) MM seeds neither germinated at light nor at dark (Figure
1A, B). Thus seeds of the MM genotype were unable to germinate at 37°C.
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Figure 1. Germination of Solanum lycopersicum (cv. Moneymaker) (MM) and Solanum pimpinellifolium (PI)
seeds at optimal (25°C) and high temperature (37°C) in the light (A) and in darkness (B). Statistical analysis
was performed within each genotype.

To investigate if the inhibitory effect of the temperature is either thermo-inhibition or thermo-
dormancy, the non-germinated MM seeds were transferred to the optimal germination
temperature (25°C) in the presence and absence of light after 4 days (4DI) and 6 days (6DI) of
imbibition at 37°C. In the presence of light at 25°C, seeds which had been imbibed at 37°C for
4 days (4DI), germinated more and faster than seeds which had been imbibed for 6 days at 37°C
(6DI) (Figure 2A, B). Neither 4DI nor 6DI seeds germinated without light at 25°C.
Nevertheless, when 4DI and 6DI seeds after 18 days of dark imbibition were transferred to light
conditions, they started to germinate (Figure 2C, D). Interestingly, the 6DI seeds which
germinated more slowly and to a lower percentage in dark, could immediately germinate after
transfer to light and reached 100% of germination after a few days. However, germination of
4DI seeds was delayed by 3 days after transfer to optimal temperature in the light. It took 9 days
for these seeds to reach ~100% of germination, starting from the transfer date. It may be

concluded that at high temperature thermo-dormancy was induced concomitantly with the
induction of light sensitivity.
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Figure 2. A and B, Germination percentage of (Solanum lycopersicum cv. Moneymaker) 4DI and 6DI seeds at
25°C with light, respectively; C and D, germination percentage of the same 4DI and 6DI seeds, respectively, at
25°C without light and post transferring to light after 18 days of dark imbibition.

Endospermic dormancy in MM tomato seeds

Stiffness of the endosperm can be one of the major inhibiting factors in germination of tomato
seeds (Kepczynski et al., 2006) and therefore we investigated the role of the endosperm in
thermo-dormancy of tomato seeds. Germination of MM embryos which were dissected from
the seeds was assessed at 25°C and 37°C. The absence of seed coat and endosperm had some
effect on germination speed at 25°C. Embryos showed uniformly and rapid radicle growth in
almost 90% of the seeds after three days (Figure 3). However, removing the endosperm did not
promote seed germination at high temperature and seeds became dormant in that condition even
without seed coat and endosperm (Figure 3, Supplemental Figure S1). Our results suggest that
the thermo-dormancy induced in tomato seeds is not related to the inhibition of endosperm
weakening but to embryo dormancy. Thus, contrary to general consensus of tomato seed
dormancy being coat-imposed we here propose that tomato seed dormancy also has a

component of physiological dormancy located in the embryo.
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Figure 3. Germination of seeds and separate embryos (Emb.) of tomato seeds (Solanum lycopersicum cv.
Moneymaker) under normal (25°C) and high temperature (37°C).

Required time to induce thermo-dormancy in tomato seeds (MM)

Since we observed that high temperature induced thermo-dormancy in MM seeds, we
investigated in more detail how long MM seeds required to be at high temperature to induce
dormancy. During the first 33 hours (~1.5 days) seed germination was not influenced by high
temperature and thus they germinated to almost 90%. Seeds started to go into thermo-dormancy
after 33 hours at 37°C. From this time point onwards seed germination declined sharply until 4

days at which seeds did not germinate anymore (Figure 4).
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Figure 4. Required time to induce dormancy in tomato seeds (Solanum lycopersicum cv. Moneymaker).
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Gene expression analysis

Several genes have been implied in the regulation of thermo-inhibition and thermo-dormancy
in species such as lettuce and Arabidopsis (Argyris et al., 2008; Toh et al., 2008; Chiu et al.,
2012). Since this type of dormancy has not been previously reported in tomato, we selected
tomato homologs with the highest identity to Arabidopsis and lettuce genes for ethylene, ABA
and GA biosynthesis pathway such as ACSI, NCED9, NCEDI, ABAIl, GA3ox1, GA20ox] and
GA200x3. Additionally, the expression of FUSCA3 was also analysed due to its direct
regulatory effect on the expression of several ABA and GA biosynthesis genes. To test whether
FUS3 is possibly associated with a role in the induction of thermo-dormancy in tomato seeds,
expression levels of FUS3 were measured during imbibition at 25 and 37°C. FUS3 transcript
abundance was very low in dry seeds and in 1 hour and 1 day imbibed seeds at 25°C and 37°C
(Figure 5A). However, transcript abundance was significantly increased in 4DI and 6DI seeds
which already expressed thermo-dormancy (Figure 5A). Additionally, we measured expression
of some genes related to ABA and GA biosynthesis. Although NCEDS5 was not expressed in
the selected stages, transcript levels of NCED9 and NCED1 increased in seeds exposed to 37°C
(Figure 5B). In the case of NCEDY, expression remained fairly constant until 4 days at 37°C
(4DI) but displayed increased expression in 6DI seeds. NCEDI transcript levels started to
increase from 2 days of high temperature imbibition onwards with the highest level in 6DI seeds
(Figure 5B). Abundance of both GA30xI and GA20ox1 transcripts was very low in dry and 1
hour imbibed seeds at 25°C but their expression levels peaked at 1 and 2 days of imbibition at
37°C, respectively and decreased thereafter (Figure 5C). We measured the expression level of
ACS which is one of the genes in the ethylene biosynthesis pathway. ACS transcript abundance
was decreased upon imbibition at high temperature, but expression did not change further at

longer durations of the high temperature treatment (Figure 5D).
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Figure 5. Relative expression of target genes in Solanum lycopersicum (cv. Moneymaker) dry seeds (OHI);
Seeds imbibed at 25°C for 1 hour (1HI) and imbibed at 37°C for 1 (1DI), 2 (2DI), 4 (4DI) and 6 (6DI) days for
fus3 (A), NCEDI and NCEDY (B), GA3ox1 and GA20ox1 (C) and ACS! (D).

Page | 125



Thermo-induced dormancy in seeds

A genetic basis of thermo-inhibition and thermo-dormancy in tomato

Similar to MM seeds those of PI germinated also around 90% at 25°C in both light and dark
conditions (Figure 1A, B). However, under high temperature (37°C) conditions the two
genotypes showed an inverse germination behaviour. As described before, MM seeds neither
germinated at light nor at dark conditions at 37°C (Figure 1A, B). At the same temperature light
played a very critical role for germination of PI seeds. In the presence of light PI seeds
germinated almost 0%, while without light their germination increased to around 90% at 37°C
(Figure 1A, B). It is worth noting that despite the high germination percentage of the PI seeds
at high temperature, they did not grow into normal healthy seedlings (Supplemental Figure S2).
Therefore the PI seeds showed a behaviour which could be called thermo-insensitive
germination. Due to the differences observed for thermo-dormancy induction in MM versus PI,
we were interested in the differences between these genotypes that cause this contrasting
phenotype. To study these, we used a RIL population of 100 lines derived from a cross between

MM and PI to investigate the genetic basis of thermo-dormancy in tomato seeds.

The frequency distribution of germination percentage revealed that although germination
values of the RILs varied between the two parental lines, at 37°C and 25°C many of the RILs
either germinated to a very low percentage or did not germinate at all similar to the MM parental
line (Figure 6A, B, Supplemental Table S2). Exposing these non-germinated seeds to GA and
stratification at 4°C for three days resulted in almost 100% germination at 25°C (Figure 6C,
Supplemental Table S2). Taken together these results illustrate that most of the progenies did
not inherit the germination ability at high temperature from the PI parental line. Apparently,
these lines do not possess the loci which make PI thermo-insensitive and, thus, they display
thermo-dormancy. In our study we considered seeds as thermo-tolerant, thermo-inhibited and
thermo-dormant when they germinated at 37°C, at 25°C but not at 37°C and at 25°C after GA

and stratification treatment, respectively.
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Figure 6. Frequency distribution of non-normalized data of the cumulative germination percentage of Solanum
lycopersicum and Solanum pimpinellifolium RILs. Germination percentage of all lines was assessed in the dark:
A, at high temperature (37°C); B, at 25°C (of the seeds that did not germinated at 37°C); C, at 25°C after using
GA and stratification for remaining non-germinated seeds. The average germination percentage of parental line
is indicated by a solid arrow (PI) and dashed arrow (MM).

