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Preface

In tropical rainforests we can find a huge diversity of fruits hanging from the trees.
Mango, lychee, cacao, avocado, rambutan, mangosteen, jackfruit, coconut, citrus, inga,
durian, iamb, and nectandra are just a few examples. Humanity seems not to notice that
these forests are shrinking daily. For example, there is only 5% left of the original
Brazilian Atlantic forest. The Amazon forest is still there because it is more isolated, but
it has been severely deforested and 80% of its original vegetation is left. The main cause
of deforestation is farming, by which forest is replaced by grass fields. This consumes
huge areas of land. I hope that the technologies we are currently developing will change
the system of food production soon and bring a halt to deforestation.

What can be done after deforestation? Re-forestation. There are seeds stored in seed
banks. We can simply grow various plant species back. However, almost up to 50% of
the tree species in tropical rain forest develop desiccation sensitive and therefore non-
storable seeds. Without an effective method for storing these seeds, we will lose much
of plant biodiversity. In the worst case scenario, we and next generations will lose for
example, the possibility of eating the fruits I cited above, because these plants produce
all non-storable seeds.

We must investigate this problem, to understand the physiology and genetics of these
plants in order to support the development of methods to overcome these storability
issue. The work described in this PhD thesis is a step towards the understanding of the
seed desiccation sensitivity phenomenon.

I sincerely hope that I managed to raise your attention for the beauty, richness and
fragility of plant biodiversity on our planet.

Please, let’s all do our best to protect biodiversity!

“When the last tree is cut down, the last fish eaten, and the last stream poisoned, you
will realize that you cannot eat money” (Cree Indian proverb).
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General introduction






Seeds are time traveling capsules

Time travel is a fascinating quest explored by many sci-fi writers. There is an itchy
desire in each of us to discover what will happen in the future. Gipe et al. (1985) invested
in physics to develop a machine capable to distort time and take us “back to the future”,
although without concrete success till the present time. Other strategies have been
conjured up much earlier, consisting e.g. of maintaining the human body desiccated by
mummification. This strategy is still not successful in calling dead bodies to life, but
freezing approaches are under investigation (Merkle, 1992). Although freezing and
calling to life of complete human bodies is still not feasible, freezing cells like
spermatozoids, ovules and embryos are medical routines. Thus, time travel is already
possible for humans, at least from a solely biological point of view.

Similar to freezing and capturing vital cells, many organisms travel through time using
their own strategies. Desiccation tolerance' of plant seeds is one of these strategies,
which consists of the capacity of seeds to survive extreme water losses (below 10% of
the fresh weight or 0.1 g H>O/g dry weight).

Desiccation tolerance is widespread across the propagules of diverse life forms, e.g.
bacteria, fungi, protozoa, animals and plants (Crowe, 2014). It assures that these
organisms will flourish as soon as water availability returns. In contrast to desiccation
tolerance, dormancy is a genetically programmed mechanism that arrests the
development of the propagules even when optimal conditions are present and this is also
found in diverse life forms. desiccation tolerance, together with dormancy, aims to
guarantee the survival of species by spreading propagules through long periods of time
and thus avoiding extinction.

Evolutionary history of seed desiccation tolerance and sensitivity

Desiccation tolerance capacitated the first land plants to conquer terrestrial habitats and
it is largely present in vegetative tissues of basal plants and in desiccation tolerant seeds
(also termed ‘orthodox’) of spermatophytes (Black and Pritchard, 2002). The evolution
of terrestrial plants is believed to be monophyletic and originating from charophycean
algae (Zhong et al., 2015). Desiccation tolerance was already present in these algae and
is also believed to be carried from these algae towards the vegetative tissues of

! One needs to distinguish desiccation from drought. Drought characterizes the lack of moisture in the soil (Iljin,
W. (1957) Drought resistance in plants and physiological processes. Annual Review of Plant Physiology, 8, 257-
274. while desiccation denotes the lack of moisture in the organism (Moore, J.P., Vicre-Gibouin, M., Farrant, J.M.,
Driouich, A. (2008) Adaptations of higher plant cell walls to water loss: drought vs desiccation. Physiol Plant,
134, 237-245.. The lack of available water suspends virtually every metabolic activity in the cells, such as
respiration and transcription. Thus, it is also different from dormancy or lethargy that reduces in a wet environment
the progress of development or of metabolic activity.
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bryophytes and pteridophytes and later on confined to the seeds of the spermatophytes
(Oliver et al., 2000). The monophyletic origin of desiccation tolerance hypothesis is
supported by the fact that the regulation of desiccation tolerance involves the
phytohormone abscisic acid (ABA) and the transcription factor ABI3 in vegetative
tissues of the moss Physcomitrella patens, just as in seeds of numerous angiosperm
plants (Khandelwal et al., 2010).

Although desiccation tolerance is present in seeds of 95% of the angiosperms,
desiccation sensitivity is present in almost half of those present in tropical rainforests
(Tweddle et al., 2003). Among them, there is a broad phenotypical variation that has
been categorized in ‘recalcitrant’ and ‘intermediate’ seeds with the latter losing viability
at lower water contents than the former (Berjak and Pammenter, 2013).

It has been suggested that desiccation sensitive (DS)-seeded species evolved from
desiccation tolerant (DT) ones adapting to environments where the conditions were
conducive to immediate germination, e.g. tropical rainforests with abundant and
constant water regimes. In these environments, desiccation tolerance is not an adaptive
trait and it can eventually get lost in these species (Berjak and Pammenter, 2013; Farrant
et al., 1993a).

Depending on the environment, DS-seeded species may show a gradient of dehydration
tolerance. For example, the seeds of Acer pseudoplatanus and Coffea arabica display
varying dehydration tolerance levels across their native plant distribution ranges (Daws
and Pritchard, 2008; Ellis et al., 1991). The intraspecific variability observed for seed
desiccation tolerance reflects the high plasticity of this trait and its possible role in
species adaptation to different environments. However, there is no report, to our
knowledge, demonstrating the presence of DT and DS seeds in the same species.
However, the presence of both phenotypes in species of the same genus has been clearly
demonstrated (Dussert et al., 2000). We thus expect that genetic changes associated with
seed desiccation sensitivity occurred during evolution of these species.

The long standing categorization of seed storage behaviour in ‘orthodox’ (DT) or
‘recalcitrant’ (DS) suggests that it is a qualitative phenotype (Roberts, 1973). However,
the ‘intermediate’ seed storage category was suggested to make sense based on the
observation of a wide range of desiccation sensitivity in nature (Ellis et al., 1990). Since
then, researchers included one more qualitative category describing seed storability and
classified seeds as ‘orthodox’, ‘intermediate’ or ‘recalcitrant’. Nevertheless, new studies
have shown large continuity of seed desiccation tolerance across different species and
some authors have suggested that we should regard seed storage behaviour as a
continuum (Berjak and Pammenter, 2002).

Studies regarding the regulation of seed desiccation tolerance have been executed with
the model plants Arabidopsis thaliana and Medicago truncatula (Dekkers et al., 2015).
To date, three transcription factors (TFs) essential for desiccation tolerance acquisition
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have been identified, namely ABSCISIC ACID INSENSITIVE 3 (ABI3), LEAFY
COTYLEDON 1 (LEC1) and FUSCA 3 (FUS3). These TFs are regulators of
embryogenesis and seed maturation and elimination of their activities, e.g. through
knock-out mutations, results in DS seeds (To et al., 2006). These mutants also show a
lack of dormancy and display precocious germination, that are also widespread
phenotypes among wild DS-seeded species (Farnsworth, 2000; Raz et al., 2001). One
could expect, based on these studies, that wild DS-seeded species would also display
similar mutations and show an abrupt phenotypical transition. In this way, desiccation
tolerance could be addressed as a qualitative trait.

The seeds of the Arabidopsis abi3-5 mutant are short-lived, losing viability after one
week, and thus considered DS. Overexpression of key mis-expressed TFs, such as
DREB2A, PLATZ, AGL67 and EILS, partially rescued desiccation tolerance in abi3-5
seeds improving their longevity (Gonzalez-Morales et al., 2016). The partial rescue of
desiccation tolerance by overexpression of these TFs supports the hypothesis that
desiccation tolerance is built by factors that additively increase seed desiccation
tolerance resulting in better longevity. In this respect, we could indeed address seed
desiccation tolerance as a quantitative phenotype.

The level of seed desiccation tolerance in F1 hybrids of Coffea pseudozanguebariae
(DT) and Coffea liberica (DS) corresponded to that of the mid-parent, indicating an
additive inheritance of seed desiccation tolerance in this genus (Dussert et al., 2004).

DS seeds represent an obstacle for the conservation of these species as they are difficult
to be stored in seed banks (Berjak and Pammenter, 2013). Because of the importance of
seed desiccation sensitivity for adaptation of these plants to their native environments
and for conservation of these plants, we pose the following questions.

Does lack of developmental arrest, maturation drying and metabolic quiescence
result in seed desiccation sensitivity?

It has been hypothesized that DS seeds lack the phases of maturation drying and
metabolic quiescence, progressing directly towards germination phase (Ellis et al., 1991;
Farnsworth, 2000; Farrant et al., 1993b). This hypothesis is supported by the fact that
DT seeds lose desiccation tolerance upon radicle protrusion (Dekkers et al., 2015).
Similarly, wild viviparous species are predominantly DS (Farnsworth, 2000).

Low dormancy levels in DT seeds may cause vivipary when subjected to moist
conditions on the mother plant. Due to the low dormancy level of these seeds,
development is not arrested, which results in precocious germination when still attached
to the mother plant at the end of the maturation (Finch-Savage, 2013).
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Although the majority of the non-dormant seeded species are DT (Tweddle et al., 2003),
desiccation during maturation arrests their development due to metabolic quiescence
and they will germinate immediately once imbibed. Alternatively, DS seeds do not dry,
and can progress towards germination due to an active metabolism and lack of
dormancy. Arabidopsis knockout mutants in the transcription factors ABI3, FUS3 and
LECI also have DS seeds, a lack of dormancy and premature germination inside the
siliques (Raz et al., 2001). Furthermore, the abi3-5 Arabidopsis knockout mutant has
embryos with an enlarged apical meristem, revealing the continuation of embryo growth
(Rohde et al., 2000).

DS is more frequent in seeds that are non-dormant upon shedding (c. 31%), than
dormant (c. 9%) (Tweddle et al., 2003). However, deep seed dormancy can be observed
in DS seeded-species, such as Aesculus hippocastanum and Garcinia cowa (Liu et al.,
2005; Obroucheva et al., 2004). Thus, developmental arrest and seed DS may co-exist.
It is unclear and it demands further investigation at which stage development is arrested
in these seeds. Similarly, seedlings may display development arrest after exogenous
ABA treatment (Lopez-Molina et al., 2002) but desiccation tolerance is no longer
inducible at this point. Exogenous ABA treatment can arrest the development of
protruded Arabidopsis radicles and re-induce desiccation tolerance but only prior to root
hair appearance (Maia et al., 2014). Thus, likewise, wild DS dormant seeds may be
developmentally arrested at later developmental stages where desiccation tolerance is
no longer inducible.

What are the genetic alterations among DS-seeded species?

Since Roberts (1973) first described the phenomenon of seed desiccation sensitivity,
which he named ‘recalcitrant’ seeds, authors have formulated hypotheses to explain its
evolutionary, physiological and genetic origin(s). One of the early hypotheses
attempting to address the molecular cause of seed desiccation sensitivity was proposed
by Farrant et al. (1993b). The authors suggested that DS seeds lack the genes or
competence to produce LEA proteins and, as a result, remain sensitive to desiccation.

Since then, several studies have demonstrated the role of proteins involved in the
protection against desiccation in DS-seeded species: the accumulation of dehydrins was
associated with the induction of desiccation tolerance in the DS seeds of Acer
saccharinum (Beardmore and Whittle, 2005). An under-representation of LEAs was
observed in the transcriptome of the DS seeds of Castanospermum australe as compared
to taxonomically related, DT-seeded, Medicago truncatula (Delahaie et al., 2013). DS-
associated genomic features were studied in the DS-seeded seagrass Zostera marina,
revealing underrepresentation of LEA genes in its genome (Olsen et al., 2016).
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Desiccation tolerance could be induced by hormonal manipulations in the DS seeds of
Acer saccharinum (Beardmore and Whittle, 2005). Thus, desiccation tolerance
associated genes were not lost in this species. It seems that the desiccation tolerance
mechanism was skipped during seed development and that the hormonal treatment was
able to recruit it back.

At first glance, the most remarkable morphological differences that set DS-seeded plants
apart from DT ones, are generally larger fruits, larger seeds, higher seed water content
at shedding and thinner seed coats in relation to seed size (Daws et al., 2006; Hamilton
et al., 2013). Furthermore, the majority of species with green embryos in East-Australian
rainforest are DS and have lower oil content (Hamilton et al., 2013). There is a generally
significant correlation between these traits and seed DS. However, none of these are
unique and true determinants of DS seeds as there are DT seeds that are big, green and
have low oil content.

The acquisition of desiccation tolerance in seeds has been associated with the following
biochemical/molecular mechanisms: (1) protection of proteins by late embryogenesis
abundant (LEA) proteins and small heat shock proteins (sHSPs), and immobilization of
the cytoplasm in a glassy state by accumulation of non-reducing sugars; (2) prevention
of oxidative damage by a range of antioxidant compounds and enzymes such as
tocopherols and glutathione; (3) prevention of structural damage by cell wall relaxation
and partitioning of amphiphilic compounds into membranes, reorganization of
intracellular membranes and cytoskeleton, vacuolization and chromatin condensation;
(4) Regulation of pathways controlling the induction of these protective mechanisms
(Crowe, 2014; Hoekstra et al., 2001).

It is currently unclear which of the above-mentioned mechanisms are altered in DS
seeds. DS-seeded species are not phylogenetically related (Pammenter and Berjak,
2000). Thus, each DS-seeded species is probably a result of unique unrelated genetic
events. However, a genetic bottleneck is possible and thus we could expect convergent
evolutionary events taking place due to a restricted number of possible genetic
alterations.

Are hormonal biosynthesis or signalling altered in desiccation sensitive seeds?