Identification of QTLs for thermo-inhibition and thermo-dormancy in the tomato RIL

population

In order to identify the loci regulating the existing diversity of seed thermo-inhibition and
thermo-dormancy in MM and PI, we performed a QTL analysis using the RIL seed germination
percentages at 37°C, the following incubation at 25°C, or further incubation at 25°C with a pre-
treatment of GA and stratification. The position, related marker, LOD score and other
characteristics of the identified QTLs for thermo-inhibition and thermo-dormancy are listed in
Table 1. The heat map of LOD profiles visualizes QTLs as hot spots across the 12 chromosomes
of tomato (Figure 7).

Table 1. Characteristics of all QTLs associated with thermo-tolerance, thermo-inhibition and thermo-dormancy
in a Solanum lycopersicum x Solanum pimpinellifolium. RIL population.

Trait Chromosome Marker! LOD? instlelfg;r(tgﬁ) vaEr?apl: zl:;?;]) Additive*
1 67512259-1 3.53 53.737-89.311 13.6 0.104
Th-T* 6 43761285-6 2.3 94.955-100.821 8.7 0.78
1 83852566-1 3.66 119.883-134.3 14.1 -0.094
Th-T** 12 62576889-12 227 74.454-77.989 8.5 -0.074
1 86171125-1 5.45 119.883-139.883 16.3 -0.122
3 58231771-3 3.24 103.485-111.308 9.2 0.092
Th-D¥** 8 50811756-8 2.41 48.872-57.589 6.7 -0.081
10 63534969-10 2.96 98.017-107.47 8.3 0.088
11 47411518-11 3.29 20.24-25.426 9.3 0.094

*Thermo-tolerance, **Thermo-inhibition, ***Thermo-dormancy.

'Physical position of closest marker to the QTL peak.

2LOD score illustrating significant threshold (P=0.05) calculated by a permutation test.

3Percentage of variation explained by each QTL.

“Positive and negative effect respectively representing the contribution of alleles of Solanum Iycopersicum
and Solanum pimpinellifolium to increase the traits at that specific locus.
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In total 9 putative QTLs were detected which were predominantly related to thermo-dormancy.
For this trait we found specific QTLs on chromosomes 3, 8, 10 and 11. Furthermore, a robust
QTL on chromosome 1 co-located with the QTL detected for thermo-inhibition. We found one
QTL regulating the thermo-tolerance trait on the same chromosome but at a different location
(Table 1, Figure 7).

Chrl Chr2 Chr3 Chr4 Chr5 Chr6 Chr7 Chr8 Chr9  Chr10 Chrll Chri2
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PI MM

L —
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Figure 7. Genomic location of QTLs detected for thermo-tolerance, thermo-inhibition and thermo-dormancy
of a Solanum lycopersicum and Solanum pimpinellifolium RIL population. The 12 chromosomes of tomato are
separated by white lines. Centimorgan positions increase from left to right. 37°C, 25°C and GA represent
germination at 37°C (thermo-tolerance), 25°C (thermo-inhibition) and 25°C after GA and stratification
treatments (thermo-dormancy), respectively. Colours across the chromosomes display significant QTLs (P=
0.05) based on the LOD colour scheme in which green and blue represent a larger effect of S. pimpinellifolium
(PI) alleles on the traits and yellow and red of the S. lycopersicum (MM) alleles.

Discussion

There are many reports on adverse effects of high temperature on seed germination of several
crops such as sunflower (Corbineau et al., 1988), carrot (Nascimento et al., 2013) and lettuce
(Lafta and Mou, 2013). Tomato, however, as one of the most important crops worldwide, has
not been investigated for this adverse effect so far. Here we report on the molecular basis and

mechanisms regulating secondary dormancy induced by high temperature in tomato seeds.

MM seeds displayed thermo-induced secondary dormancy regardless of light conditions
(Figure 1A, B). In addition, we found that induction of secondary dormancy in MM seeds is
highly dependent on the duration of exposure to high temperature. Our results show that short
term (<33 h) exposure of MM seeds to high temperature is not sufficient for induction of
secondary dormancy. Induction starts after 33 hours, resulting in decreased seed germination

percentages, reaching 0% after ~100 h.

Generally, thermo-dormancy prevents seeds from germination which needs to be relieved to
allow germination. Light is one of the factors which can pre-dominantly affect thermo-

dormancy. There are several reports on how light can alleviate secondary dormancy induced by
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different factors (Bewley, 1997; Argyris et al., 2008; Gubler et al., 2008). We showed that after
induction of secondary dormancy in MM seeds by high temperature, light plays a vital role in
breaking it. Germination of thermo-dormant seeds was promoted upon encountering an optimal
temperature (25°C) and permissive light conditions (Figure 2). Interestingly, light is showing a
dual function depending on the genetic background: i) induction of secondary dormancy in PI
seeds at high temperature (Figure 1A) and ii) breaking of secondary dormancy of MM thermo-
dormant seeds at optimal temperatures (Figure 2). Apparently light, in the presence of high
temperature activates different mechanisms in MM and PI. We can speculate that light might
act as an additional stress factor in PI resulting in the secondary dormancy. Contrarily light in
a different genetic background (i.e. MM) works as a dormancy terminating factor at high

temperature condition.

It has previously been reported that endosperm weakening is one of the basic inhibiting factors
for tomato seed germination (Kepczynski et al., 2006). Furthermore, in some crops like lettuce
and tomato it has been suggested that secondary dormancy might be related to the seed coat and
endosperm tissues which could be circumvented by removing either or both (Bewley, 1997;
Bonina, 2005). However, we show that the endosperm does not play a role in secondary
dormancy induction in MM tomato seeds, since thermo-induced secondary dormancy was not
released upon removal of the endosperm and seed coat (Figure 3). This indicates that thermo-
induced secondary dormancy in tomato is a physiological process which supposedly is
regulated by physiological blocks in the embryo. Despite results from previous studies on
secondary dormancy in tomato pointing towards the physical inhibitory role of the seed coat
(the strength of which is regulated by the physiology of the seed) in this phenomenon (Bonina,
2005; Kepczynski et al., 2006), our results suggest that the thermo-dormancy induced in tomato

seeds is not related to the inhibition of endosperm weakening but to embryo dormancy.

Our results suggest that induction of secondary dormancy by high temperature in tomato is
significantly affected by the genetic background as MM seeds are more sensitive to high
temperature than those of PI (Figure 1). However, exposure of PI seeds to the combination of

high temperature and light also resulted in the induction of secondary dormancy (Figure 1).

Expression analysis of genes previously described to be involved in thermo-induced secondary
dormancy in other species (i.e. Arabidopsis and lettuce) provided useful information on the
molecular background of thermo-induced secondary dormancy in tomato. Among all
investigated genes FUS3, as one of the master regulators of both GA and ABA biosynthetic
pathways, showed a very distinct expression profile (Figure SA). This is in accordance with
Chiu et al., (Chiu et al., 2012) who demonstrated a similar regulatory role of FUS3 in thermo-
induced secondary dormancy in Arabidopsis. It has been reported that downstream genes of
ABA and GA biosynthesis and catabolism (NCEDs and GA3oxs and GA20oxs) are being
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regulated in accordance with the gene expression profile of FUS3 (Yamamoto et al., 2010;
Wang and Perry, 2013). Interestingly, in the present study GA3ox! and GA20ox1, involved in
biosynthesis of GA, were downregulated upon upregulation of FUS3. On the other hand, ABA
biosynthesis pathway genes were upregulated with upregulation of FUS3, albeit to a lesser
extent. However, in case of NCEDY, one of the downstream ABA biosynthetic pathway genes,
the expression pattern is not exactly matching to what was observed for the upstream master
regulator, FUS3. This could be due to delayed expression of downstream genes, regulated by
this transcription factor. We propose GA and ABA biosynthetic pathway genes and their master

regulator(s) as putative targets to obtain further insights in this process.

Our findings regarding the effect of several GA and ABA metabolic pathway genes on high
temperature-induced dormancy in tomato seeds was in accordance with previous expression
analysis of similar genes in Arabidopsis (Cadman et al., 2006; Finch-Savage et al., 2007; Toh
et al., 2008; Chiu et al., 2012).

In order to further identify genes involved in the regulation of dormancy induction in tomato
seeds, we have used a QTL analysis approach with a RIL population derived from a cross
between the two tomato accessions S. [ycopersicum cv. Moneymaker and S. pimpinellifolium
accession CGN14498. Some interesting QTLs were identified (Figure 7). The same population
has previously been screened for germination QTLs under control conditions [50], but except
for the QTL on chromosome 6 there was no overlap with the QTLs found in this study. It is
intriguing that none of the genes (FUS3, NCED9, NCEDI, GA30x1 and GA20oxI) commonly
considered to be involved in induction of thermo-dormancy in other species (Huo and Bradford,
2015) (Figure 5) were co-locating with these identified QTLs. Similar holds true for the tomato
homolog of ETHYLENE RESPONSE FACTORI1 (ERF1) which has been found to have a role
in thermo-dormancy in lettuce (Yoong et al., 2016). Evidently, other mechanisms and/or genes
may be involved in the regulation of thermo-dormancy in tomato seeds. Furthermore, the high
number of identified QTLs suggests a complex multi-genic trait. QTLs identified in this
research can pave further routes towards detailed investigations of the mechanism of action of
thermo-dormancy in tomato seeds. Combination of fine mapping of detected QTLs combined

with RNA-sequencing data will result in better understanding of this process in tomato seeds.

Conclusion

Global warming is an undeniable phenomenon which affects slowly, but continuously,
agricultural commodities. Hence understanding the underlying mechanisms in plants by which
plants/seeds tolerate suboptimal temperatures is of a great importance. In this study we showed

that thermo-induced secondary dormancy in tomato seeds is genotype-dependent. We observed
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that secondary dormancy was only induced in MM seeds encountering high temperature (37°C)
and not in PI. The induced dormancy in MM seeds was not related to the physical inhibitors
such as seed coat and endosperm. A candidate gene approach has been used to check whether
the molecular pathways involved in thermo-induced dormancy in tomato are similar to the ones
in other species such as lettuce and Arabidopsis (ABA and GA). Upregulation of ABA
biosynthesis pathway genes (NCEDI and NCEDY) and on the other hand downregulation of
two of the GA-biosynthesis genes (GA3oxI and GA20o0x1) in tomato thermo-dormant seeds at
elevated temperature implies similar mechanisms as the reported ones of lettuce and
Arabidopsis involved in thermo-dormancy in tomato seeds. Besides, QTL analysis showed
genomic regions involved in thermo-dormancy regulation. Intriguingly, the mentioned
regulatory molecular elements in thermo-dormancy (NCEDs and GAoxs) were not co-located
with our detected QTLs. This finding points towards additional mechanisms involved in tomato
seeds thermo-dormancy regulation. Identification of genes causal for these QTLs and their
functional characterization will pave the route towards identification and characterization of

those mechanisms.

Materials and Methods
Plant material

The RIL population was obtained from a cross between two parental lines: S. lycopersicum cv.
Moneymaker and S. pimpinellifolium accession G1.1554 (Voorrips et al., 2000). This
population was provided and produced by Adriaan W. van Heusden of Wageningen UR Plant
Breeding, Wageningen, The Netherlands. S. [lycopersicum cv. Moneymaker and S.
pimpinellifolium accession G1.1554 were obtained from the Centre Genetic Resources: the
Dutch genebank for plant genetic resources for food and agriculture under a mandate of the
Netherlands government (reference CGN14330 and CGN14498, respectively). A total of 727
single nucleotide polymorphism (SNP) markers was used for genotyping the population in F;
and seeds of Fg plants were used for the phenotyping. The RIL population, together with the
parental lines, were grown under standard conditions in a greenhouse at 25°C and 15°C during
day and night and 16 and 8 hours of light and dark, respectively. The fully ripened fruits were
harvested and the seeds were extracted using 1% hydrochloric acid (HCI) to remove all sticky
parts of the seed’s pulp. Afterwards, the seeds were soaked in a trisodium phosphate
(Na3PO4.12H20) solution to disinfect the seed batches. Finally, the seeds, which had been dried
at room temperature for 3 days, were stored in paper bags under cool and dry conditions (13°C
and 30% RH) (Kazmi et al., 2012).
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Seed germination assay

In order to study how temperature and light regulate seed germination of the two parental lines
(MM and PI), three replications of around 50 seeds were sown on germination trays (21x15 cm
DBP Plastics, http://www.dbp.be). Each tray contained two layers of blue germination paper
(5.6' x 8’ Blue Blotter Paper; Anchor Paper Company, http://www.seedpaper.com) and 50 ml
demineralized water. Trays were piled with one empty tray consisting of one germination paper
and 50 ml of water at the bottom and top of the pile to prevent unequal evaporation. The piles
were transferred to either optimal (25°C) or high temperature (37°C) in both presence and
absence of light. Germination was scored manually twice per day for one week at optimal as

well as high temperature.
Germination of tomato embryos

MM seeds were imbibed at 25°C for 3-4 hours and subsequently seed coat and endosperm
layers were removed using forceps and a sharp blade. The extracted embryos were immediately
placed on new germination trays with 2 blue germination papers and 50 ml water. The trays
were transferred to optimal (25°C) and high temperature (37°C) in dark. The growth of the

radicles was evaluated manually once a day for 6 days.

Time required to induce dormancy

Seeds of MM were subjected to 37°C for 6, 12, 18, 24, 30, 36, 42, 72, 96, 120 and 144 hours.
Subsequently, they were transferred to 25°C for 14 days. Afterwards, the normal germinated
seeds were counted manually for each time point. A segmented model was fitted to seed
germination (percentage) versus time (hours) using the NLIN procedure of the SAS software
(Ghaderi-Far et al., 2011):

y=a+b*x for X>X0
y=a+b*xo for X<Xo
where y is germination percentage, X is days at 37°C, b is model slope line, xo is the start time

of dormancy induction.
Effect of light on thermo-dormancy alleviation

MM seeds were imbibed at 37°C for 4 and 6 days and then transferred to 25°C under light and
dark conditions. Germinated seeds were counted every day for 18 days. Since the seeds did not
germinate in the dark, they were transferred to light after 18 days of dark imbibition and seed
germination was scored every day for 10 days. For each condition a logistic model was fitted
to the cumulative seed germination (percentage) versus time (days) with the NLIN procedure
using SAS software (Ghaderi-Far et al., 2012).
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y(%):Gmax/( 1 +(X/D5 O)AGrate)

where y is the total germination (%) at time X, Gmax is the maximum germination (%), Dso is

the time to 50% of the maximum germination and Grate indicates the slope of the curve at Dsp.
Germination assays for QTL analysis

The seeds of the RIL population were sown in 4 replications as described above for the
germination assay of the parental lines. Following stratification at 4°C, the trays were
transferred to 37°C and kept there for five days. After this incubation the healthy germinated
seeds were counted and considered thermo-insensitive. Thereafter, the non-germinated seeds
were incubated at 25°C for one week after which the geminated seeds were manually scored
and considered thermo-inhibited. Remaining non-germinated seeds were transferred to new
trays containing two layers of blue germination paper and 10 uM GA which were incubated at
4°C for 3 days. After this stratification the trays were incubated at 25°C and eventually the final
germinated seeds were scored again after 5 and 7 days and considered thermo-dormant. QTL
detection for the traits under study was carried out with simple interval mapping (SIM) using
mapping software MapQTL® 6.0 based on the linkage map of the RIL population
(Supplemental File S1) containing 727 SNP markers (Van Ooijen, 2004). Thousand
permutation tests of our data were implemented in MapQTL® 6.0 and resulted in a 95% LOD
threshold of 2.0. Therefore, we adjusted the LOD threshold to 2.0 to determine putative QTLs
related to thermo-inhibition and thermo-dormancy (Doerge and Churchill, 1996).