The cause of the gradual loss of desiccation tolerance during the progress of germination
of DT seeds has been associated with the loss of ABA sensitivity of the dedifferentiating
growing tissues (Maia et al., 2014). Furthermore, seeds of the Arabidopsis mutant aba?2-
1, which have very low ABA levels, are not dormant (Léon-Kloosterziel et al., 1996)
and the chemical inhibition of ABA biosynthesis can even cause vivipary in DT seeds
of maize (White et al., 2000). Likewise, the vivipary of Avicenia marina seeds was
associated with their low ABA levels (Farrant et al., 1993b).
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An important transducer of the ABA signal, and a key regulator of seed dormancy and
desiccation tolerance, is the B3 domain containing transcriptional regulator known as
VIVIPAROUS 1 (VP1) in maize (McCarty et al., 1989) or ABI3 in Arabidopsis
(Giraudat et al., 1992; Koornneef et al., 1984). VP1/ABI3 is conserved among many
plant species (Graeber et al., 2010) and is implicated in dormancy and desiccation
tolerance in, e.g. Arabidopsis, maize and wheat. Thus, the roles of ABA and ABI3 in
seed dormancy and desiccation tolerance are conserved among diverse species and its
origin dates back to mosses where it is also important for desiccation tolerance
acquisition (Koornneef et al., 1984; Marella et al., 2006; McCarty, 1995; McKibbin et
al., 2002).

The incubation in ABA plus tetcyclacis, an inhibitor of gibberellin (GA) biosynthesis
and ABA catabolism, induced desiccation tolerance in the DS seeds of Acer
saccharinum (Beardmore and Whittle, 2005). The tetcyclacis induction of desiccation
tolerance in these seeds indicates that not only the lack of ABA is responsible for its
desiccation sensitivity, but also relatively high GA levels play an important role. This is
in agreement with the hypothesis of the ABA/GA balance as a mode of action for
regulation of physiological processes (Shu et al., 2015). The ABA/GA balance has also
been shown to regulate the germination versus maturation programs in maize. The seeds
of the maize mutant vp5 have very low ABA levels, are DS and viviparous but with the
suppression of GA-biosynthesis, viviparity was avoided and desiccation tolerance
recovered (White et al., 2000).

Although relevant research has been done to address the molecular mechanisms
involved in seed desiccation sensitivity, we are far from understanding this complex
process and various research questions remained unanswered. In this thesis, we aimed
at shedding light on the physiological and molecular mechanisms underlying the seed
desiccation sensitivity phenomenon.

Layout of this thesis

DS seeds represent an obstacle for the conservation of these species as they are difficult
(recalcitrant) to store in seed banks (Berjak and Pammenter, 2013). Furthermore, Brazil,
which is the main sponsor of this project, has the largest biodiversity of trees in the
world (Beech et al., 2017). Thus, I decided to study the phenomenon of seed desiccation
sensitivity, to understand it and pave the way for a feasible solution to the difficulty of
long-term storage of DS seeds.

We explored the broad phenotypical variation of DS seeds. The DT-, intermediate and
DS-seeded species Arabidopsis thaliana, Citrus limon and Castanospermum australe,
respectively, were the models targeted in the present thesis. The primary theme of this
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thesis entails the molecular mechanisms associated with seed desiccation sensitivity. In
Chapter 2 I review the literature concerning the genetics, physiology and
evolutionary aspects of DS seeds, aiming to integrate the results of previous studies
in order to learn and develop new perspectives. Based on meta-analysis of available
data on the seed’s lowest safe water content, I revealed two remarkable limits for
dehydration survival, which sheds light on the controversial separation of the
categories ‘recalcitrant’ and ‘intermediate’ seeds. In this chapter, I also assembled
the available knowledge to draw a generalized picture of the evolution of DS-seeded
species, placing it in an ecological context and zooming in on the molecular
mechanisms underlying it.

Observing a lack of knowledge on transcriptomes of seed development and
maturation in relation with desiccation tolerance, I decided to compare the
Arabidopsis abi3-6 mutant, as a model for seed desiccation sensitivity, with DT-
seeded wild-type Arabidopsis. Arabidopsis has a long list of attributes that makes it
an ideal model for this study. It has for example a very fast life cycle, small size,
and a small and well annotated genome. Moreover, it is the most studied plant which
allows diverse comparative analyses. Together with fus3 and /ec! mutants, the abi3-
6 mutant is one of a few known single mutants that produce DS seeds. It resembles
phenotypically most wild DS seeds, due to its green seeds, lack of dormancy,
precocious germination and low oil content. In Chapter 3 we investigated relevant
associations between physiology and gene expression alterations throughout late
seed development of abi3-6 in comparison with wild-type seeds.

I asked if the gene expression alterations observed during seed development of the
Arabidopsis abi3-6 mutant could also be observed in a wild DS-seeded species. For
this, I studied, in Chapter 4, the DS seeds of the basal legume Castanospermum
australe. In this chapter I not only explored the transcriptome of development of C.
australe seeds, but I also went further, looking into the origins of seed desiccation
sensitivity using comparative genomics of this species with diverse other DS- and
DT-seeded species. We decided to sequence the C. australe genome and use it as
our model for DS seed due to its interesting phylogenetic position in the legume
family. Legumes encompass several crop and model species with sequenced
genomes and multiple seed-based studies.

In Chapter 5, I made attempts to induce desiccation tolerance in the DS seeds of Citrus
limon. 1 describe a protocol of hormonal manipulation for induction of desiccation
tolerance and studied the associated transcriptomes.

In Chapter 6 I discussed and integrated all the results obtained and suggest future
strategies to further explore and develop research on seed desiccation sensitivity.
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Abstract.  Desiccation sensitive (DS) seeds do not survive dry storage due to their
lack of desiccation tolerance. Almost half of the plant species in tropical rainforests
produce DS seeds and therefore the desiccation sensitivity of these seeds represents a
problem for and long-term biodiversity conservation. This phenomenon raises questions
as to how, where and why DS (desiccation sensitive)-seeded species appeared during
evolution. These species evolved probably independently from desiccation tolerant (DT)
seeded ancestors. They adapted to environments where the conditions are conducive to
immediate germination after shedding, e.g. constant and abundant rainy seasons. These
very predictable conditions offered a relaxed selection for desiccation tolerance that
eventually got lost in DS seeds. These species are highly dependent on their environment
to survive and they are seriously threatened by deforestation and climate change.
Understanding of the ecology, evolution and molecular mechanisms associated with
seed desiccation tolerance can shed light on the resilience of DS-seeded species and
guide conservation efforts. In this review, we survey the available literature for
ecological and physiological aspects of DS-seeded species and combine it with recent
knowledge obtained from DT model species. This enables us to generate hypotheses

concerning the evolution of DS-seeded species and their associated genetic alterations.

Additional keyword: dormancy, intermediate seeds, orthodox seeds, seed size
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Introduction

Seeds are important for plants as means of regeneration and to humans as the primary
basis for nutrition. Each seed contains an embryo which is usually formed by sexual
reproduction and thus is the means by which a new individual is dispersed, playing a
crucial role in the life history of higher plants (Bewley et al. 2013). The biological and
economic relevance of seeds make it evident that it is of significant importance to
conserve them and, hence, to conserve biodiversity. The current most efficient and
feasible way to conserve plant genetic resources is by storing desiccated seeds at low
temperatures (Li and Pritchard 2009).

The capacity to survive desiccation was a decisive evolutionary step that allowed
the first plants to colonize the dry terrestrial environment. Many of the mosses and ferns
have vegetative desiccation tolerance whereas gymnosperms and angiosperms possess
desiccation tolerance that is generally expressed only in seeds and/or pollen (Alpert and
Oliver 2002). It is estimated that 95% of the spermatophytes have DT seeds, which
allows the effective preservation of their genetic diversity in seed banks (Tweddle et al.
2002).

However, not all seeds can be stored ex situ in a dry state. Termed ‘recalcitrant’ for this
reason (Roberts, 1973), such seeds are DS and consequently do not survive desiccation
(and freezing) required for germplasm conservation (Pammenter and Berjak 2000).
They may represent up to 45% of the plant species in tropical evergreen rain forests
(Tweddle et al. 2003; Hamilton et al. 2013).

Plant species that produce DS seeds evolved and adapted to environments in
which the conditions are conducive to immediate germination in the same season when
seeds are shed, e.g. in rainforests with a constant and abundant rainy season, or in
temporarily or permanently flooded plains. Evidence suggests that such seeds are
programmed to initiate germination upon or shortly after shedding (Farrant et al. 1993;
Berjak and Pammenter 2013) and thus the loss of desiccation tolerance in such species
during evolution was presumably to favour faster seedling establishment. This adaptive
trait, however, has made such seeds highly dependent on their habitat for survival. These
environments are shrinking worldwide due to deforestation and climate change (Achard
et al. 2002). As a result, plant species with DS seeds face imminent extinction risk.
Despite this, to date, the phenomenon of seed desiccation sensitivity is poorly
understood (Berjak et al. 2008; Berjak and Pammenter 2013). Therefore, a better
understanding of seed desiccation sensitivity is of great importance to guide priorities
in conservation efforts. Furthermore, the knowledge acquired from these studies can
help to shed light on components that are necessary for the acquisition of DT, on how
and where it evolved and was lost from the DS seeds.
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Ecological aspects of desiccation-sensitive seeds

Figure 1 gives a broad ecological view of DS seeds and summarizes climate patterns,
ecological interactions and seed features relevant for their adaptation. Seed desiccation
tolerance 1s an important mechanism involved in the maintenance and establishment of
plant communities. It is a key strategy for seed dispersal, stress avoidance and
persistence in soil seed banks. Furthermore, desiccation tolerance is essential for seed
persistence in environments with dry seasons. However, in tropical or subtropical
evergreen rain forests, plant species with DS seeds commonly occur (Tweddle et al.
2003; Wyse and Dickie 2016). Such DS-seeded species span a broad range of plant life
forms including shrubs (12%), palms (5%), lianas/vines (2%), herbs (9%), and epiphytes
(1%), with canopy trees (45%) and small understory trees (26%) representing the
majority (Farnsworth 2000). Wyse and Dickie (2016) also showed the prevalence of
species with DS seeds in woody genera.

DS seeds can maintain their high water content due to their commonly large size
which results in a large water reservoir, the loss of this being minimized by canopy
shading (Joét et al. 2016). The increased seed size also results in an increased
accumulation of storage reserves. This allows for a longer period for seedling
establishment, as being metabolically active they are prepared for quick germination
(Walters 2013).

While DT seeds normally form seed banks in the soil, DS seeds germinate fast
and usually form seedling banks under shaded forest canopy and take advantage of an
eventual light gap for faster establishment (Murdoch and Ellis 1992). Furthermore, DS-
seeded species mainly shed seeds during the rainy season (Farnsworth 2000; Pammenter
and Berjak 2000; Pritchard ef al. 2004).

Most tropical tree pioneers, which are typical of early forest succession, have
small DT and dormant seeds. Easily dispersed, these seeds may form seed banks in the
forest soil and germinate when stimulated by environmental alterations or disturbances,
such as natural or artificial clearings in the canopy (Bazzaz 1991). In contrast, a large
number of climax species produce sizeable DS seeds (Whitmore 1990). Similarly,
biennial and perennial DT species have significantly heavier seeds than annual species
(Silvertown 1981). DS species that disperse during periods of high moisture availability
have bigger seeds and invest proportionally less in seed coat thickness (Hill ef al. 2012).
Furthermore, seeds of climax tree species in tropical rain forest are bigger, less dormant
and more persistent than pioneers (Thompson et al. 1993; Funes et al. 1999; Cerabolini
et al. 2003; Baskin and Baskin 2005; de Souza et al. 2015; Jaganathan et al. 2015). Thus,
large-seeded species appear to be more successful in seedling establishment than small-
seeded species (Moles and Westoby 2004). This is likely the main driver for the
phenotypical variation observed between DS and DT seeds.
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Depending on the environment, DS-seeded species may show a gradient of
dehydration tolerance. For example, the seeds of Acer pseudoplatanus display varying
desiccation tolerance across their native plant distribution ranges (Daws and Pritchard
2008). These studies show the effect of provenance on shaping seed desiccation
tolerance, a very important mechanism in the species life cycle. The seasonal and
intraspecific variability observed for seed desiccation tolerance reflects the high
plasticity of this trait and its possible role in species adaptation to different
environments.
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shade intolerant.
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Figure 1. Ecological interactions associated with DS seeds

Seed life-span and seed longevity in relation to desiccation tolerance

Seed life-span is the period between maturity and when the seed is not dormant but has
lost all germination capacity in a favourable environment (Long et al. 2015). Seed
dormancy can be released by e.g. prolonged dry storage or cold imbibition, but the level
of dormancy and dormancy release depend greatly on the species and genotype
(Koornneef et al. 2002). Seed life span is a concept that envelops multiple seed related
traits such as dormancy, longevity and desiccation tolerance (Thompson et al. 1997;
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Leck 2012). The loss of germination capacity can be associated with multiple intrinsic
and extrinsic factors. Intrinsically, seeds possess a range of anatomical and physiological
mechanisms that help them to remain viable until they are able to germinate and resume
plant development. Extrinsically, biotic and abiotic factors will cause deterioration if the
seed is not appropriately prepared for it (Long et al. 2008).

Seed longevity is usually defined as the storability of a seed, i.e. how long a seed
remains viable during dry storage (Rajjou and Debeaujon 2008). This definition is
suitable for studying seed longevity under laboratory conditions or for seed companies,
where seed batches are stored before selling. However, in nature, seeds are almost never
continuously exposed to dry environments. Therefore, the seed life-span needs to be
considered also in wet and changing environments. This “wet longevity” is studied as
seed life-span in a seed soil bank. Thus, seed life-span in a soil bank is an important
concept but not much studied in what are considered ‘non-model’ species, this being
particularly evident in forest species. However, it has been studied for weed species that
affect the yield of economically important species, e.g. Striga (Ayongwa et al. 2011).

Seeds with long life-spans, together with timing of flowering and seed shed,
propensity for desiccation tolerance and dormancy, orchestrate an optimal strategy for
initiation of germination under suitable conditions for ultimate species survival. These
mechanisms help the plant to survive unpredictable and unfavourable germination and
growing conditions, such as pioneer species exposed to the environmental fluctuations
of primary forests (Donohue et al. 2010).