RNA extraction and cDNA synthesis

Total RNA was extracted from 30 seeds of each sample. Dry seeds, imbibed seeds at 25°C for
1 hour and imbibed seeds at 37°C for 1, 2, 4 and 6 days were used for RNA extraction. The
seeds were frozen in liquid nitrogen and ground by a dismembrator (Mikro-dismembrator U;
B. Braun Biotech International, Melsungen, Germany), with the help of 1 1/8 inch RNAse free
metal bullet at 2000 rpm for 1 minute. Then, 1.5 ml of buffer A containing 681 pl of a mix of
TLE grinding buffer and B-mercaptoethanol, 681 ul phenol and 138 pl chloroform, was added
to each sample and mixed immediately. The TLE grinding buffer consisted of Tris (0.18M)
(Trizmabase Fulka 3362), LiCl (0.09M) (Sigma L0505), EDTA (4.5mM) (Sigma E-5134), SDS
(1%) (natriumlaurylsufaat Sigma L3771). The mixture of homogenized sample and buffer A
was centrifuged for 10 minutes at maximum speed (14000 rpm) and the supernatant was
collected subsequently and placed in a new 2 ml microfuge tube. One ml of 1:1
phenol:chloroform was added, followed by vortexing and centrifugation for 2 minutes at 14000
rpm. Afterwards, 1 ml of chloroform was added to the collected supernatant, which was then
placed in a new microfuge tube, and mixed and centrifuged at 14000 rpm for 2 minutes. The

new supernatant was collected again and transferred to a new tube and thereafter 100 pul of 10
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M LiCl was added, mixed well, and stored at 4°C on ice overnight. The following day, thawed
samples were centrifuged at 4°C for 30 minutes at 14000 rpm, followed by pipetting off the
supernatant, adding 250 ul of 70% cold ethanol to the remaining pellet and shaking. After 5
minutes centrifugation at 14000 rpm at 4°C, the supernatant was removed and the remaining
pellet was air dried for 10 to 15 minutes in a fume hood. The dried pellet was dissolved in 30

pl RNAse free water and stored at -80°C. RNA was quantified spectrophotometrically using a

QIAxpert device (www.qgiagen.com/goto/TechSupportCenter). RNA integrity was further
qualified by checking the ribosomal RNA bands on a 1% agarose gel. Samples with sharp and
clear bands without obvious degradation were selected for subsequent steps. Five pg of RNA
from each sample was treated with DNAse by adding 10 pl of DNAse enzyme (Promega) and
DNAse buffer, filled to 100 ul with RNAse free water and incubated at 37°C for 30 minutes.
Subsequently 100 pl of phenol:chlorophorm (1:1) was added and the solution was transferred
to phase lock tubes and centrifuged for 5 minutes at 14000 rpm. After centrifugation the
supernatant (~90 pl) was collected, placed in a new tube and 9 pl of 3M NaAc and 250 ul of
100% ice-cold ethanol were added and kept at -20°C for 2 hours. After 2 hours the tubes were
centrifuged for 30 minutes at 4°C and 14000 rpm and, subsequently, the supernatant was
removed and the remaining pellet was washed with 250 pl of 70% cold ethanol and centrifuged
for 5 minutes at 4°C. In the final step, after removing the supernatant, the pellet was air dried
for 10-15 minutes and dissolved in 20 pul of RNAse free water. cDNA was synthesized from
500 ng of total RNA according to the manufacturer’s protocol (iScriptTM cDNA synthesis kit,
Bio-Rad) and diluted 20 times with miliQ water and stored at -20°C.

Reference and target gene selection, primer design and RT-qPCR analysis

TIP41-like (SGN-U584254) and PP2Acl (SGN-U567355) were used as reference genes
(Dekkers et al., 2012). CLCbio software (CLCbio, Aarhus, Denmark) was used to design the
primers with melting temperature of 58-62°C, a length of 18-22 bp and a template length of 80-
200 bp. The efficiency of the primers was evaluated with a two-fold series dilution of a pooled
cDNA of all samples. Gene names and their homologs and annotation and primer sequences
are described in Supplemental Table S1. The RT-qPCR was performed using 2.5 pl of cDNA,
0.5 pl of primer mix (forward and reverse), 5 pl of iQ SYBR Green Supermix (Bio-Rad) and 2
ul of miliQ water according to the manufacturer’s instructions (CFX, Bio-Rad). The RT-qPCR
protocol used for the analysis was 95°C for 3 minutes, continued with 40 cycles of 95°C for 15

seconds and 60°C for 30 seconds and melting curves were recorded (Ribeiro et al., 2014).
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Supplementary Figures
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Figure S1. Germination of tomato embryos (Solanum lycopersicum cv. Moneymaker) at normal (25°C) and
high temperature (37°C) at first, third and sixth day after sowing.

Figure S2. Germination of Solanum pimpinellifolium seeds at 37°C at first, second, third, fourth and fifth day
after sowing.
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General Discussion

Physical, physiological and genetic factors, inter alia, influence final seed quality. Seed quality
however, is also greatly influenced by the environment in which the seeds have developed and
matured (Rowse and Finch-Savage, 2003; Sperling et al., 2004). Such an influence is thought
to be reflected as an adaptation mechanism of plants in response to various environmental
conditions (Huang et al., 2010). In general, the environment in which plants grow and produce
seeds is called the maternal environment. The maternal environment of the plants plays an
important role in the response of the progeny to future competitive (stress) conditions (Leverett
et al., 2016). Such responses may be expressed in various ways such as reproduction ability,
susceptibility to plant diseases and other developmental properties. Responses of progeny
which are associated with the maternal sensing of the growth environment may be enduring
over time (Auge et al., 2017). Hence, from an ecological point of view they may help the
progeny to withstand adverse conditions (e.g. dormant seeds in stress conditions) and/or best

use the upcoming desired incidents (e.g. flowering time) (Auge et al., 2017).

The aim of this study was to determine the influence of the maternal environment on seed- and
seedling quality and to elucidate the underlying molecular regulation and/or mechanisms. For
this purpose an advanced combination of phenotypic, genetic and omics analysis to study seed
and seedling quality of seeds developed and matured under different maternal environments
was used. Natural variation for seed and seedling quality traits has been used together with
molecular-genetic methods in order to obtain better understanding of the mechanisms
regulating these traits. In this thesis I have shown the effect of genotype, maturation
environments and their interaction on phenotypic traits of tomato seeds and seedlings. In this
chapter the main outcomes of the thesis will be discussed, the results from different

experimental chapters integrated and future perspectives for this research explained.

Seed and seedling quality

Seed quality is a complex trait largely representing the conditions under which seeds have
developed and matured. Seed quality is determined by several features such as viability, genetic
and physical purity, lack of physical damages, germination capacity and dormancy (Hilhorst
and Toorop, 1997; Hilhorst and Koornneef, 2007; Hilhorst et al., 2010). The definition of seed
quality may alter depending on the different usages of the seeds. For example, oil producers are
looking for seeds with high fatty acid compositions (i.e. seed as the final commodity) but
farmers and seed producers are interested in seeds with rapid and uniform germination together
with the highest yield in various growth conditions (i.e. seed as propagule). Seed quality is
traditionally determined by attributes mostly related to seed function such as maximum

germination, dormancy and storability. However, nowadays growth and establishment of
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healthy seedlings is also considered as one of the important seed quality characteristics. Seed
quality may then be defined as the ability of the seeds to germinate under various optimal and
sub-optimal conditions and to grow into normal and healthy seedlings (Finch-Savage, 1995;
Foolad et al., 2007). Thus, the quality parameters of seeds may affect seedling performance and

growth of the plant and, eventually, the success of crop production.

Maternal environment regulating seed and seedling performance

Seed quality is mainly acquired during seed development and maturation. Therefore, the
maternal environment under which seed develop may have a profound effect on seed and,
subsequently, seedling performance. Undesirable conditions, such as sub-optimal temperature,
light and nutrient dosage may diminish seed and seedling performance (Bewley et al., 2012).
Despite the importance of the maternal environment in governing seed quality, the regulating
mechanisms are still largely unknown. In Chapter 2 I focus on the seed and seedling quality
of two tomato species, Solanum Ilycopersicum cv. Moneymaker (MM) and Solanum
pimpinellifolium accession CGN14498 (PI), which were grown under maternal environments
with different dosages of nitrate and phosphate. PI is the most closely related wild tomato
species to the advanced tomato breeding line MM, it has the ability of being naturally crossed
with domesticated species (i.e. MM) and it has been used in breeding programs for its tolerance
to some sub-optimal environments. Furthermore, in compare with other wild species, PI has
much less undesirable horticultural properties which makes it good genetic material to be used

in breeding programs.
Effect of maternal environment on seed and seedling size

Seed and seedling size were affected by the maternal environment. Bigger and heavier seeds
and seedlings were obtained from higher maternal levels of nutrients, which is in agreement
with foregoing studies (Ellis, 1992; Castro et al., 2007). I have illustrated that higher levels of
nitrate and phosphate, applied to the mother plant, triggered the production of bigger tomato
seeds and seedlings by increasing the level of seed reserves through different mechanisms
(Figure 1). Higher levels of nitrate resulted in an increased level of amino acids in the mature
seeds. The effect of amino acids, as the building blocks of proteins which are considered as one
of the major tomato seed reserves (Khan et al., 2012) on increased seed size could be explained
by increase of the amino acid reservoir and subsequently protein levels of the seeds. Increased
seed size in response to higher phosphate levels may be due to alteration in fructose-6-
phosphate (F6P) and TCA cycle intermediates. Consumption of these intermediates (i.e.
depletion of F6P and TCA cycle intermediates such as citrate and malate) at higher phosphate
levels may be attributed to elevated energy production units (e.g. ATP) being continuously used
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during the seed filling/expansion process. Although energy production units were not measured,
I hypothesize that high levels of energy may be directed towards accumulation of more reserve
and storage compounds in the seeds as a result of high phosphate levels. It is noteworthy to
mention that seedling size was also affected by higher levels of nitrate and phosphate. Increased
seedling size may be a reflection of a higher quality seed due to bigger seeds and, therefore,
more seed reserves. Effect of seed size on seedling growth and quality characteristics (e.g.
seedling size) has previously been reported and discussed (Lamont and Groom, 2013; Stevens
etal., 2014).

Maternal environment regulating Gmax at high temperature,; putative role of GABA

I have shown that seed germination percentage (Gmax) was affected by high levels of nitrogen
and phosphate applied to the mother plant (Chapter 2), albeit in a contrasting way. According
to the metabolomics results, this difference is likely to come from different GABA contents of
the mature seeds. Such an effect could be attributed to the increased levels of nitrate (applied
to mother plant) which consequently results in increased GABA levels. Increased GABA levels
in turn, may lead to increased Gmax at high temperature conditions (Figure 1). In contrast to
nitrate, increased phosphate levels results in decreased GABA levels in dry seeds. Interestingly,
decreased GABA content correlated with a lowered Gmax at high temperature (Figure 1).
According to what is described in Chapter 2, which is summarized in Figure 1 (red route), and
foregoing reports on the regulatory role of GABA in response to abiotic stress (i.e. mitigating
stress responses (Kinnersley and Turano, 2000; Bouche and Fromm, 2004)) I also propose a
similar regulatory effect during high temperature stress in tomato seeds. In order to identify the
role of GABA in increased seed germination during heat stress, additional experiments (e.g.
exogenous application of GABA to heat stressed seeds) need to be done to confirm such an
effect. Nevertheless, it is crucial to consider the fact that high nitrate or low phosphate levels
(of mother plants) not only influenced GABA levels but also other activated/deactivated
complex metabolic regulatory pathways in tomato plants and seeds. Therefore the exact
molecular pathway(s), that lead from changes in maternal environment to altered seed quality

are to be proven in future studies.
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Figure 1. Schematic picture representing the effect of high nitrate and phosphate levels, applied to maternal
plants, on tomato seed germination percentage (Gmax) at high temperature (37°C) (Red route) and on seed and
seedling growth (seed and seedling size) (Green route) and the possibly involved metabolites.
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In general, according to the obtained data in Chapter 2, I have observed that the effect of the
maternal environment on some seed and seedling traits is dependent on the genetic background
of the seeds (MM versus PI). For example, the above mentioned regulatory role of GABA on
Gmax of heat stressed seeds was only observed for MM and not for PI seeds. This indicates that
a more detailed analysis of seed and seedling traits is required to better understand the
underlying mechanisms (e.g. at phenotypic, metabolic and transcriptomic levels). Hence
studying the genetic variation across a population resulting from a cross between MM and PI
(for example a RIL population) can provide a comprehensive dataset on the effect of the genetic

background, based on the differences observed within this type of populations.

Application of natural variation

In this study I have used a RIL population (consisting of 100 lines) which is derived from a
cross between Solanum lycopersicum cv. Moneymaker and Solanum pimpinellifolium accession
CGN14498. Our group (Joosen et al., 2012; Kazmi et al., 2012; Khan et al., 2012; Kazmi et al.,

Page | 143



General Discussion

2017) and other research groups (Alonso-Blanco and Koornneef, 2000; Argyris et al., 2008;
Toubiana et al., 2012) have previously shown that natural variation in a RIL population can be
used as a powerful tool to study the genetic and physiological mechanisms governing seed
quality traits, as well as metabolic differences. Using such a population containing intrinsic
genetic differences for phenotypic and molecular traits, like gene expression and metabolite
levels, may ultimately lead to the identification of processes and associated genes regulating
the existing differences (Ligterink et al., 2012). Identification of these genes (or genomic
regions) may be the most interesting piece of research for breeders and commercial producers.
This interesting piece of information (i.e. causal genes) could be used in prediction of seed and
seedling quality traits and further improvement of the most desired ones, ultimately resulting in

a higher final yield.

Although genetic variation for tomato seed quality has been reported before (Kazmi et al., 2012;
Khan et al., 2012; Toubiana et al., 2012), in the current research I not only studied the genetic
aspects of seed quality but also evaluated the effect of the nutritional maternal environment
(Chapter 3 and 4). Here first the phenotypic QTLs influenced by the genetic background and
their interaction with the nutritional maternal environment are discussed (Chapter 3). I will
then discuss the obtained results from metabolite QTLs and the generalized genetical genomics
approach used for identification of molecular aspects of seed and seedling quality traits
(Chapter 4).

Phenotypic QTLs

Plant adaptation is a process in which plants adjust themselves to their environment, even at
suboptimal/stressful conditions (Korner, 2016). Natural variation (as a result of spontaneous
mutations arising during evolution) allows the adaptation process to the suboptimal conditions
which results in the survival of only the best performing plants (Alonso-Blanco et al., 2009).
The molecular basis regulating the phenotypic differences in plants adapting themselves to
suboptimal conditions and mechanisms involved in plant adaptation can be identified using the
natural variation present in segregating mapping populations such as RIL populations but also
in diversity panels for genome-wide association studies (GWAS), grown under different
maternal conditions. In Chapter 3 of this thesis I studied the response of the tomato plant
progenies to suboptimal maternal growth environments (high phosphate and low nitrate) and
attempted to understand the molecular and genetic components involved in their acclimation.
By performing extensive phenotyping including the use of the Germinator (Joosen et al., 2010),
seed and seedling quality traits were evaluated. Measurement of the quality traits reported in
Chapter 3 resulted in an extensive phenotypic dataset. In order to obtain a deeper insight into
the loci that were responsible for the observed variations of the different traits in this population,

this dataset was used to perform QTL analysis.
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The genetic variation of QTLs (G) was studied by application of the r/qtl package for the
statistical language R (Broman et al., 2003) and mapQTL software (Van Ooijen, 2004).
Furthermore, incorporation of different maternal environments allowed us to further investigate
the environmental effect (E) as well as the effect of G by E interaction (GXE) on QTLs.
Studying the genetic landscape of different traits such as seed and seedling performance
resulted in the detection of many QTLs in Arabidopsis and tomato (Koornneef et al., 2002;
Alonso-Blanco et al., 2003; Foolad et al., 2007; Argyris et al., 2008; Joosen et al., 2012; Kazmi
et al., 2012; Khan et al., 2012). However, only a limited number of these studies was followed
up by cloning and functional characterization of the causal gene such as DELAY OF
GERMINATION (DOGTI) in Arabidopsis (Bentsink et al., 2006) and an ABC transporter in
tomato (associated with seed weight) (Orsi and Tanksley, 2009). Identification of causal genes
involved in seed and seedling quality, followed by their functional characterization is a
powerful tool to be implemented in breeding programs. The characterized causal genes will
then be used in breeding practices such as modification and improvement of seed and seedling

quality.