A persistent seed bank buffers a plant population against environmental
variability thereby extending the time to extinction. Thus, a long life span supports a
species’ population growth in unstable environments (Fenner 2000). Species with
delayed germination may show a reduced population growth rate in stable environments
(Rees 1994; Silvertown and Charlesworth 2009). Thus, we should expect that DS-
seeded species face higher risk of extinction as their seeds have short life-span in ex situ
storage. However, DS seeds from some species can survive for several months in moist
conditions (Greggains et al. 2000; Le Tam et al. 2004; Pina-Rodrigues and Figliolia
2005; Jayasuriya et al. 2009) or resist water losses throughout dry seasons (Vaz ef al.
2016). Depending on the environment into which their seeds are shed, some species,
such as Aesculus hippocastanum, may have dense wax-covered seed coats that minimize
water loss so as to extend the period a DS seed can hold onto its water (Obroucheva and
Antipova 2004). Exceptionally (Pammenter and Berjak 2000), seeds of Podocarpus
angustifolius, a DS-seeded species, do form a persistent soil seed bank (Ferrandis et al.
2011), indicating that desiccation tolerance is not a strict prerequisite for a relatively
long seed life-span.

Interestingly, the DT seeds of Lactuca sativa and Fraxinus americanus survive
storage much better when fully imbibed, as compared to the dried state (Villiers 1974).
Similarly, the DT seeds of rainforest trees (e.g. Piper hispidum, Piper umbelatum, Piper
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yzabalanum and Urera caracasana) display better longevity when kept dark-imbibed
(Orozco-Segovia and Vazquez-Yanes 1990). Thus, some DT seeds do not need to
remain in the dry state to warrant good longevity.

The mechanisms underlying the longer longevity of imbibed seeds in these
species are not fully understood as imbibed versus dry seed storage studies have been
underappreciated and are very scarce. The effectiveness of DNA repair has been related
to this longer longevity (Villiers 1974). The repair mechanisms upon seed imbibition of
DNA, RNA and proteins in model species and their importance for seed longevity have
been reviewed by Sano ef al. (2015). Similar mechanisms are likely to be involved in
the longer longevity of wet-stored seeds.

We hypothesize that in environments with very predictable seasons and abundant
and constant water regimes, there is lower selective pressure for seed longevity,
dormancy and DT. This because they are not essential mechanisms for such
environments and cost energy and, hence, there are evolutionary advantages to loose
these mechanisms, resulting in DS seeds.

Physiological aspects of seed desiccation sensitivity

‘Drought tolerance’ can be considered as the tolerance of moderate dehydration, down
to a moisture content of ~0.3 g H,O.(g dry weight)!, at which there is no bulk
cytoplasmic water present. (Hoekstra ef al. 2001). ‘Desiccation tolerance’ refers to the
tolerance of further dehydration to below 0.1 g H>O.(g dry weight) !, when the hydration
shell of molecules is lost, without accumulation of lethal damage (Bewley 1979).

The lowest safe moisture content (LSWC), below which germination percentage
begins to decline, was collected for 98 DS and 31 intermediate categorized seeded
species (Figure 2 and supplementary file 1). The data was extracted from the Seed
Information Database: Royal Botanic Gardens, Kew (SID) (Kew 2017). A bimodal
distribution can be observed in which the first group, with higher LSWC, contains the
DS- and the second the intermediate-categorized species.

The DS group is spread over a much broader range with an average of 0.71 + 0.3
g H20.(g dry weight)™!. The threshold water content for loss of DS seed viability has
been shown to be similar to the permanent wilting point in vegetative tissues, about —2
MPa (~0.67 g H,O/g dry weight) (Levitt 1980; Roberts and Ellis 1989; Andrade ef al.
2003; Born et al. 2014). The lower limit for LSWC of 0.33 g H»O.(g dry weight)™!
includes 95% of all DS-seeded species. This lower limit for DS-seeded species is
immediately above the water content at which there is no bulk cytoplasmic water
present. Below 0.3 g H>O.(g dry weight)™!, the lack of bulk cytoplasmic water implies
that the mechanism of preferential hydration by compatible solutes would fail to work
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and are unable to protect proteins and membranes against further dehydration (Crowe et
al. 1990). On further drying sugar molecules and amphiphilic compounds accumulates
in the membrane spacing between phospholipid molecules, allowing DT seeds to dry
below 0.1 g H,O.(g dry weight) !, when cytoplasmic components are immobilized in a
glassy matrix.

The intermediate group has an LSWC average of 0.13 + 0.02 g H,O.(g dry
weight)™'. The lower limit for LSWC of 0.9 g H,O.(g dry weight)™! includes 95% of all
intermediate-seeded species Dehydration below this water content causes severe loss of
viability, indicating that intermediate seeds fail to desiccate to the point when the glassy
state 1s formed.

In DS seeds, the removal of water from the hydration shell of the molecules in the
absence of sugars results replace water in the hydration shell of the membranes, thereby
maintaining the packing of the phospholipid molecules, which leads to a phase transition
into the gel phase. This might lead to lateral phase separations and irreversible
membrane damage (Hoekstra ef al. 2001).
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Figure 2. Distribution of seed lowest safe moisture content for seeds of species with

sensitivity to dehydration (Data collected from Kew Seed Information Database).

Altogether, seed storage behaviour may be defined as DS for those species that
show loss of viability above water contents of total loss of bulk cytoplasmic water (0.33
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g H>O/g dry weight) and intermediate for those that withstand further dehydration but
not below ~0.9 g H>O.(g dry weight)™!, when the hydration shell of molecules is lost
and DT those that survive further water losses without lethal damage.

The acquisition of desiccation tolerance and longevity

During the development of DT seeds, the orchestration of maturation drying by
hormone- induced, as well as hormone-independent transcription factors includes the
accumulation of mechanisms that enable desiccation tolerance through a series of
subcellular and physiological processes such as, suppression of metabolism, vacuole
filling, and cell wall relaxation (Kermode and Finch-Savage 2002; Bewley ef al. 2012;
Gonzalez-Morales et al. 2016).

DT and longevity are acquired consecutively during seed maturation (Verdier et
al. 2013). Seeds excised at early maturation can survive desiccation but lose viability
sooner than those that undergo desiccation at later maturation stages (Chatelain et al.
2012; Verdier et al. 2013). Many studies describe the ability of DT seeds to remain
viable during dry storage or artificial ageing and have shown that seed longevity is
controlled by several genetic factors (Clerkx ef al. 2004a; Clerkx et al. 2004b; Nguyen
et al. 2012; Sano et al. 2015). However, seed longevity is a highly adaptive trait and is
also influenced by both maternal and prevailing environmental conditions (He et al.
2014).

Among the genetic factors that contribute towards seed longevity are the genes
DOGI, TT, ATS and AP2 and ABI5, which cause reduction of longevity when knocked-
out (Debeaujon et al. 2000; Bentsink et al. 2006; Zinsmeister et al. 2016). The testa
permeability caused by the mutations ats and ap2 demonstrates its importance for seed
longevity (Debeaujon et al. 2000). Likewise, mutations in the genes encoding vitamin
E synthesis enzymes (vtel,vte2) cause reduction of seed longevity, demonstrating the
importance of ROS scavenging (Sattler et al. 2004). The incapacity of DS seeds to
tolerate desiccation has been related to a deficient ROS scavenging system (Pukacka
and Ratajczak 2006; Roach et al. 2010).

The acquisition of seed desiccation tolerance involves the participation of the
transcription factors LECI, LEC2, FUS3, ABI3, ABI4, ABI5, MYBI118, PLATZ1, AGL67,
DREB2D and protective proteins, such as LEAs and HSPs; hormones (abscisic acid
(ABA) and gibberellins (GAs)) and metabolites (antioxidants and sugars) (Figure 3)
(Baumlein et al. 1994; Beardmore and Whittle 2005; To ef al. 2006; Khandelwal et al.
2010; Delahaie et al. 2013; Costa et al. 2015; Gonzalez-Morales et al. 2016).

Seed desiccation tolerance and longevity have been regarded and studied as separated
phenotypes. However, recently, Gonzalez-Morales et al. (2016) overexpressed
transcription factors in the DS seeds of the Arabidopsis mutant abi3-5. These seeds
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remained viable during dry storage of up to one month. It was argued that
overexpression of PLATZ1, AGL67 or DREBZ2D partially rescued the DS phenotype of
abi3-5. The extended desiccated viability (longevity) of these seeds was interpreted as
partial rescue of DT. This study brings the concepts of longevity and desiccation
tolerance closer together.

In this way, we can regard desiccation tolerance as a complex mechanism built by
multiple genetic components. We suggest that each of these genes cited above contribute
additively for the establishment of desiccation tolerance and the lack of each one of them
will result in reduction of longevity and ultimately in the loss of desiccation tolerance.
This model where desiccation tolerance is composed by additive factors can explain the
large variation of seed storage observed in nature. Hence, DT long-lived seeds contain
a complete set of factors, intermediate seeds have incomplete set and further losses result
in seed desiccation sensitivity.

Models for seed desiccation sensitivity

A convergent evolutionary pattern can be observed among DS-seeded species, which
generally have large seeds with high water content, are insensitive to ABA, do not
display developmental arrest of the embryo in shed seeds and are sometimes viviparous
(Farnsworth 2000; Berjak and Pammenter 2008). Developmental arrest and acquisition
of desiccation tolerance are common for DT seeds but does not occur in DS-seeded
species. These DS phenotypes are similar to those observed in the Arabidopsis mutants
abi3-6, fus-3 and lec2 (Nambara ef al. 1992; Baumlein et al. 1994; West et al. 1994).

The abi3-1/abal-1 and abi3-5 mutants have been regarded as DS. Their seeds
are nonviable when dried at harvest, but they can survive desiccation at the middle of
the maturation phase, albeit with very low longevity (Ooms et al. 1994; Gonzalez-
Morales et al. 2016). This DT window offers the possibility to store these seeds (for a
limited time) and paves the way for a better understanding of the dynamics of acquisition
and loss of DT. It is possible that a similar pattern occurs in natural DS seeds.

An important model for studies of desiccation tolerance in plants is the re-
induction of desiccation tolerance of germinated seeds. Germination leads seeds towards
a developmental seedling program during which desiccation tolerance is gradually lost
but can be rescued by ABA and/or osmotic treatments (Buitink ez al. 2003; Vu ef al.
2003; Faria et al. 2005b; Maia et al. 2011; Maia et al. 2014; Costa et al. 2015). The
gradual loss of desiccation tolerance by germinated DT seeds might be associated with
the loss of desiccation tolerance in DS species, since the developmental program of DS
seeds is also characterized by a constant high water content and a growing embryo,
reminiscent of germination.
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Figure 3. Factors associated with the acquisition of desiccation tolerance in seeds.

Seed size and its role in seed storage

The ratio of seed coat mass to total seed mass was evaluated across 104 species from 37
families and showed a significant correlation with seed desiccation sensitivity. There is
a strong evolutionary association of seed desiccation sensitivity with both large seed
mass and “thin” seed coats (Daws ef al. 2006).

The hypothetical evolutionary model (Figure 4) suggests a shift between the seed
life-span strategy from dry longevity towards wet longevity in the evolutionary path of
DS-seeded species. The wet longevity strategy is supported by a larger seed size that
buffers the water loss caused by fluctuations in soil water potential. Furthermore, the
larger seed mass also contains more reserves to utilize in protracted ongoing metabolism
associated with being hydrated and progressing towards germination.
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An important tissue involved in the longevity of seeds is the seed coat. The seed
coat performs important functions to protect the embryo and seed reserves from biotic
and abiotic stresses during storage (pathogen and predator attacks, UV radiations,
moisture, elevated temperature and oxygen) (Rajjou and Debeaujon 2008).

Crop seeds exhibiting testa defects such as yellow-seeded rapeseed (Brassica
napus) and flax (Linum usitatissimum) also exhibit lower longevity (Nesi et al. 2008).
These data support the hypothesis of the role of the seed coat (thick secondary cell walls
and mucilage) in restricting the exchange of gases and fluids between the environment
and the seed, prolonging the longevity of the seed, keeping it dormant (Debeaujon et al.
2000) and protecting it against predation until it germinates (Haughn and Chaudhury
2005).

DS seeds are generally shed at high water content and metabolic activity (Berjak
and Pammenter 2008). Therefore, a gas impermeable seed coat is not suitable for a
metabolically active tissue that needs constant gas exchange for respiration.
Furthermore, the water impermeability caused by thick seed coats is not desirable when
the evolutionary pressure is on seeds that imbibe and germinate faster. The reduction
of the thickness of the seed coat as observed in DS seeds (Daws et al. 2006) is most
likely the result of an evolutionary process caused by selective pressure towards faster
germination. This evolutionary process could be associated with the repression of genes
controlling seed coat development.

Longevity dried

Desiccation tolerant [::> Intermediate |::>Desiccation sensitive ;:;} Viviparol

Seed size

Longevity wet

Figure. 4. Hypothetical model of evolutionary events resulting in seed desiccation

sensitivity

Desiccation sensitivity and hormones

ABA and GAs are the main phytohormones that have been associated with the
acquisition of DT, or lack thereof, in seeds. ABA has been associated mostly with the
plant’s defence against abiotic stresses. Drought and high salinity increase plant ABA
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levels, resulting in changes in gene expression and adaptive physiological responses
(Rabbani et al. 2003; Christmann et al. 2007). During the development of DT seeds,
ABA peaks during the onset of maturation in preparation for developmental arrest and
desiccation (Kanno et al. 2010). GAs regulate growth and various developmental
processes, including stem elongation, breaking of dormancy and induction of
germination (Silverstone ef al. 1998; Finch-Savage and Leubner-Metzger 2006). GA is
involved in cell division and elongation and its concentration peaks during
embryogenesis but drops to very low levels at the start of maturation in DT seeds (Kanno
et al. 2010).

Incubation in an ABA solution with tetcyclacis, an inhibitor of GA-biosynthesis
and ABA catabolism, induced desiccation tolerance in the DS seeds of Acer sacharinum
(Beardmore and Whittle 2005). It was argued that prolonged incubation in this solution
triggered an aspect of the seed maturation phase that was naturally skipped. This
changed the long-held concept that seed DS is a static phenotype of the species. The
induction of desiccation tolerance in 4. sacharinum seeds by tetcyclacis indicates that
not only the lack of ABA is responsible for DS but also relative high GA levels play an
important role. This is in agreement with the hypothesis of the balance of ABA/GA as
the mode of action for regulation of physiological process (Shu et al. 2015).