As described in Chapter 3, many QTLs regulating seed and seedling traits were identified.
Some of the identified QTLs were common among the studied maternal environments, while
some were specific to only one maternal environment. I have also identified overlapping QTLs
with what was reported before for the same RIL population (Kazmi et al., 2012; Khan et al.,
2012), but grown in an optimal maternal environment. One of the QTLs detected in our
research, as well as in former studies is a QTL for seed weight located on chromosome 4 (Orsi
and Tanksley, 2009; Khan et al., 2012). Detection of this QTL in both optimal and suboptimal
maternal conditions indicates that this locus is regulating the seed weight regardless of the seed
maturation environment. Hence identification of the responsible gene for this QTL is of great
importance for the improvement of seed weight, which might result in enhanced seedling
quality and final yield. Seed size and seed weight are traits which are greatly influenced by the
domestication process. It has been shown that in many crops such as tomato and sunflower
domesticated varieties produce larger and heavier seeds compared to their wild type species
(Doganlar et al., 2000; Burke et al., 2002). Although the reason why seed size is increased
during the domestication process in plants which are not used for their seeds is not exactly
known, it has been suggested that such an effect is likely due to the selection for bigger fruits
(like in tomato) which usually is considered as a desirable trait (Goldman et al., 1995). Larger
seed size may then provide increased reserve during the germination process, hence producing
more vigorous seedlings with enhanced establishment characteristics, resulting in increased
final yield (Harlan et al., 1973; Doganlar et al., 2000). Despite the important role of seed size
and seed weight, the genetic and molecular basis regulating their variation still remains

unknown in many species. Although some interesting QTLs regulating these traits have been
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identified and cloned from some species, identification of causal genes is still cumbersome and

often not straight forward (Salvi and Tuberosa, 2005).

In Chapters 2 and 3 [ have detected a significant positive correlation between seed size/weight
and seedling characteristics which were in line with previous findings (Baker, 1972; Nieuwhof
et al., 1989; Jurado and Westoby, 1992; Khan et al., 2012). Khan et al., (2012) also reported
that seed size/weight shows a positive effect on seedling traits using the same population as was
used in Chapter 3. They have argued that such a positive correlation could again be due to the
increased seed reserve which is used during the very early stages of seedling growth and
development, hence producing bigger and heavier seedlings. Besides correlation between seed
size/weight and seedling characteristics (fresh and dry shoot and root weight), Khan et al.,
(2012) also detected collocating QTLs for these traits which is in accordance with our results

as described in Chapter 3.

A significant negative correlation between seed size and weight and seed germination traits
(such as Gmax, tso and AUC) was identified in the low nitrate maternal environment which has
not been reported before. For example in the study of Khan et al. (2012), in which the same
RIL population grown in optimal maternal environment was used, this correlation was not
detected. Apparently, the correlation of seed size/weight with seed germination traits depends
on the maternal growth conditions, as this correlation varies within the same RIL population
grown in different maternal environmental conditions. I have detected collocating QTLs which
are regulating seed traits such as seed size/weight and seed germination traits (at different
germination conditions such as high temperature, mannitol and water). Detection of these
collocated QTLs in the low nitrate maternal environment confirms the correlation of these traits.
Hence this could imply that seed size/weight and seed performance are regulated by common

genetic loci in low nitrate maternal environments only.

One of the studied traits in Chapter 3 regarding seed performance was maximum seed
germination (Gmax). Gmax is the determining factor of the overall germination potential which
can also be used for estimation of final crop yield. However, it should be noted that there are
several factors other than Gmax that are responsible for determining the final yield. It is also
important to consider and calculate other germination factors in time, rather than the final Gmax
at the end of the experiment. Other important factors are tio (onset of germination), tso (rate of
germination) as well as uniformity (Uss16) which are relatively independent from Gmax. Besides,
the cumulative germination response from the rate and percentage of germination can be
summarized in the parameter AUC (area under the germination-time curve). Hence, it is
important to take into account all different aspects of germination under different environmental

conditions. According to Kazmi (2013) cumulative identification of germination properties, as
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a phenotypic attribute in a seed lot, strengthens the approach by which genetic variation of RIL

populations are studied (Kazmi, 2013).

One of the characteristics determining seed quality traits is the ability to germinate at both
optimal and stressful (e.g. high temperature and osmotic stress) conditions (Foolad et al., 2007).
Therefore in this study, I have germinated tomato seeds in different germination conditions
such as water, NaCl, mannitol and high temperature which was followed by analysing the
genetic variation of seed germination traits. Many crop seeds, such as tomato, have lost their
germination ability in stressful germination environments during the domestication process.
These crops are not able to germinate and/or produce healthy seedlings in these stressful
environments, which limits their growth and development to optimal conditions (Foolad and
Lin, 1998; McCouch, 2004; Doebley et al., 2006). By exploring the existing genetic variation
in populations and identification of loci regulating these variations, re-introduction of valuable
characteristics into domesticated species may be facilitated. Such an approach will ultimately
result in modification of these species to be able to cope with stressful environments (Lippman
et al., 2007; Kazmi et al., 2012). In this study, QTL analysis resulted in the identification of
several stable QTLs which were detected for different seed germination traits in all germination
conditions. This however was expected since these traits show a high correlation to each other
(Chapter 3). Such robust QTLs which are identified in response to different conditions indicate
the genetic correlation of seed germination responses in different stressful germination
environments and involvement of identical gene(s) controlling these traits regardless of the
germination environment. Therefore, identification of those genes and their implementation
into breeding programs may result in production of seeds (progenies) which not only have
enhanced germination response to one specific stressful environment but also alternatively
possess enhanced responses in different stressful conditions (Dudley, 1994; Foolad et al., 2003;
Foolad et al., 2007).

Although many QTLs regulating seed and seedling quality traits have been detected in my thesis
(Chapter 3) as well as in previous studies, identification of causal genes for these QTLs is not
well studied. This is due to the large genomic regions that these detected QTLs cover which
sometimes may reach up to 2000 annotated genes (especially for low-significant QTLs)
underlying specific QTLs. Narrowing down the QTLs with the often used fine mapping
technique is a time consuming and labour intensive process. Therefore, alternative advanced
approaches are required to facilitate the identification of causal genes for interesting QTLs. This
could be done by performing genetic analysis of other molecular traits such as proteins,

metabolites and even at the gene expression level.
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GGG approach

The huge revolution in DNA and RNA sequencing techniques, as well as metabolite analysis,
has helped scientists to generate large scale sets of data and analyse many parameters such as
time-line analysis of transcriptomes or to measure and quantify cellular molecules (e.g.
metabolites). These technologies known as ‘omics technologies’ provide us with rapid and high
throughput data generation (Mosa et al., 2017). Omics technologies such as proteomics,
metabolomics and transcriptomics are approaches that help to take steps forward towards better
understanding of the molecular mechanisms underlying the genetic variation of seed and
seedling quality. In relation to the use of omics technologies in QTL studies to better understand
complex traits, a sophisticated approach called genetical genomics has been used. In the
genetical genomics approach the traditional QTL analysis is combined with omics data such as
gene expression (transcriptomics) and/or metabolomics to unravel the underlying mechanisms
(Joosen et al., 2009; Ligterink et al., 2012). Many studies have been conducted using omics
technology where genetic variation of molecular traits was explored and associated with
genetical analysis of phenotypic traits such as seed and seedling quality traits (Jansen and Nap,
2001; West et al., 2007; Keurentjes et al., 2008; Rowe et al., 2008; Joosen et al., 2013).

Traits such as seed germination and seedling establishment are complex traits which are the
output of various environmental and genetic signals. However, nowadays by using different
quantitative genetic tools we can better study the genetic architecture of quantitative traits. One
of these tools, which was also used in our study, was the biparental RIL population from MM
and PI. Identification of quantitative traits such as seed germination and seedling growth by
using a biparental population has a huge advantage compared with natural variation populations
(e.g. GWADS). This advantage is due to the fact that detection of variations associated with a
trait is not explained by many loci within the population with average low explained variation
per locus (as in GWAS) but, alternatively, by a limited number of genes which are different for
the two parents used in a generated RIL population. Complex traits are often controlled and
regulated by groups of genes. Using a well-structured RIL population together with high
throughput phenotyping, as well as genetic analysis of molecular traits (omics analysis) will
provide additional information to help in clarifying the genetic and molecular basis of these
complex traits. Molecular traits are influenced by environmental conditions, hence in order to
obtain a comprehensive understanding of specific traits, genetic analysis should be performed

across multiple environmental conditions (Li et al., 2008; Ruffel et al., 2010).