The balance ABA/GA has also been shown to regulate the germination versus
maturation programs in maize. The seeds of the maize mutant vp5 have very low ABA
levels, are DS and viviparous, but with the suppression of GA synthesis, viviparity was
avoided and desiccation tolerance rescued. (White et al. 2000).

The importance of ABA accumulation for the establishment of desiccation
tolerance in seeds has been observed in several studies (Faria ef al. 2005a; Maia et al.
2011; Dekkers et al. 2015). However, DS may also, in certain cases, be associated with
a lack of sensitivity to ABA. Germination leads seeds towards a seedling developmental
program during which desiccation tolerance is gradually lost and coinciding with
progressive loss of ABA sensitivity (Maia et al. 2014). Furthermore, embryos of some
DS species, display pre-harvest sprouting and viviparous species exhibit reduced
sensitivity to ABA (Sussex 1975; Garello and Page - Degivry 1995; Steinbach et al.
1995; Gubler et al. 2005).

Viviparous mangrove species tend to have lower ABA contents as compared to
DT seeds in where germination is initiated on the parent, or shortly after shedding
(Farrant et al. 1993; Farnsworth and Farrant 1998). Furthermore, in these species, ABA
levels in embryos are significantly lower than that in the seed coat/ maternal tissues,
which could be interpreted as a mechanism to slow germination changes (maintain a
type of dormancy) until seed shed and coat shedding. However, this might not be
universally true of DS seeds and, hence, it might be that sensitivity to ABA or GA
content are decisive for the appearance of desiccation sensitivity.
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ABA and GA are interconnected by a network of other regulators, such as other
hormones, transcription factors and receptors (Kucera et al. 2005). Thus, although they
are clearly key factors, these two hormones alone cannot explain the complexity of
desiccation tolerance acquisition. Taken together, these findings suggest that ABA and
GA are important in seed development, controlling embryogenesis and preparing the
mature embryo for desiccation.

Evolutionary aspects of seed desiccation sensitivity

Evolution in homogeneous environments will favour specialist species while
heterogeneous environments will favour generalists. The more variable the
environment, the more plastic a species needs to be (Levins 1968; Lynch and Gabriel
1987; Van Tienderen 1991). There is a cost of maintaining physiological machineries,
resulting in a trade-off between tolerance breadth and maximal performance at optimal
conditions. Thus, stable environments will favour locally specialized genotypes (Huey
and Kingsolver 1989; Richards ef al. 2006).

Seed dormancy, desiccation tolerance and longevity are important mechanisms
for generalists, but not for specialists like DS-seeded species. These species evolved and
eventually became specialists in stable ecosystems with predictable rainy seasons. These
ecosystems favour faster germination, seedling establishment and disfavour dormancy,
desiccation tolerance and longevity (Garwood 1989; Vazquez-Yanes and Orozco-
Segovia 1993; de Souza et al. 2015). These traits are accompanied by larger seed sizes
that can also function as a high-volume water reservoir and aid in emergence of bigger
seedlings.

There is no clear phylogenetic pattern among DS-seeded species (Farnsworth
2000; Pammenter and Berjak 2000; Dickie and Pritchard 2002; Berjak and Pammenter
2008). Desiccation sensitivity in seeds is currently considered a secondary evolutionary
characteristic and desiccation tolerance ancestral, as the most parsimonious explanation
for evolution of DS seeds points to independent losses of desiccation tolerance
(Farnsworth 2000). This implies that every DS-seeded species represents an
independent event of loss of DT. Thus, we may expect independent genetic and
associated phenotypic alterations associated with each DS species. Nevertheless, it is
also possible that the evolution of DS seeds needed to follow a convergent path and we
might find common genetic/phenotypic alterations, as observed in the Arabidopsis
mutants discussed above.

Desiccation tolerance is a complex trait influenced and established by a plethora
of genes (Figure 3) (Terrasson et al. 2013; Maia et al. 2014; Dekkers et al. 2015), but
the loss of only a single regulatory gene may completely dismantle this mechanism as
in the abi3-6, fus3, lecl and lec2 mutants (Nambara et al. 1992; Baumlein ef al. 1994;
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West ef al. 1994). These four transcription factors are highly pleiotropic. Mutations in
the transcription factor ABI3, e.g. the full knock-out abi3-6, result in DS seeds, but
which also lack dormancy and display absence of chlorophyll degradation, insensitivity
to ABA and changes in reserve composition (To et al. 2006; Santos-Mendoza et al.
2008; Delmas et al. 2013). Desiccation sensitivity in seeds of wild species is
accompanied by similar phenotypical alterations such as chlorophyll retention and lack
of dormancy in mature seeds (Farnsworth 2000; Hamilton ez al. 2013).

The transcription factor ABI3/VP1 is strongly conserved across plants and also found in
the moss Physcomitrella patens which exhibits vegetative DT. The ABI3 homolog from
P. patens partially complemented the Arabidopsis abi3-6 mutant whereas the Ppabi3
mutant also becomes DS (Zeng and Kermode 2004; Marella et al. 2006; Khandelwal et
al. 2010). This confirms that desiccation tolerance is a mechanism developed in early
land plants and its regulation is probably conserved throughout the plant kingdom (Gaff
and Oliver 2013).

It is tempting to speculate that wild DS-seeded species have similar mutation(s)
in single key regulatory genes instead of extensive small alterations accumulated in
multiple structural proteins. This would support a hypothesis of DS evolution by
saltatory events instead of Darwinian gradualism. The gradualism hypothesis defends
that beneficial changes, fixed by natural selection, are ‘infinitesimally’ small, so that
evolution develops via the gradual accumulation of these tiny modifications (Darwin
1859). Moreover, these gradual changes can accumulate not only by adaptive mutations
but through fixation via random genetic drift (Wright 1986). On the other hand, the
saltatory theory advocates that evolution can work by large steps and recent evidence
suggests that whole genome duplication events represent a dramatic example of saltatory
evolution (Freeling 2008).

The suppression of certain key regulator genes, rather than addition of new genes,
can be responsible for major and sudden evolutionary steps. The loss of such genes
results in a loss of a mechanism or process that was imposing a developmental
constraint. With the loss of this constraint, evolution suddenly acquires new possibilities
for further adaptation (Bateman and DiMichele 1994; Tucker 2001). We can
hypothesize, for example, that it would be impossible for the coconut seed to achieve
such sizeable dimensions and be able to adapt to its niches without losing desiccation
tolerance considering the association of seed size with desiccation sensitivity.

Genomic alterations associated with seed desiccation sensitivity have not been
studied exhaustively in DS-seeded species so far. The only study so far points to the
underrepresentation of LEAs and dehydrins in the genome of the seagrass Zostera
marina (Olsen et al. 2016), which produces DS seeds (Pan et al. 2012). The genomes of
DS-seeded species such as Theobroma cacao, Hevea brasiliensis, Castanea mollissima
and Elaeis guineensis have been sequenced and future studies on them and possibly
others will shed light on the genomic alterations associated with desiccation sensitivity.
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Only by comparing complete genomes, it will be possible to demonstrate the absence of
a particular gene in a genome, to pinpoint gene loss events or other events responsible
for the evolution of DS seed (Koonin 2009).

The common definition of seed storability was originally based on a dual concept,
namely ‘orthodox’ vs. ‘recalcitrant’. This definition does not appreciate the highly
diverse seed storage phenotypes observed in nature. This outdated black and white
definition has hampered the generation of hypotheses related to seed storage. In fact,
this appears to be a continuum and, thus, the ‘intermediate’ seed storage category was
created (Ellis et al. 1991; Berjak and Pammenter 2013). Intermediate seeds can
withstand further dehydration as compared to DS seeds but cannot undergo desiccation
as in DT seeds (Ellis ef al. 1990). We hypothesize that desiccation sensitivity in seeds
1s a consequence of the loss of desiccation tolerance of DT seeds, caused by elimination
of the dehydration program driven by maturation. The loss of desiccation tolerance is
probably caused by selective pressure towards faster germination, and intermediate
seeds are an evolutionary step in between. The continuum of the seed storage phenotype
might reflect the various evolutionary histories of each species when adapting to
different environments. To support the hypothesis of gradual loss of DT, we assume that
DT seeds lost longevity gradually when exposed to ecosystems with predictable and
abundant water regimes, culminating in DS seeds.

A concept of the evolutionary history that led to this extent of physiological
variation observed in seed storage, proposes an evolutionary path that describes the
emergence of these phenotypes. It is tempting to speculate on a single and
straightforward sequence of events that can result in these species (Figure 3). However,
also completely independent changes converging to it may be expected. Some of the
most striking examples of such loss include the absence of eyes in animals living in dark
places, the loss of photosynthetic capacity in parasitic plants (Depamphilis and Palmer
1990; McNeal et al. 2007) and a highly reduced perianth, a common adaptation to wind
pollination in several families of angiosperms (e.g. grasses, oaks) (Culley et al. 2002;
Jaramillo and Kramer 2007).

Based on these considerations we propose two possible hypotheses to explain the
loss of desiccation tolerance in DS seeds.

e The neutral mutation hypothesis (Kimura and Ohta 1971) implies that desiccation
tolerance regression is caused by fixation of random deleterious mutations in DT-
associated genes, which accumulate in DS-seeded plants under relaxed selective
pressure by random drift.

e The adaptation hypothesis suggests that the loss of desiccation tolerance is
adaptive and has a selective advantage in an environment with stable water
regimes. Regression of desiccation tolerance may be attributed to the high energy
cost of these mechanisms, to pleiotropic effects, in which germination traits
beneficial to survival in a tropical forest environment are enhanced by desiccation
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sensitivity, or even to active elimination of desiccation tolerance because of its
potential liability in constant rainy season forests.
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Definitions of terms

Term

Definition

Orthodox seeds

Recalcitrant seeds

Intermediate seeds

Desiccation sensitive
seeds

Desiccation tolerant
seeds

Seed dormancy
Quiescence

Longevity

Seed life span

Soil seed bank

Orthodox seeds can withstand dehydration to below 0.1g water/g
dry weight and stored dry for prolonged periods without losing
viability.

Seeds that are very sensitive to dehydration. The lowest safe
moisture content for such seeds is considered 0.25 g water/g dry
weight. Since the term ‘recalcitrant’ is generic we replace it here
with the more accurate term ‘desiccation sensitive’.

Seeds that show a storage phenotype in-between orthodox and
recalcitrant seeds. Typically, mature seeds are able to tolerate
desiccation to about 0.1-0.14 g water/g dry but do not tolerate
drying to lower water contents.

See recalcitrant seeds

See orthodox seeds

Prevention of germination of viable seeds under environmental
conditions which are optimal for germination.

A state of metabolic arrest due to a lack of ideal environmental
cues, particularly water.

Seed longevity is defined as the period of seed viability during ex
situ dry storage determined by inherited physiological traits.

The time from seeds reaching maturity on the mother plant until
they germinate, are predated or have decayed or aged and lost
germinability. Seed life span is influenced by intrinsic seed
characteristics (e.g. dormancy, longevity and defence) and the
environment.

The natural storage of seeds, dormant or quiescent, within the soil.
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Abbreviations of genes cited

Abbreviation Description

LECI Leafy Cotyledon 1

LEC? Leafy Cotyledon 2

FUS3 Fusca 3

ABI3 ABA Insensitive 3

ABI4 ABA Insensitive 4

ABI5 ABA Insensitive 5

MYBI18 MYB domain protein 118

PLATZ1 -

AGL67 Agamous-like 67

DREB2D Dehydration Responsive Element
Binding 2 D

LEA Late Embryogenesis Abundant

HSP Heat Shock Protein

ATS Aberrant Testa Shape

AP2 Apetala 2

VTE1 Vitamin E

DOGI Delay of Germination 1

1T Transparent Testa

VPI Viviparous-1

VPS5 Viviparous-5
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Abstract

Seeds are important as means of plant reproduction. Desiccation tolerance is a
mechanism allowing seeds to survive almost total water loss and to withstand long
periods in a quiescent state. Dried seeds are able to survive extensive periods of drought
and germinate when water is available. Moreover, desiccation tolerance avoids
extinction of species and allows their ex situ conservation. However, certain species,
especially from tropical rainforests, have desiccation sensitive (DS) seeds.

The molecular basis of seed desiccation sensitivity is poorly understood. Molecular
studies of DS-seeded species are scarce. Here we aimed at investigating the molecular
network associated with seed desiccation sensitivity, using the Arabidopsis mutant abi3-
6. This mutant resembles the phenotype of natural DS-seeded species and may thus
serve as a model, as it shows desiccation sensitivity from seed shedding onwards.

Transcriptomes of abi3-6 mature seeds appear to be more correlated with 24h-imbibed
wild type seeds than mature desiccation tolerant (DT) seeds. Furthermore, abi3-6 seed
development transcriptomes are more similar to non-dormant than to dormant wild type
seeds. Altogether, we conclude that Arabidopsis seed maturation, which includes
acquisition of desiccation tolerance, longevity and dormancy, is suppressed in the abi3-
6 mutant seeds and that the germination program is precociously activated in these
seeds.
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Introduction

Desiccation tolerance and seed longevity are fascinating phenomena that allow orthodox
seeds to remain quiescent for long periods. The ability to survive long periods in a
quiescent state helps the seeds to escape unfavourable periods and thus to avoid species
extinction. The oldest viable seed registered is a 1300-year-old lotus seed (Sallon et al.,
2008). However, some species bear desiccation sensitive (DS) seeds as a consequence
of adaptation to environments where the conditions are conducive to fast germination
(Berjak and Pammenter, 2008).

Seed desiccation sensitivity is a major obstacle for plant biodiversity
conservation. The long-term storage of these seeds is currently unfeasible.
Consequently, DS seed behaviour in a context of climate change, habitat loss due to
deforestation and the limited knowledge on DS seed storage, places these species at a
high risk of extinction (Li and Pritchard, 2009). Therefore, a deeper understanding of
the physiological and genetic alterations responsible for seed desiccation sensitivity is
necessary to support conservation efforts.

DS has been associated with increased seed size, thinner seed coats, lack of
dormancy, chlorophyll retention, as well as reduction of lipid content and other seed
reserves (Daws et al., 2006; Farnsworth, 2000; Hamilton et al., 2013).

The molecular mechanisms underlying seed desiccation tolerance have been
investigated, revealing the importance of a number of protectant and regulatory proteins.
The protectant proteins include late embryogenesis abundant proteins (LEAs), oleosins,
anti-oxidant enzymes and small heat shock proteins (sHSPs) (Pammenter and Berjak,
1999). DS seeds, such as seeds of Castanospermum australe and Camelia sinensis, fail
to accumulate LEAs and to prevent damage caused by reactive oxygen species (ROS)
(Chen et al., 2011; Delahaie et al., 2013).

The three transcription factors, ABI3, FUS3 and LEC2, are important regulators
of acquisition of desiccation tolerance in seeds and knock-outs for these genes are DS
(To et al., 2006). A narrow window of desiccation tolerance during seed maturation has
been observed previously in the DS seeds of the Arabidopsis null mutant abi3-5 (Ooms
et al., 1993). The double mutant abi3-1/aba-1 showed more severe symptoms and its
seeds did not show any sign of desiccation tolerance when excised and dried, unless
when they were dried inside the siliques or dried slowly (Ooms et al., 1994). In the
double mutant abi3-1/aba-1, the ABA deficiency caused by aba-1 enhances the mild
abi3-1 mutation exerting a more pleiotropic and severe phenotype than the abi3-5
mutation (Ooms et al., 1994). We assume that similar mutations in ABA-related
regulatory factors can occur naturally and these might be responsible for the observed
similar phenotypical alterations in DS-seeded species.
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We selected the null mutant abi3-6, which is in a Columbia (Col-0) background,
as a model to study desiccation sensitivity of seeds (Nambara et al., 1994). We aimed at
further exploration of the molecular mechanisms underlying the phenomenon of
desiccation sensitivity and relating it to detailed phenotyping and dynamics of the
transcriptome along seed development.

Understanding the molecular orchestration responsible for the acquisition of
desiccation tolerance in orthodox seeds, and its absence in DS seeds, is crucial for the
development of storage protocols for DS seeds and the improved storage of DS crop
seeds, such as coffee, rubber and citrus.

Results

Acquisition of desiccation tolerance during seed development

We assessed the landscape of acquisition of desiccation tolerance and various seed
characteristics during seed development in Col-0 and abi3-6 (Figure 1). Initially, we
checked when germinability is acquired by placing fresh seeds of both lines to germinate
in a gibberellin solution. We observed that abi3-6 acquired germinability earlier than
Col-0 (Figure 2A). We also investigated how desiccation inside or outside the siliques
influenced seed survival. Although abi3-6 seeds have been reported as being DS, they
acquire some extent of desiccation tolerance during maturation. Similarly to abi3-6
seeds (Figures 2B, C), seeds of a full ABI3 knock-out in the Landsberg erecta (Ler)
accession (abi3-5) display a transient increase in desiccation tolerance during
maturation (Ooms et al., 1993). Furthermore, we observed a second transient increase
until 23 days after flowering (daf) (Figure 2C).

Figure 1. Fully developed seeds of Col-0 (left) and abi3-6 (right) displaying
considerable phenotypical differences.
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Applying drying to intact siliques resulted in transient desiccation tolerance at the
beginning of seed maturation at 11 daf in both Col-0 and abi3-6 seeds (Figure 2B),
however, to a significantly lower extent in the abi3-6 background. To get insight into
these transient alterations in DT, we selected developmental stages of both genotypes
to investigate the transcriptomic changes possibly associated with the observed
acquisition and loss of DT.

Col-0 displayed an almost linear loss of water during seed maturation (Figure 3).
The rate of water loss of abi3-6 was also linear until 18 daf. From this point until 22 daf,
abi3-6 seeds seemed to resist water loss (Figure 3). The water content of ~47% on a

fresh weight base, which is reached at 18 daf, has been shown to be harmful causing
permanent wilting for non DT tissues (Born et al., 2014).

Wild DS seeds tolerated, on average, water losses until 39.8 + 9.4 % water
content on a fresh weight basis (Chapter 2, Figure 2). This limiting water content for
loss of DS seed viability has been shown to be similar to the permanent wilting point in
vegetative non-DT tissues, around -2 MPa (~40% water content) (Andrade et al., 2003;
Born et al., 2014; Levitt, 1980; Roberts and Ellis, 1989).
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Figure 3. Water content during maturation of Col-0 and abi3-6 seeds. Solid lines show
the water content in fresh seeds and dotted lines the water content per gram of seed dry

weight. At each time point, water content was measured in a pool of seeds harvested
from 10 siliques.

The transcription factor ABI3 is an orchestrator of seed maturation
Desiccation tolerance is a multifactorial process involving various processes, including

cellular protection against oxidation and structural damage, metabolic arrest,
compartmentalization of amphiphilic compounds, and cytoplasmic glass formation
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(Crowe, 2014; Hoekstra et al., 2001). Here we used transcriptome analysis of developing
Col-0 and abi3-6 seeds to get insight in the gene regulatory network associated with the
desiccation sensitivity of abi3-6 seeds. Based on the desiccation tolerance screening
(Figure 2B), we observed that desiccation tolerance in Col-0 wild type seeds is acquired
soon after embryogenesis and is established at 11 daf when seeds are dried inside the
siliques. Taking this into account, we decided to study the early acquisition of
desiccation tolerance monitoring the transcriptome transitions that allowed the survival
of Col-0 from 0% at 10 dafto 91% at 11 daf seeds and the low-acquisition of desiccation
tolerance in abi3-6 in the same time window. We also decided to investigate the loss of
desiccation tolerance of abi3-6 seeds that survived 79% at 18 daf but dropped to 20% at
20 daf, while Col-0 seeds remained DT at these stages.

At the later stages of Col-0 seed development (11-18 and 18-20 daf), we observed
a greater down-regulation of genes compared to abi3-6 (Supplementary Figure 1). From
18 to 20 daf, when dehydration was most pronounced in Col-0, 2,188 transcripts were
down-regulated as compared to only 820 transcripts in abi3-6 in the same period.
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There was a clear separation of Col-0 and abi3-6 seed transcriptomes in the PCA
plot (Figure 4). The first two principal components explain most of the variation
observed between the genotypes and developmental stages (PC1 60% and PC2 26%).
Later time points of Col-0, when seeds matured, can be found in the top left region of
the PCA plot, whereas similar time points of abi3-6 are at the bottom left. Roughly, Col-
0 late maturation is positively biased towards PC1 and abi3-6 later time points towards
PC2. In order to visualize the genes that contribute for the distribution of these samples
on the PCA we plotted the gene loadings based on their PC1 and PC2 values
(Supplementary Figure 2) (total gene loadings can be found in Supplementary file 1).
Genes with high PC1 are those that contribute mostly to the distribution of Col-0 late
maturation samples in the PCA and genes with high values for PC2 are most
discriminative for abi3-6 late time points. To support our analysis, we marked on this
plot the genes regulated by ABI3 identified in a previous study by Monke et al. (2012).
The gene loadings of this PCA plot showed a clear biased distribution towards the upper
right corner of the graph (high in PC2), suggesting that these genes are downregulated
by ABI3 in Col-0 late developmental stages.
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Figure 4. PCA loadings plot of PC1 versus PC2 from RNA-seq samples of different
stages of Col-0 and abi3-6 seed development. Together, PC1 and PC2 explain 86% of
the total variance. The coding used for each sample refers to genotype (C=Col-O0.
A=abi3-6), days after flowering (daf) and biological replicate (-1, -2, -3).
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Next, we performed a GO-enrichment analysis on two gene lists ranked based on
their PC1 or PC2 values and searched enriched GO terms that appear densely at the top
of each list (Supplementary file 1) (Eden et al., 2007; Eden et al., 2009). The PClI
showed 46 enriched terms that have coherent association with the seed maturation
quiescent status, such as removal of superoxide radicals, lipid storage, regulation of
seed germination, abscission and response to water. On the other hand, PC2 showed
156 enriched terms that resemble an actively developing tissue, such as photosystem 11
assembly, tRNA processing, ribosome biogenesis, defense response to fungus, defense
response to bacterium and lateral root formation. Thirteen overlapping GO categories
were found between PC1 and PC2, including embryo development and embryo
development ending in seed dormancy.

To obtain more insight in the transcriptional differences between Col-0 and abi3-
6 during their seed development, we performed a GO-enrichment analysis of the
differentially regulated genes comparing genotypes and comparing different time points
per genotype (developmental time series). Col-0 and abi3-6 seeds are still not DT at 10
daf and they are transcriptionally similar in the PCA (Figure 4). However, when we
directly compare both transcriptomes (c10 compared to al0), we observe striking
differences that reveal that both genotypes have already DT-related transcriptional
differences at 10 daf. The Gene Ontology (GO) enrichment analysis of the up-regulated
gene set (c10 compared to al0) reveal important DT-related categories such as seed
development and embryonic development ending in seed dormancy (see Supplementary
file 2 for the whole list of GO enriched categories). These categories contain transcripts
of ten LEAs, one oleosin, one caleosin and one cruciferin gene.

Comparing the different time points for the individual genotypes, we observed
various enriched GO categories among the up- and down-regulated genes
(Supplementary files 3 and 4, respectively). These categories reflect the phenotypical
differences between Col-0 or abi3-6 seed development, of which some remarkable ones
are discussed in detail below (Figure 5). The abi3-6 enriched GO categories reveals
activity of genes linked to active metabolism, photosynthesis, growth and tissue
differentiation. Col-0 seeds, conversely, undergo maturation through a series of
transcriptomic changes, ultimately resulting in developmental arrest. The abi3-6 seeds
lack a major controller of metabolic suppression and, consequently, express a
transcriptional activity linked to an active metabolism which is incompatible with its
fate of dehydration.

Photosynthesis in drying seeds

The fact that the abi3-6 seeds remain green (Figure 1) suggests that its photosynthetic
machinery is not dismantled upon maturation. Indeed, in the abi3-6 up-regulated gene
sets the GO categories related to photosynthesis, such as photosynthetic electron
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transport in photosystem I, photosynthesis light harvesting in photosystem II are
enriched (Figure 5).
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GO categories of differentially-regulated genes enriched in specific

transitions. A highlight of specific GO categories associated with seed maturation
comparing Col-0 and abi3-6 is shown. The total list of up-regulated genes in each
transition and their GOs can be found in the Supplementary Files 3 and 4.

Arabidopsis seeds normally break down their chlorophyll during maturation.
However, some Arabidopsis mutants, e.g. non-yellow coloringl (nycl) and nycl-like
(nol), retain chlorophyll and seed storability is negatively affected in these mutants
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(Nakajima et al., 2012). Chlorophyll retention is one of the pleiotropic effects in the Ler
abi3-5 mutant seeds during maturation, which can be rescued by overexpression of
STAY GREEN I and 2 (SGR1/2), but the seeds remain DS (Delmas et al., 2013b). Thus,
chlorophyll retention is not a causal factor of seed desiccation sensitivity in this mutant.
Furthermore, the majority of species with green embryos in East-Australian rainforest
are DS, however also species with DS seeds without chlorophyll retention have been
identified (Hamilton et al., 2013).

Growth and cell-division are not compatible with desiccation

Loss of desiccation tolerance has been associated with the resumption of cell division in
germinating seeds (Osborne et al., 2002) and, more specifically, upon the resumption of
DNA synthesis prior to cell division (Boubriak et al., 2000; Daphne, 2000; Faria et al.,
2005). It has been shown that cells in the G2 phase of the cell cycle, with duplicated
DNA, are more sensitive to stress than cells that are still in the G1, pre-synthetic phase
(Sliwinska, 2003). Here the down-regulated set in Col-0 is enriched in the GO categories
regulation of meristem growth, regulation of DNA replication, chromosome
segregation, regulation of root meristem growth, regulation of growth and regulation of
cell proliferation, indicating suppression of growth related mechanisms. On the
contrary, in the abi3-6 up-regulated set of transcripts, the enrichment of the GO
categories cell tip growth and cell wall biogenesis is apparent (Figure 5).

We investigated the averaged expression patterns of genes that have been used as
markers for cell division and tissue growth, such as tubulins, expansins and GA-
biosynthesis (de Castro et al., 1995; Hedden and Phillips, 2000; Li et al., 2003), so we
can infer the developmental status of the abi3-6 and Col-0 embryos. We noticed that
these transcripts follow a strikingly divergent pattern between Col-0 and abi3-6 (Figure
6 a, b and c) reflecting the lack of developmental arrest in abi3-6 seeds.

Absence of developmental arrest in abi3-6 seeds reflects a transcriptional lack of
dormancy

Seed dormancy is acquired early during seed maturation of wild type Arabidopsis seeds
(12 daf) (Ooms et al., 1993). This is in accordance with the GO category embryo
development ending in seed dormancy enriched exclusively in the up-regulated gene set
from 10 to 11 daf in Col-0 seeds.

Desiccation tolerance is acquired during development of Col-0 seeds and to a
lower extent in abi3-6, but it is eventually lost in abi3-6 seeds. We correlated gene
expression in Col-0 and abi3-6 with the survival to desiccation inside the siliques in
their respective stages (Supplementary file 5).
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The expression pattern of DOGI is the second most correlating with the level of
desiccation tolerance in Col-0 and abi3-6 during development, after CYSTEINE
PROTEASE 2 (Supplementary file 4). DOG] is a gene that explains most of the variation
observed for seed dormancy in Arabidopsis and some other species and it is also
associated with seed longevity (de Souza Vidigal et al., 2016; Nguyen et al., 2012).

Additionally, expression levels of a protease, cruciferins and albumin also
correlated with desiccation tolerance. This suggests an involvement of storage protein
and/or amino acid accumulation in the acquisition of desiccation tolerance. This is in
accordance with Arabidopsis mutants abi3, fus3 and lec2 that have DS seeds and also
display a considerable reduction of storage protein accumulation (Kagaya et al., 2005).