Application of omics analysis for huge populations is laborious and costly. As an alternative, a
novel experimental design, called generalized genetical genomics (GGG) was used. GGG is an
approach in which the genetic background and the environmental conditions are combined

which, ultimately, and similar to genetical genomics, results in identification of QTLs
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responsible for certain molecular traits. GGG is defined as the same approach as genetical
genomics but in a more cost-efficient version in multi-environment studies (Li et al., 2008). In
a GGG design, a RIL population is divided into subsets, where each subset is exposed to a
certain environmental condition. The division in subsets is done by considering the optimal
distribution of parental alleles over all available markers (i.e. a similar distribution of parental
alleles for all the markers between/in the subsets) (Li et al., 2009). The GGG design has already
been used in other studies where genetic and environmental regulation of primary metabolites
were studied during different seed germination stages in Arabidopsis (Joosen et al., 2013) and
tomato (Kazmi et al., 2017). In general, application of this method provides the possibility to
address the question “Why do various traits of an organism behave differently in different

environmental conditions?”.

I have studied the application of the GGG design in Chapter 4 of this thesis. The tomato RIL
population from the cross between MM and PI was divided into two well-balanced subsets.
Each subset contained 50 lines which were grown either in HP or LN conditions. Metabolites
were extracted and primary metabolites of dry seeds were analysed by GC-TOF-MS. Out of
118 detected metabolites, 58 could be annotated. In this chapter I was able to trace the changes
and variation of metabolites in our RIL population by performing the GGG design in different
maternal environmental conditions combined with the genetic analysis. This also resulted in
dissection and mapping of the variation resulting from genetics (G) and the GXE component.
By analysing the genetic variation of the annotated metabolites in each sub-population, 129 and
66 mQTLs were detected for HP and LN environmental conditions, respectively. Genetic
variation analysis of only one of the sub-populations at a time, limits the detected QTLs to the
ones that control the metabolites in that specific environment. However, the power of mQTL
detection is increased if the two sub-populations are combined, and the whole RIL population
is used for the genetic variation analysis. In this way, the effect of the environment and the
genetic by environment interaction is integrated into the model, hence detecting more QTLs
compared with the approach in which only the genetic background is studied (e.g. in a single
environment). This explains why in Chapter 4 the number of detected mQTLs in the whole

RIL population was higher than the sum of detected QTLs in each individual sub-population.

Compared to another study performed with the same RIL population, but grown in normal
(control) conditions (Kazmi et al., 2017), the number of detected metabolites of tomato dry
seeds in normal conditions was higher than the detected ones in this study (LN and HP maternal
environmental conditions). In our study, according to the mQTL analysis (Chapter 4), the
number of detected mQTLs was higher in HP than in the LN condition. In general, although
both HP and LN are stress conditions for the plants, I speculate that the HP condition affects

the plant to a lesser extent, hence being closer to the normal conditions as reported by Kazmi
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et al., (2017). Although the number of detected mQTLs for the LN condition was lower
compared to the HP condition some interesting QTLs were identified in the LN condition. For
example, two mQTLs for GABA were detected for LN while such a QTL was not present for
HP conditions. GABA has previously been shown to be involved in processes for coping with

stress conditions (Kinnersley and Turano, 2000; Bouche and Fromm, 2004).

Since each metabolite can be controlled by different pathways, and each pathway is regulated
and controlled by different genes, detecting a single mQTL affecting metabolite levels is not
common. This was also observed in our results where many metabolites were controlled by
different genetic regions (Chapter 4). Furthermore, many of the detected mQTLs in this study
were overlapping for different metabolites which might indicate that these metabolites are
regulated through common regulatory pathways. Such collocated QTLs regulating different
metabolite levels may play an important role in central metabolism of maturing seeds. In order
to figure out whether these loci are involved in the regulation of seed phenotypic traits the
genetic variation of metabolites (Chapter 4) and genetic variation of seed and seedling traits
(Chapter 3) were compared. Although in Chapter 4 several correlations were detected
between metabolites and seed and seedling phenotypic traits, no collocating hotspot QTL was
detected for these traits. For example, in Chapter 4 a positive significant correlation was found
between most of the amino acids and seed size and seed weight. This was in accordance with
previous findings where seed size and seed weight, and consequently seedling vigour and good
establishment of the seedling were related to seed food reserves (Fait et al., 2006; Bewley et
al., 2012; Khan et al., 2012).

Genetic analysis of thermo-dormancy and thermo-inhibition in tomato

Global warming and climate change are phenomena affecting agricultural commodities (Walck
et al., 2011). Effect of high temperatures on various crops has been investigated. For example,
in lettuce different genotypes perform differently in their germination ability (rate and
percentage) at high temperature (Lafta and Mou, 2013). Also in a crop such as sunflower,
imbibing seeds at high temperature is associated with progressive decrease of seed germination
at subsequent optimal temperatures (Corbineau et al., 1988). Thermo-induced dormancy in
seeds is one of the consequences and negative effects of exposure to high temperatures (Long
and Ort, 2010; Franks et al., 2014). In order to prevent destructive effects of high temperatures,
seeds exposed to high temperatures can respond in two different manners namely (i) with
thermo-inhibition or (ii) induction of thermo-dormancy. Thermo-inhibition is a condition in
which seeds do not germinate at high temperatures but their germination starts as soon as the

optimal temperature is provided. On the other hand, thermo-dormancy is a condition in which
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seeds are not germinating at high temperatures. This dormancy remains even if seeds are
provided with optimal temperatures after the exposure to high temperatures. Thermo-dormancy
however could be released upon application of certain treatments such as cold (i.e.
stratification) and light (Argyris et al., 2008; Huo et al., 2013).

In Chapter S of this thesis, a study is presented in which the genetic variation of two tomato
species (MM and PI) for the response of seeds to high temperatures was investigated and in
which the molecular basis of mechanisms controlling these variations are explored. First, I
found out that the two genotypes are responding differently to high temperature conditions.
MM was showing no germination at high temperature, regardless of light conditions. When the
inhibitory element (high temperature) was removed, MM seeds still did not germinate, except
when seeds at normal temperatures were simultaneously exposed to light. Therefore it could be
concluded that high temperature induces thermo-dormancy in MM seeds which can be broken
by exposure to light. This is in accordance with several other studies that reported the positive

effect of light on alleviating secondary dormancies (Bewley, 1997; Gubler et al., 2008).

Although there is no previous report on induction of secondary dormancy in tomato seeds at
high temperature conditions, there are reports (Bewley, 1997; Bonina, 2005) stating that
secondary dormancy in tomato seeds is related to the seed coat and the endosperm tissue. Hence,
removal of these inhibiting elements (seed coat, endosperm) released their secondary
dormancy. However, in Chapter 5 I showed that removal of seed coat and endosperm did not
alleviate the secondary dormancy induced by high temperature in MM tomato seeds. Therefore,
although a physical inhibitor (seed coat or endosperm) has been mentioned as the inhibitory
element, here I argue for the first time that the induction of secondary dormancy in tomato seeds

is a physiological factor within the embryo.

In general, our results showed that induction of secondary dormancy by high temperature in
tomato seeds is related to the genetic background of the seeds. MM seeds at high temperature
showed dormancy induction, whereas PI seeds at high temperature, even without exposure to
light, germinated. Although PI seeds germinated at high temperature, those seeds did not
generate healthy seedlings. Thus, although PI seeds showed thermo-insensitive behaviour and

could germinate at high temperature, they did not develop into a healthy seedling afterwards.

In order to better understand the physiological factors controlling thermo-induced dormancy in
MM tomato seeds, I performed a gene expression analysis. The tomato homologues of several
genes which had already been reported to be involved in induction of thermo-dormancy in other
species, such as lettuce and Arabidopsis (Argyris et al., 2008; Toh et al., 2008) were identified
(9-cis-epoxycarotenoid dioxygenases (NCEDs), ABAs, GA3oxs and FUS3) and their expression
was analysed using qPCR. Our results showed that NCED 1 and NCED9 (two ABA biosynthesis
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pathway genes) were upregulated while GA3ox! and GA20ox! (GA biosynthesis pathway
genes) were downregulated during imbibition at high temperature in MM seeds. It has been
shown that plant hormones, especially GA and ABA, are involved in regulation of seed
germination at high temperatures. In general, the genes involved in GA biosynthesis and
signalling are repressed in thermo-inhibited seeds. (Huo and Bradford, 2015). ABA is playing
a key role in the induction of dormancy in seeds and prevents germination. It has been shown
that ABA levels are increased and maintained in thermo-induced seeds (Argyris et al., 2008;
Toh et al., 2008; Huo et al., 2013). Such an increased accumulation was suggested to be due to
the de novo ABA biosynthesis in thermo-induced seeds (Huo and Bradford, 2015).