Subsequently, we performed a Spearman correlation between our transcriptomes
and publicly available datasets (Supplementary Table 1). These datasets represent
Arabidopsis seed development from embryogenesis to maturation, desiccation and
imbibition. Although the correlations were calculated between different experiments,
growth conditions and gene quantification platforms, we expected the log transformed
ranked correlation to be useful to find the closest match available. This was confirmed
by the fact that our Col-0 transcriptomes (from C10 to C20) matched other published
Col-0 transcriptomes from comparable developmental stages (Schmid et al., 2005).

For the abi3-6 mutant, the transcriptomes correlated best with similar early stages
of Col-0 at early development (10 and 11 daf), but, remarkably, for the later stages (18
and 20 daf) the transcriptomes were mostly similar to those of Col-0 24h-imbibed seeds.

Genes that have been shown to be up-regulated in dormant seeds (Cadman et al., 2006)
followed a steep increasing pattern during Col-0 maturation but they showed a minimal
increase in abi3-6 seeds (Figure 6d). Conversely, the genes up-regulated in after-ripened
seeds followed a slight increase during abi3-6 maturation but in Col-0 seeds they
dropped drastically (Figure 6¢). The behaviour of these two gene sets, after-ripened and
dormant genes, were remarkably contrasting in Col-0 but in abi3-6 seeds the control of
these genes was disrupted.

We also observed a wider maturation window where both genotypes
transcriptionally diverged the most, from 11 to 18 daf (Figure 4). The abi3-6 mutant
shares more up-regulated genes (comparing 18 against 11 daf) with imbibed after-
ripened seeds than with dormant ones whereas Col-0 showed the opposite pattern
(Supplementary Figure 3). Not only the number of shared genes between particular
stages are remarkable but also the GO categories that are enriched in these gene sets.
The up-regulated genes, comparing 18 against 11 daf, that Col-0 shared with dormant
seeds showed diverse GOs related to response to stress and response to abscisic acid.
These categories are recurrent among dormancy and desiccation tolerance studies
suggesting a transcriptional proximity between these physiological mechanisms. On the
other hand, the up-regulated genes, comparing 18 against 11 daf, that abi3-6 shared with
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after-ripened seeds showed diverse GOs related to growth and active development, such
as plant-type cell wall modification involved in multidimensional cell growth and
unidimensional cell growth.

Induction of desiccation tolerance

The induction of desiccation tolerance has been studied in various model systems.
Applying ABA or osmotic (e.g. PEG) solutions to germinated desiccation sensitive
orthodox seeds can render them DT and the molecular changes involved in this induction
of desiccation tolerance in Arabidopsis have been unravelled (Dekkers et al., 2015).

We investigated how the genes with transcriptomic changes involved in the
induction of desiccation tolerance behave during Col-0 and abi3-6 seed maturation
(Maia et al., 2011). We detected two very distinguished patterns between Col-0 and
abi3-6 seed maturation of the up and down-regulated genes (Figure 6f,g). The genes up-
regulated upon induction of desiccation tolerance accumulated more markedly in Col-0
than in abi3-6 (Figure 6f). However, the down-regulated genes showed a more dramatic
difference. The genes that are down-regulated upon induction of desiccation tolerance
were sharply suppressed in Col-0 but in abi3-6 seeds they remained highly expressed
(Figure 6g).

We took a closer look to the genes responsible for cell protection against
desiccation damage. Protective proteins, such as LEAs and oleosins, have been
associated with the acquisition of desiccation tolerance (Hundertmark and Hincha, 2008;
Leprince et al., 1998). The transcripts coding for these proteins show divergent patterns
between Col-0 and abi3-6 (Figure 6h,i). Oleosins and LEAs are important desiccation
protectant proteins that failed to accumulate in abi3-6. Furthermore, both abi3-6 and
Col-0 up-regulate oleosins at 11 daf. This is the developmental stage when desiccation
tolerance is acquired. Col-0 seeds acquire desiccation tolerance to much higher levels
of survival but abi3-6 seeds also show some considerable survival at this stage.

Transcriptomic analysis identifies sets of developmentally regulated processes
during seed maturation

To determine how transcript abundance changes during seed maturation, we clustered
the total transcripts into ten dominant expression patterns (DPs) (Supplemental Figure
4), using the k-means clustering method (Sturn et al., 2002). We set the software to
obtain ten dominant DPs since this gave peaking transcriptional modules for each
developmental stage and for both genotypes (Supplementary Figure 4).
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Figure 6. The graphs display the average of target gene groups that are relevant during
seed maturation and desiccation tolerance acquisition. Before taking the average on each
time point, they were normalized by the average of all the samples for each gene. The
green lines represent abi3-6 samples and the orange ones represent Col-0. The error bars
display the SE.
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Eight of the co-expressed gene sets consisted of transcripts with high expression
at only one developmental stage and specifically in one genotype whereas the other two
co-expressed gene sets did not show clear peaking patterns. These eight DPs correspond
to gene clusters that peaked specifically in the samples (C10, C11, C18, C20, A10, Al1,
A18 and A20) (See Supplementary file 6 for the list of genes in the clusters and their
enriched GO categories). These expression patterns suggest the occurrence of seed
maturation processes related to specific stages and genotypes.

Predictive functions of these processes were determined for each of the DPs by
analysis of enriched GO terms (FDR < 0.05). For example, the DP-C10 gene set was
overrepresented for genes with GO terms such as regulation of cell cycle, DNA
packaging and chromatin assembly (Supplementary figure 5). The acquisition of
desiccation tolerance observed in Col-0 seeds at 11 daf can be a consequence of the
DNA protection performed at 10 daf. Seed maturation in Col-0 is characterized by
nuclear size reduction and increased chromatin condensation. However, chromatin of
abi3-5 seeds maintains remains uncondensed, and therefore, these seeds have
unprotected DNA throughout seed maturation (van Zanten et al., 2011).

Another gene set, DP-A18, was significantly enriched for GO terms associated
with RNA biosynthesis, RNA processing, rRNA metabolism and ribosome biogenesis.
Interestingly, the category post-embryonic development was enriched only in the early
stage 10 daf in Col-0 but in abi3-6 it was enriched in the late stages 18 and 20 daf.
Together, these categories show that the abi3-6 seeds remain active with characteristics
of growth, reflecting the lack of suppression of metabolism and developmental arrest.
These features of activity are incompatible with desiccation tolerance and are thus
possible main factors that make these seeds start to lose desiccation tolerance from 18
daf onwards.

The developmental stage 20 daf showed a striking phenotypical difference
between Col-0 and abi3-6, i.e. ~98% and ~5% survival after desiccation of excised
seeds, respectively. Therefore, we focused on the divergent GO categories between Col-
0 and abi3-6 at this time point.

The gene set DP-C20 showed overrepresented GO categories mainly associated
with abiotic stresses such as response to reactive oxygen species, response to hydrogen
peroxide and response to heat.

Conversely, the gene set DP-A20 had very broad enriched GO categories related
to abiotic stress: response to stress and response to abiotic stimulus. Moreover,
enrichment of categories related to biotic defence such as response to stress and defence
response were apparent.

Protection against reactive oxygen species has been demonstrated to be important
for the acquisition of desiccation tolerance in orthodox- and to be deficient in DS-seeds
(Berjak and Pammenter, 2013). However, the response to biotic stress may counteract

67



the abiotic stress responses (Mauch-Mani and Mauch, 2005). This is possibly one of the
factors that hinders acquisition of desiccation tolerance in abi3-6 seeds.

A gene regulatory network of acquisition of seed desiccation tolerance

To identify regulatory processes that are controlling the acquisition of desiccation
tolerance, two unweighted gene co-expression networks were generated, named Col-net
and abi36-net. Each network was generated by processing the transcriptomes of all the
samples of their respective genotype. The edge adjacency threshold was set at 0.95,
resulting in two networks consisting of 1.2 million edges for abi36-net and 1.8 million
for Col-net. Network visualization was carried out in Cytoscape using the organic layout
(Figure 7).

There are remarkable conformational differences between the two networks. Col-
net has a greater number of nodes, is more condensed and presents a thicker transition
zone between the two main clusters, which we named “bridge”. Roughly, the lower
cluster of Col-net contains the early/ DS and the top cluster contains late/DT
developmental stages. We assume that the bridge represents an important cluster of
regulatory genes that controls the transition between the DS and DT state. There is a
large overlap in Col-net between the genes in the bridge and in the gene set DP-C11,
which contains genes that peak when desiccation tolerance is acquired in Col-O0.
However, the abi36-net shows a thinner bridge that does not contain many genes from
the DP-A11 gene set (Figure 7).

The Col-net bridge contains 220 genes while the abi36-net contains only 97
(Supplementary file 7). The Col-net bridge contains numerous genes involved in
hormonal signalling and seed development with overrepresented genes for plant
hormone signal transduction (KEGG, p-value 8,9¢). This pathway contains regulatory
genes involved in seed maturation such as ATBZIPI2 (Bensmihen et al., 2005),
INDOLE-3-ACETIC ACID INDUCIBLE 30 (IAA30), (Braybrook et al., 2006) and
PYRI-LIKE 7 (PYL7) (Footitt et al., 2011). Moreover, we also found the important
regulator of acquisition of seed desiccation tolerance, FUSCA3 (FUS3), present in the
Col-net bridge (Wang and Perry, 2013). This TF was not present in the abi36-net bridge
but was found in this genetic background in the middle of the upper cluster.

We performed a transcription factor (TF) binding motif over-representation
analysis (Jin et al., 2017) of the bridge gene set and we significantly (p-value < 0.01)
identified FUS3, among 12 other TFs, as a regulator of these genes (Supplementary
Table 2). LEAFY COTYLEDON 1 and LEAFY COTYLEDON 2 (LEC1 and LEC2),
which are also essential for seed development and acquisition of desiccation tolerance,
are among the TFs with enriched binding motifs, but the genes encoding these TFs are
not present in the Col-net bridge. An identical analysis of the genes in the abi36-net
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bridge (Supplementary table 3), revealed an enrichment for FUS3, but not for LEC1 and
LEC2.

The interaction between the essential TFs FUS3, LEC1 and ABI3 are important
for proper seed development, maturation and acquisition of desiccation tolerance (To et
al., 2006). We detected a different expression fate, between abi3-6 and Col-0, of the
genes that are targets of FUS3, LECI1 and, as expected, ABI3 (Figure 6j,1 and m,
respectively). Complex regulatory interactions have been demonstrated between these
TFs. For example, ABI3 expression is controlled by LEC1 and LEC2 and FUS3 and
ABI3 control each other reciprocally (To et al., 2006). The present study demonstrates
a strong suppression of the gene targets of FUS3 and LEC1 towards late maturation in
Col-0, whereas these TFs appear to have lost this suppressive control in the abi3-6
mutant.

DP-C10 DP-C11 DP-C18 DP-C20

DP-A10 DP-Al1 DP-A18 DP-A20

Figure 7. Seed maturation network with nodes (transcripts) coloured according to the
dominant patterns (DP) to which they belong, showing expression regions on the
network for the different DPs. The dominant patterns are a set of genes that peaks
specifically at one stage and genotype. The letter indicates the genotype and the numbers
the developmental stage (e.g. C10: Col-0 at 10 daf).
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Discussion

Since Roberts (1973) first described the phenomenon of seed desiccation sensitivity,
authors have formulated hypotheses in an attempt to explain its evolutionary and
physiological origin(s). Pammenter and Berjak (2000) suggested that “Species
producing recalcitrant seeds are largely, but not exclusively, confined to habitats
continuously conducive to germination and seedling establishment”. It implies that
desiccation presents a disadvantage for adaptation in such habitats and therefore
desiccation tolerance will eventually have been lost resulting in DS seeds. One of the
early hypotheses trying to address the cause of desiccation sensitivity of seeds was raised
by Farrant et al. (1993). They suggested that DS seeds lack on the genome the
competence to produce LEA proteins and as a result remain sensitive to desiccation.

Due to a major impracticality of developing genetic studies with wild DS seeds,
we resorted to the use of the Arabidopsis abi3-6 mutant, which has a DS phenotype.
Considering such DS Arabidopsis mutants seeds, Okamoto et al. (2010) defend the
hypothesis: “Severely ABA-insensitive mutants, such as abi3-6 or snrk2d/e/i triple
mutants, cannot enter seed maturation processes”. Similarly, Delmas et al. (2013b)
discussed that: “abi3-6 exhibits pleiotropic effects during seed development that bypass
the embryo maturation phase and transition directly into the germination and vegetative
phases. This lack of an embryo maturation phase results in seeds that remain green due
to failure of embryo degreening in the severe abi3 alleles”. Based on the present study
and the large variability of seed desiccation sensitivity phenotypes observed in nature
(Chapter 2), we also support the hypothesis that seed desiccation sensitivity is caused
by skipping maturation program, or part of it, and proceeding towards germination.

Does seed maturation take place in DS seeds?

Based on the patterns of water loss in seeds and siliques (Figure 3B), it is clear that abi3-
6 seeds start to dehydrate much earlier than their siliques. It indicates that the abi3-6
seeds dehydrate actively, even without having the capacity to survive desiccation. It
seems that there are two mechanisms acting in parallel during abi3-6 seed development.
One is driving the seed towards desiccation and the other towards vegetative
development. Studies have demonstrated and supported the participation of both ABA-
dependent and ABA-independent pathways in response to dehydration (Maia et al.,
2014; Yamaguchi-Shinozaki and Shinozaki, 2006). With the disruption of the ABA-
dependent pathway, by the abi3 knock-out, it is possible that the ABA-independent
pathway still induces a dehydration response albeit without engaging the complete
desiccation tolerance machinery normally provided by the ABA-dependent pathway.
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We observed, for example, the up-regulation of GO category seed maturation in
Col-0 and abi3-6 seeds. However, this category contains three cruciferins and one cupin
which were upregulated in abi3-6 only between 10 and 11 daf whereas in Col-0 seeds
this GO category was upregulated both from 10 to 11 daf and between 11 and 18 daf.
Col-0 seeds displaced expression of the same genes, but also HISTIDINE KINASE 1
(HK1),SUCROSE SYNTHASE 3 (SUS3) and TEMPERATURE-INDUCED LIPOCALIN
(TIL).

Seed dehydration during late maturation appears to be a mechanism triggered and
controlled by the seeds themselves and not by the mother plant. The fact that seed
dehydration can occur inside moisty fleshy fruits indicates that the route of water loss
initially is not by evaporation (Murray, 1988). The path of seed water loss during
maturation is currently thought to be mainly by water displacement from the cells by
reserve deposition within storage tissues (Black and Pritchard, 2002). Orthodox seeds
normally lose water gradually during maturation, while accumulating reserve and
protectant proteins and other compounds that enable survival of desiccation. During this
process, they shut down their metabolic machinery to prevent the generation of toxic
molecules during dehydration (Holdsworth et al., 2008; Verdier et al., 2013).

The Arabidopsis abi3, fus3, and lec2 mutants show defects in the accumulation
of seed reserves and have DS seeds (Angeles-Nuiiez and Tiessen, 2011; Focks and
Benning, 1998; Keith et al., 1994; Zeng and Kermode, 2004). The storage of lipids in
oil bodies and proteins in vacuoles, is impaired in these mutants and, therefore, they do
not resist cellular collapse upon drying, resulting in a wrinkled phenotype (Fig. 1;
(Leprince et al., 1998)). Furthermore, many genes of the ABI3 regulon encode seed
storage compounds (Monke et al., 2012; Zeng and Kermode, 2004).

Here we demonstrated a high correlation of storage protein gene expression with
acquisition of desiccation tolerance in Col-0 and its considerable reduction in abi3-6.
Moreover, the gene CYSTEINE PROTEASE 2 showed an expression that was tightly
correlated with desiccation tolerance levels, revealing the importance of protein storage
dynamics for acquisition of seed desiccation tolerance.

In the PCA analysis, the GO categories /ipid storage and seed oilbody biogenesis
are enriched in PC1 but not in PC2. These principal components represent the gene
loadings that contribute the most for the development of Col-0 and abi3-6, respectively.
The lack of lipid has been evidenced in abi3-6 and also in DS-seeded wild species
(Hamilton et al., 2013). However, the lack of oil is not per se the sole determinant of
seed desiccation sensitivity because DT seeds have been described with very low oil
contents, such as those of Vigna angularis with 0.4% (Earle and Jones, 1962) and DS
seeds with as high as 47% of oil in Telfairia occidentalis (Asiegbu, 1987). The up-
regulation of genes involved in lipid biogenesis in Arabidopsis thaliana seed maturation
is rather related to the characteristics of the species and the family that is known for
accumulating high oil content in its seeds (Li et al., 2006). Thus, this dataset with robust
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physiological and transcriptional description can also be used to study other aspects of
A. thaliana seed maturation itself beside seed desiccation sensitivity that was the focus
of this work.

In the PCA analysis, PC2 displayed the enrichment of GO terms related to biotic
stress responses, such as the categories defense response to fungus, response to external
biotic stimulus and defense response to bacterium. Upon the induction of desiccation
tolerance in Citrus limon seeds, we observed a transcriptomic switch encompassing the
suppression of biotic- and induction of abiotic responses (Chapter 5). We hypothesized
that the down-regulation of biotic responses, in C. /imon and Col-0 seeds, prevents the
lignification of the seed cell walls and thus make these flexible, allowing their folding
and preventing damage upon seed desiccation.

Lignin deposition is a strategic response to combat fungal infection (El Hadrami
etal., 2010). However, lignin hardens the cell walls while desiccation tolerance requires
flexible and foldable cells (Moore et al., 2008). It has been demonstrated that DS seeds
show cell wall damage when desiccated (Chandel et al., 1995; Moore et al., 2008).
Further studies are necessary to confirm the cell wall status of abi3-6, Col-0 and C.
limon seeds.

Lack of seed dormancy and, consequently, no developmental arrest

The transcriptomes of late developmental stages in abi3-6 are the most similar to Col-0
24h imbibed seeds. Based on this analysis, we infer that the abi3-6 seeds at later
maturation stages switch to a genetic program that leads to germination rather than
quiescence, as in Col-0 seeds. This explains its enlarged apical meristem (Rohde et al.,
2000) and the premature germination inside the siliques of abi3-5 seeds when exposed
to high humidity conditions (Raz et al., 2001).

Dormancy is a mechanism of developmental arrest that prevents fully developed
seeds to germinate. The lack of developmental arrest of abi3-6 seeds can be associated
with the lack of expression of dormancy-associated genes. Here we observed the
enrichment of dormancy associated GO categories only in Col-0. Furthermore, DOGI
showed an expression that was second best correlated with desiccation tolerance levels
in Col-0 and abi3-6. The interaction of DOGI with ABI3 in the regulation of seed
development has been demonstrated by Dekkers et al. (2016).

The lack of developmental arrest and suppression of metabolism is also
demonstrated by the presence of chlorophyll in late stages of abi3-6 seed development.
The seeds of Arabidopsis abi3-6 mutants retain chlorophyll after shedding (Figure 1)
and lack both desiccation tolerance and dormancy. These phenotypes are established
during the maturation phase of the seeds when ABI3 expression peaks (Delmas et al.,
2013a; Koornneef et al., 1989; Leprince et al., 1998; Monke et al., 2012). The majority
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of green embryos in the eastern Australian rainforest species are desiccation sensitive
(Hamilton et al., 2013).

Taken together, the developmental program of abi3-6 seeds follows a different
transcriptional path during the maturation as compared to Col-0 seeds. This path leads
Col-0 seeds towards developmental arrest, metabolic quiescence and desiccation. In
contrast, the abi3-6 transcriptional path leads its seeds towards germination, keeping an
active metabolism and, consequently, desiccation sensitive seeds.

Initially, we looked for genes involved in the protection against desiccation
damage that showed dissimilar expression patterns between Col-0 and abi3-6 seed
development. We indeed observed the decreased expression of, e.g. LEAs and oleosins
in abi3-6. They showed dissimilar expression profiles, but at later developmental stages,
and, thus, cannot be considered causal for desiccation sensitivity in abi3-6 seeds since
the phenotypical differences were observed already at early stages. Then, we decided to
focus our analysis on the regulatory mechanisms that might govern the divergence of
these transcriptional paths. We determined when the transcriptional paths between Col-
0 and abi3-6 diverge and what might be the regulators involved.

The co-expression networks of the two genotypes show similar shapes but with
a thinner bridge connecting the two major clusters in abi3-net. This bridge may be
considered as a cluster of genes responsible for the coordination of the transition from
desiccation sensitive to tolerant seeds. The bridge connects two major clusters that
mostly contain early/DS and late/DT developmental stages. There is a large overlap in
Col-net between the genes in the bridge and in the gene set DP-C11 that contains genes
that peak when desiccation tolerance is acquired in Col-0. This pattern was not observed
in abi36-net.

We performed a detailed physiological assessment of desiccation tolerance
acquisition during Col-0 and abi3-6 seed development. The robustness of this
assessment associated with high quality transcriptomic data allowed us to investigate
relevant mechanisms involved in the acquisition of seed desiccation tolerance. The
absence of developmental arrest in abi3-6 seeds is associated with a transcriptional lack
of dormancy. Among the dormancy-associated transcripts, DOGI was identified as a
top correlated one. We also observed the down-regulation of transcripts involved with
protection against desiccation damage in abi3-6 seeds, such as LEAs and oleosins.
Finally, co-expression network analysis demonstrated striking disparities between Col-
net and abi3-net. Among these the bridge that connects DS and DT clusters in Col-net
deserves further investigation.

Many hormonal signalling genes were found in the Col-net bridge, including
FUS3 which is an essential TF for acquisition of seed desiccation tolerance, but which
was not found in the abi36-net bridge. We also inferred that FUS3 is a significant
potential regulator of several genes in both Col-net and abi36-net bridges. The
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significant divergent expression of FUS3 and its target genes between Col-0 and abi3-6
during seed maturation strongly suggests that this is an important early regulator
underlying desiccation sensitivity of abi3-6 seeds.

Materials and methods

Plant growth conditions

Arabidopsis thaliana plants, accession Columbia (Col-0, N60000), were grown in a
climate room on Rockwool plugs (MM40/40; Grodan), at 22°C, under 16h day/8h night
conditions, watered with Hyponex nutrient solution (1 g.L"!, http://www.hyponex.co.jp)
3 times a week.

Desiccation survival assessment

Col-0 and abi3-6 (Nambara et al., 1994) mutant plants were grown under the above
mentioned conditions. Staging of the developing seeds was done by tagging individual
flowers on the day of anthesis. Samples of the various developmental intervals were
collected from the same plants at different days in a random order. Immature seeds were
collected by opening unripe siliques using a needle and forceps.

Drying was executed at 22°C, in a cabinet with air flow at 30% relative humidity
(RH) in the dark. We applied three seed treatments (1) Seeds were excised from the
siliques and placed immediately to germinate; (2) The siliques were first placed in a
drying cabinet at 32% RH for 7 days followed by excision of the seeds from the siliques
and subsequent drying for three more days; (3) The seeds were excised from the siliques
and placed immediately in a drying cabinet at 32% RH for 3 days.

For germination assessment, seeds were placed in Petri dishes (60x15mm) on
filter paper, moistened with 1.5 mL of a 50 uM GA4+7 (Berelex; Valent Biosciences,
Libertyville, USA) solution, at 22°C, in a germination cabinet (FLOHR Instruments
MKKL500, Netherlands) with constant light. After seven days, the percentage of
germination (survival) was scored. Each treatment consisted of six biological replicates.
Each replicate was represented by one silique from different plants, with on average 28
seeds per silique.
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Gravimetric determination of water content

Col-0 and abi3-6 siliques were collected in micro tubes containing water soaked filter
paper. Approximately 100 seeds where excised from siliques, weighed within 10
minutes after excision and after 24h of drying at 105°C. Each time point contained a
single biological replicate represented by a pool of 4 siliques (approx. 200 seeds) from
4 different plants. The water content of the seed samples was calculated on a fresh
weight basis. The weight of the fresh samples were subtracted by its dry weight after
placing 24h in oven at 100°C and divided by the initial fresh weight. Water content =
(Fresh - Dry)/Fresh.

RNA extraction

Total RNA was extracted according to the hot borate protocol modified from Wan and
Wilkins (1994). Three replicates of a pool of seeds from 4 siliques (~200 seeds) for
each treatment were homogenized and mixed with 800 uL of extraction buffer (0.2 M
Na borate decahydrate (Borax), 30 mM EGTA, 1% SDS, 1% Na deoxy-cholate (Na-
DOC)) containing 1.6 mg DTT and 48 mg PVP40 which had been heated to 80°C. One
mg proteinase K was added to this suspension and incubated for 15 min at 42°C. After
adding 64 pl of 2 M KCl the samples were incubated on ice for 30 min and subsequently
centrifuged for 20 min at 12,000 g. 270 pL of ice-cold 8 M LiCl was added to the
supernatant in a final concentration of 2 M and the tubes were incubated overnight on
ice. After centrifugation for 20 min at 12,000 g at 4°C, the pellets were washed with 750
uL ice-cold 2 M LiCl. The samples were centrifuged for 10 min at 10,000 g at 4°C and
the pellets were re-suspended in 100 pLL DEPC treated water. The samples were cleaned
with phenol chloroform and treated with DNAse (RQ1 DNase, Promega). The RNA
quality and concentration were assessed by agarose gel electrophoresis and UV
spectrophotometry.

RNA was processed for use in RNA-seq with mRNA enrichment polyA capture
(Ilumina Incorporated, San Diego, CA, USA). The sequencing was performed strand
specific on Illumina Hiseq 2500, using cDNA and random hexamer priming, and
generating paired-end 125 nt reads.

RNA-seq assembly and transcript quantification

Reads were mapped to the TAIR10 Arabidopsis reference genome with the Araportl 1
annotation (Cheng et al., 2017) using the Hisat2 software (Kim et al., 2015).
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Transcript expression was quantified using the StringTie program (Pertea et al., 2015)
and further analysed with the R package Ballgown (Frazee et al., 2015). Significant
differentially regulated genes were assigned when they show a p-value < 0.05 and a fold
change >2 for upregulated or <-2 for down-regulated genes. For the PCA analysis the R
prcomp function was used.

RNA-seq assembly is available at National Centre for Biotechnology Information
(NCBI) as Bioproject ID SRP112612. Genome assembly, annotation data and all the
supplementary data are available for viewing and downloading at
http://www.wageningenseedlab.nl/thesis/amarques/Sl/chapter3.

Transcriptome correlations and annotation

We performed a Spearman correlation analysis between the average of each gene
expression across all samples together (Col-0 and abi3-6) and its correspondent survival
upon desiccation. We used log, transformed gene expression and we exclude the genes
with expression values of 0. The GO annotation of differentially regulated genes sets
were executed using the DAVID database (Dennis et al., 2003).

Dominant expression patterns

Dominant expression patterns (DPs) were identified as previously described by Sturn et
al. (2002). DPs were identified from the total transcripts, corresponding to 29,321
mRNAs. The K choice that yielded the sufficient number of transcriptional modules
each peaking at every developmental stage for both genotypes was ten.

Bulk gene expression plots

The graphs in Figure 6 display the bulk expression of gene sets. Firstly, every gene had
its expression normalized by the average of the expression of that gene among all
samples. Secondly, we took the average of targeted lists of genes expression for each
sample. Finally, the graphs were plotted using log scale and standard error bars.