Furthermore, in Chapter 5 I have also used a QTL analysis approach of the tomato RIL
population generated from the cross between PI and MM to identify the genetic loci involved
in thermo-dormancy induction. Several QTLs were detected which were not collocating with
any of the genes studied by qPCR. Hence it seems that there are mechanisms other than the
presently known ones involved in thermo-induced dormancy in tomato seeds. Fine-mapping of
these detected QTLs combined with analysis of expression data would result in a better

perspective of genes and mechanisms involved in such a complex multi-genic trait.

Future perspectives
Maternal environment

In this thesis I used different nutritional maternal conditions and the results indicated that
different nutritional environments differently affect seed and seedling performance. In this
thesis a crop with a relatively long growth period was studied, hence time limitation, together
with lack of sufficient space (due to the relative big size of tomato plants), did not allow us to
study other maternal environmental conditions besides the nutritional environment. Based on
our knowledge and according to the literature our study on the effect of maternal nutritional
environment on seeds of tomato is the first of its kind. In this thesis altered levels of phosphate
and nitrate were used as the maternal nutritional environment. Phosphate is an important
nutrient for plants (constituting up to 0.2% of plant dry weight) which is present in vital
molecules such as ATP, phospholipids and nucleic acids. Nitrate as the major N source of plants
is also present in many compounds and molecules in plants such as proteins and signalling
metabolites. However, many different maternal environments have been studied before which
may have more profound effects on progenies as compared to the nutritional environment. He
et al., (2014) showed in Arabidopsis that among selected maternal environments (such as
various temperatures, light intensity, photoperiod, nitrate and phosphate) nitrate and phosphate

had a less pronounced effect on seed performance as compared to other selected maternal
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environments. Similar (profound) effects could also be expected on progenies in our study if
other maternal environments such as high temperature and light conditions had been applied
and studied. Since global warming is a serious upcoming issue, especially studying the effect
of high temperature as a maternal environmental condition in other crops, as well as in tomato,
is highly desired. Furthermore, combining different maternal environments and studying their
effect on the progenies could result in additional very interesting findings. For example, it has
been shown that when seeds are grown in a heterogeneous maternal environment (e.g. in an
open air condition/field) the effect of the maternal environment is much less than when they are
grown in a certain specific modified environment (He et al., 2014). Another example could be
the effect of different phosphate levels, significantly changing plant and seed performance (He
et al., 2014). Interestingly, this effect on plant and seed performance disappeared in maternal
environments where not only phosphate levels but also temperature was altered. He et al.,
(2014) argued that combinatorial maternal environments could buffer the effect of the maternal
environment on plant performance compared with an maternal environment with individual
alterations. Therefore, using combinatorial maternal environments in tomato and studying their
effect on plants and performance of their progenies will provide more insight into their
interaction and has the advantage that these kinds of maternal environments are a closer

resemblance of natural conditions.
Integration of QTL mappings

I have shown that the maternal environment is playing an important role in the control of
responses (i.e. phenotypic responses) of the genetic basis of seed and seedling performance. By
using different maternal nutritional environments and comparing different QTL types such as
phenotypic and metabolic QTLs, it was shown that controlling the phenotypic responses of the
genetic basis of seed and seedling performance is strongly regulated by the maternal
environment (Chapter 4). Application of a metabolic profiling approach and subsequently
building up a metabolic network together with correlation of those metabolites with seed and
seedling traits helped us to better identify the variations of these traits at a molecular level. In
general the effects of maternal environments have been studied extensively (He, 2014; Rosental
et al., 2016) while the underlying mechanisms of action are not well studied yet. Another type
of QTL analysis which provides additional information at the molecular level is the
transcriptomic QTL (also known as expression or eQTL). eQTL analysis combines gene
expression and genetic analysis in order to refine the understanding of involvement of
molecular and biosynthetic pathways. These pathways are often complex, hence combining
these two datasets (may) allow identification and elucidation of their general and conserved
mechanisms (Joosen et al., 2009). The same GGG design used for the metabolomics data

(Chapter 4) can be used to perform gene expression profiling in the studied RIL population.
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Although many QTLs have been detected in this study and other similar studies (Kazmi et al.,
2012; Khan et al., 2012; Kazmi et al., 2017), discovery of the gene(s) responsible for the traits
is still complicated and time consuming. In order to facilitate the gene discovery and to narrow
down the detected QTLs, the identified QTLs in this thesis (phenotypic and metabolic) can be
integrated and compared with eQTLs. Integration of these QTLs and detection of overlapping
regions between the phenotypic and the omics data (e.g. metabolomics and transcriptomics)
will provide more insights towards identification of molecular mechanisms controlling seed

traits which can be used in future studies and by breeding companies.
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Summary

Quality of seeds is strongly affected by their genetic make-up, the environment during seed
development and maturation and also the interaction between the genome and the environment.
In this thesis, I tried to dissect the genetic basis of tomato seed quality by a combined study of
physiology, genetics and genomics in relation to the maternal environment. Chapter 1 of the
thesis (General introduction) describes the definition and different aspects of seed and seedling
quality and the factors influencing them, with the emphasis on the maternal environment.
Additionally background on the used genetic tools with emphasis on the generalized genetical
genomics (GGG) approach is provided. Finally, integration of large ‘omics’ technology driven

datasets is suggested as an approach to assist in the identification of the genes underlying QTLs.

Seed performance traits, such as seed dormancy and germinability, can be influenced by
different maternal nutritional environmental conditions. In Chapter 2 I investigated the effect
of different maternal nutritional environments on the quality of seeds from two tomato species
(S. lycopersicum and S. pimpinellifolium). I showed that different phosphate and nitrate levels
available for mother plants influences seed and seedling quality traits especially in stressful
germination environments. Correlation analysis was done between physiological traits and
metabolic changes caused by the different maternal environments in tomato and interesting
positive and negative correlations were identified which shed light on the molecular regulation

of seed quality in different maternal environments.

High quality seed is defined by high levels of seed germination and seedling establishment,
especially under sub-optimal conditions. Seed quality however, is acquired during seed
maturation and therefore in addition to the mother plant’s genetic background can be strongly
influenced by the maternal environment in which the seeds develop. Chapter 3 of the thesis
focuses on QTL analysis for seed quality with help of a tomato recombinant inbred line (RIL)
population consisting of 100 lines to better understand the possible molecular mechanisms
involved in acquisition of seed quality as there is little knowledge about the genetic and
environmental factors, and their interaction, that influence seed quality and seedling
establishment. For this analysis the RILs originating from a cross between Solanum
lycopersicum (cv. Moneymaker) and Solanum pimpinellifolium together with these parental
lines were grown in two maternal environments: at high phosphate and low nitrate contents. By
analysing the interaction of QTLs with the maternal environment (QTLXE) I tried to enhance

and extend detection of loci affected by the different maternal environments.

In Chapter 4 I describe the metabolic analysis of the seeds from the experiments described in
Chapter 3. Correlation analysis of metabolite composition and seed phenotypic traits revealed

several relations between metabolite contents and seed quality traits such as seed size, seed
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weight and seed germination percentage. A positive correlation was observed between seed size
and -weight and several amino acids and some intermediates of the TCA cycle, such as
succinate, citrate and malate. In this chapter I have also identified interesting mQTLs by
performing metabolic correlation analysis and metabolic networks generation combined with
QTL analysis.

I have investigated the physiological and the genetic variation of two tomato accessions
(Solanum lycopersicum (cv. Moneymaker) and Solanum pimpinellifolium) in response to
thermo-inhibition of tomato seeds to elevated temperatures in Chapter 5. I have also studied
the putative molecular mechanisms that could explain the performance of the seeds at elevated
temperature. This was done by analysing the expression levels of genes that have been reported
to have a role in thermos-inhibition and dormancy in lettuce and Arabidopsis. Additionally, a
QTL analysis on the previous described RIL population has been performed and this resulted
in new QTLs and potential new regulators of seed germination and dormancy in tomato under

high temperature conditions.

Chapter 6 of the thesis is where I discuss the main outcomes of the thesis. I have also made
conclusions by combining and integrating the obtained data from the experimental chapters.
Finally I draw a perspective for future research and explain the further required
experiments/studies to obtain a comprehensive knowledge of seed and seed quality and their
influencing factors. These suggestions will expectantly result in the further identification of the

controlling mechanisms regulating seed and seedling quality.
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