Network analysis

The transcript quantifications as determined before with StringTie were converted to
counts per gene using the prepDE.py python script that is available with StringTie. The
gene counts were normalized using the edgeR package (Robinson et al., 2010), to log
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CPM (counts per million) and genes showing a mean absolute deviation (MAD) of less
than 1 were removed. Separately for the Col-0 and the abi3-6 samples, for each gene
pair the Pearson correlation coefficient was calculated. Gene pairs with a coefficient
higher than 0.95 were used for an edge list to build the Col-net and abi36-net networks
with Cytoscape (Smoot et al., 2010).
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Supplementary Material
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Supplementary Figure 1. The figure depicts on the y-axis the total number of
significantly (p-value < 0.05 and fold change >2 or <-2) up- (A) and down-regulated
genes (B) between different time points. The y-axis represents the values of the
comparisons between time points that were always performed by the ratio of the late
developmental stage against the previous stage. The letters describe the genotypes (a for
abi3-6 seeds; c for Col-0) and the numbers the analysed time points (10, 11, 18 and 20
days after flowering).
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Supplementary Figure 2. Gene loadings from the principal components PC1 and PC2.
Genes with high PC1 are those that contributes mostly to the distribution of Col-0 late
maturation samples and genes with high PC2 values are the most discriminative for
abi3-6 in the PCA (Figure 4). ABI3 regulated genes, demonstrated by Monke et al.
(2012), are marked in red. The variance explained by the principal components PC1 and
PC2 are respectively 60% and 26%.
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Supplementary Figure 3. The venn diagram depicts the overlap between up-regulated
genes during Col-0 and abi3-6 maturation (18 compared to 11 daf) with genes induced
during imbibition of dormant or after-ripened seeds (Cadman et al. 2006). The samples
used in this graph are coded with: a for abi3-6 seeds; ¢ for Col-0 and followed by
numbers corresponding to the investigated time points (11 and 18 days after flowering
(daf)). GO-enriched categories in two relevant overlapping sets are shown. The 96
neighbouring overlapping set of 17 genes for the common set of 96 identified genes has
the enriched GO category oxidation-reduction process; The overlapping set with 77
genes, which neighbours the set of 122 genes, has the enriched GO categories flavonoid
glucuronidation, flavonoid biosynthetic process, response to water deprivation,
metabolic process, response to chitin, oxidation-reduction process, protein
homooligomerization, response to salicylic acid and response to jasmonic acid.
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Supplementary Figure 4. Dominant patterns (DP) of gene expression during the seed
maturation of Col-0 and abi3-6 mutant. Ten DPs were found using Fuzzy K-means
clustering of the 50% most variant transcripts from the data set of 29,321 transcripts that
showed significant expression difference in at least one developmental stage. Y-axis depicts
averages of mRNA expression levels in each sample. On the x-axis from left to right the
samples: abi3-6 (10, 11, 18, 20 days after flowering (daf)) and Col-0 (10, 11, 18, 20 daf).
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Supplementary Figure 5. Heat map showing the FDR significance of enriched GO
terms for dominant expression patterns (DPs) (Supplemental figure 4, supplementary

file 5). GO terms listed are for biological process or/and cellular components that were
overrepresented for each DP gene set. There was no enriched GO category for the
sample abi3-6 on 10 days after flowering (daf) (al0).
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Supplementary Table 1. Spearman correlation between the transcriptomes generated
in this work and most correlated publicly available* transcriptomes (top 5 shown for

each sample).

abi3-6 10 daf

abi3-6 11 daf

abi3-6 18 daf

abi3-6 20 daf

0.7 0.7 0.7 0.7
Col-0 5daf 1 Col-0 6daf 5 abi3-6 16daf 9 abi3-6 16daf 5
0.7 0.7 0.6 0.7
Col-0 4daf 1 Col-0 5daf 2 Col-0 24h water 9 Col-0 24h water 1
0.6 abi3-6 0.7 Col-024h 3 uM 0.6 Col-024h 3uM 0.7
Col-0 6daf 9 12daf 0 ABA 8 ABA 0
abi3-6 0.6 0.6 Col-024h 30uM 0.6 Col-024h 30uM 0.6
12daf 2 Col-0 7daf 8 ABA 7 ABA 9
0.6 0.6 0.6 0.5
Col-0 7daf 1 Col-0 4daf 8 abi3-6 12daf 6 abi3-6 12daf 8
Col-0 10 daf Col-0 11 daf Col-0 18 daf Col-0 20 daf
0.7 0.7 0.7 0.7
Col-0 6daf 2 Col-0 6daf 5 Col-0 16daf 7 Col-0 dry 9
0.7 0.7 0.7 0.7
Col-0 5daf 1 Col-0 7daf 1 Col-0 10daf 7 Col-0 16daf 8
0.7 0.6 0.7 0.7
Col-0 4daf 0 Col-0 5daf 9 Col-0 9daf 6 Col-0 10daf 2
abi3-6 0.6 abi3-6 0.6 0.7 0.6
12daf 3 12daf 9 Col-0 8daf 5 Col-0 9daf 9
0.6 0.6 0.6 0.6
Col-0 7daf 3 Col-0 12daf 6 Col-0 12daf 9 Col-0 8daf 5

*publicly available arrays used in this analysis: 3 to 10 daf Col-0 seeds (Schmid et al. 2005); 12 and 16
daf Col-0 and abi3-6 seeds (PRINA261830); Col-0- dry seeds, seeds imbibed in water for 24 and 48h
and seeds imbibed in 3 or 30 uM ABA for 24 or 48h (Okamoto et al. 2010).
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Supplementary Table 2. Transcription factors with significant enriched binding motifs
among Col-net bridge genes

Target Target q-
TF Id Gene description background Input p-value value.BH
7.92E-
AT1G21970 LEAFY COTYLEDON 2 (LEC1) 12 2 05 4.59E-02
3.19E-
AT1G28300 LEAFY COTYLEDON 2 (LEC2) 500 11 04 5.46E-02
4.58E-
AT5G63790 NAC DOMAIN 102 (ANAC102) 309 8 04 5.46E-02
4.66E-
AT4G29000 Tesmin/TSO1-like CXC 377 9 04  5.46E-02
9.73E-
AT2G26960 MYB DOMAIN PROTEIN 81 (AtMYB&81) 276 7 04  9.50E-02
1.35E-
AT3G47600 MYB DOMAIN PROTEIN 94 (MYB94) 843 14 03 1.13E-01
JASMONATE ASSOCIATED MYC2 LIKE 3 2.20E-
AT4G16430 (JAM3) 75 3 03 1.48E-01
2.85E-
AT3G02940 MYB DOMAIN PROTEIN 107 (MYB107) 562 10 03 1.67E-01
5.80E-
AT3G08500 MYB DOMAIN PROTEIN 83 (MYB83) 1379 18 03 2.64E-01
5.87E-
AT1G08810 MYB DOMAIN PROTEIN 60 (MYB60) 892 13 03 2.64E-01
6.60E-
AT1G32640 (MYC2) 102 3 03  2.76E-01
7.74E-
AT3G26790 FUSCA3 (FUS3) 644 10 03  3.03E-01
REGULATOR OF AXILLARY MERISTEMS3 8.63E-
AT3G49690 (RAX3) 654 10 03  3.16E-01
Obs.: 209 Gene input; 28775 Genes background.
Supplementary Table 3. Transcription factors with significant enriched binding
motifs among abi36-net bridge genes
Target Target
TF id Gene description background Input p value q value
AT5G16600 MYB DOMAIN PROTEIN 43 (MYB43) 650 9 4.01E-05 1.46E-02
AT4G17785 MYB DOMAIN PROTEIN 39 (MYB39) 542 8 5.57E-05 1.46E-02
AT5G08130 (BIM1) 917 10 1.50E-04 2.63E-02
AT1G06180 MYB DOMAIN PROTEIN 13 (MYB13) 957 10 2.17E-04 2.85E-02
AT1G16490 MYB DOMAIN PROTEIN 58 (MYB58) 993 10 2.98E-04 3.13E-02
AT5G56110 (MYBB80) 457 6 6.26E-04 5.47E-02
AT3G26790 FUSCA3 (FUS3) 631 7 8.81E-04 6.60E-02
ABSCISIC ACID RESPONSIVE
ELEMENTS-BINDING FACTOR 3
AT4G34000 (ABF3) 663 7 1.21E-03 7.93E-02
AT1G09540 MYB DOMAIN PROTEIN 61 (MYB61) 874 8 1.79E-03 9.74E-02
AT3G12820 MYB DOMAIN PROTEIN 10 (MYB10) 883 8 1.92E-03 9.74E-02
AT3G61250 MYB DOMAIN PROTEIN 17 (MYB17) 735 7 2.30E-03 9.74E-02
AT2G42280 FLOWERING BHLH 4 (FBH4) 574 6 2.31E-03 9.74E-02
continues

89



AT4G38910 BASIC PENTACYSTEINE 5 (BPCS) 7371 35 2.41E-03 9.74E-02
MYB DOMAIN PROTEIN 116

AT1G25340 (MYBI116) 316 4 3.33E-03 1.25E-01
AT1G19350 BRI1-EMS-SUPPRESSOR 1 (BES1) 1372 10 3.99E-03 1.28E-01
AT5G14340 MYB DOMAIN PROTEIN 40 (MYB40) 636 6 4.07E-03 1.28E-01
AT3G08500 MYB DOMAIN PROTEIN 83 (MYB&3) 1379 10 4.15E-03 1.28E-01
BESI1-INTERACTING MYC-LIKE
AT5G38860 PROTEIN 3 (BIM3) 1004 8 4.50E-03 1.31E-01
AT4G36930 SPATULA (SPT) 1240 9 5.79E-03 1.44E-01
AT1G79180 MYB DOMAIN PROTEIN 63 (MYB63) 1245 9 5.95E-03 1.44E-01
AT5G45300 BETA-AMYLASE 2 (BMY2) 1052 8 6.07E-03 1.44E-01
AT5G54230 MYB DOMAIN PROTEIN 49 (MYB49) 518 5 6.08E-03 1.44E-01
AT4G28110 MYB DOMAIN PROTEIN 41 (MYB41) 368 4 6.31E-03 1.44E-01
AT1G35460 FLOWERING BHLH 1 (FBH1) 531 5 6.83E-03 1.49E-01
DOF ZINC FINGER PROTEIN 1
AT1G51700 (DOF1) 4867 24 7.77E-03 1.63E-01
AT4G38620 MYB DOMAIN PROTEIN 4 (MYB4) 728 6 8.34E-03 1.68E-01
AT4G18890 BES1/BZR1 HOMOLOG 3 (BEH3) 935 7 9.56E-03 1.86E-01
AT2G18350 HOMEOBOX PROTEIN 24 (HB24) 411 4 9.90E-03 1.86E-01

Obs.: 91 Gene input; 28775 Genes background.
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Abstract

Most angiosperm species produce seeds that acquire tolerance to desiccation during their
maturation and are dispersed in the environment in a quiescent dehydrated state. These
seeds remain viable in seed bank facilities for many years, ranging from decades to
millennia. However, there is a spectrum of species which produce seeds that are
desiccation sensitive. These seeds represent a challenge for ex sifu conservation, as they
lose viability soon during storage (order of days to months). It has been proposed that
desiccation sensitive seeds either lack or do not express the various processes and
mechanisms necessary for the acquisition of desiccation tolerance. To address this
matter, we sequenced the genome of Castanospermum australe, a legume species that
produces desiccation sensitive seeds. The comparison of our high-quality genome
assembly to other legume species indicated that C. australe has a low rate of evolution
likely due to its perennial life-cycle and long generation times. Moreover, the C. australe
genome is syntenic with itself and several C. australe orthologs of Glycine max and
Medicago truncatula genes derived from the gamma whole genome duplication event
were retained. Analysis of the changes in gene expression during C. australe seed
development, showed that these seeds remain metabolically active and are ready for
germination towards the end of seed maturation, unlike those of M. truncatula, which
are dispersed dry and quiescent. Our results indicate that the desiccation sensitive
phenotype of C. australe seeds arose through changes in specific signalling pathways,
thus not activating processes and mechanisms necessary for the acquisition of
desiccation tolerance. These changes were retained due to the species’ natural habitat
being favourable to prompt germination after seed dispersal.
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Introduction

The seeds of most gymnosperm and angiosperm species are shed in the desiccated state
and can be stored dry under sub-zero temperatures for prolonged periods of time, and
thus facilitate plant germplasm conservation. Such desiccation tolerant (DT) seeds are
termed “orthodox”. However, seeds of some species are desiccation-sensitive (DS) and
cannot be successfully stored under typical conditions!. DS-seeded species are mostly
found in the humid tropics and may represent up to 50% of the species present in tropical
evergreen rain forests®. Seed desiccation sensitivity is considered a derived trait that
evolved independently in non-related clades®. Such species occur in environments
conducive to immediate seed germination and thus selective pressure for desiccation
tolerance has been relaxed or is absent. It has been proposed that genes responsible for
seed desiccation tolerance have been lost, repressed and/or mutated in DS seeded
species®.

Desiccation tolerance is acquired mid-way during the development of orthodox
seeds. This acquisition comprises highly coordinated molecular events including the
repression of photosynthesis and energy metabolism, and accumulation of protective
components, such as late embryogenesis abundant (LEA) proteins, anti-oxidants, and
soluble sugars®. These events are tightly regulated by hormones such as abscisic acid
(ABA) and transcription factors (TFs) such as ABSCISIC ACID INSENSITIVE 3 (ABI3),
FUSCA 3 (FUS3) and LEAFY COTYLEDON 1 (LECI)®. Conversely, in the development
of DS seeds the acquisition of desiccation tolerance and accumulation of above
mentioned protectants appear to be suppressed and rather they directly progress towards
germination’'°. However, the genetic makeup underlying the DS seed phenotype is
unknown.

The legume family (Fabaceae) contains many important agricultural species, all
producing DT seeds. Considerable molecular and physiological work has been reported
on what are now considered “model” DT-seeded species, such as Medicago truncatula
and Glycine max. Furthermore, the genomes of 16 legume species have been sequenced,
including species producing DT and DS seeds. Thus, there is a large amount of
information available, allowing comparative analysis among them, and with species
producing DS seeds.

Castanopermum australe A. Cunn & C. Fraser ex Hook, also known as the
Moreton Bay Chestnut or Blackbean, is a leguminous tropical tree native to the east
coast of Australia and west Pacific islands, that produces DS seeds. C. australe is the
only known species in the genus that forms a separate and early branching clade within
the Papilionoideae subfamily'!. Its important phylogenetic position within the ADA
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(Angylocalyceae, Dipterygeae, and Amburaneae) clade make C. australe ideal to study
both trait evolution and the ancient polyploid history of papilionoid legumes'?.

Here, we provide the detailed genomic sequence information of C. australe
combined with time-resolved gene expression analysis of seed development of this
species, including the comparison with other species producing either DS or DT seeds.
Such information is key to understanding mechanisms of desiccation tolerance and,
ultimately, to design strategies to improve tolerance of extreme water loss in DS seeds
for conservation purposes. We investigated genomic changes associated with seed
desiccation sensitivity, including those pertaining to gene deletions, severe mutations
and gene mis-expression, as well as their relationship with gene expression patterns
during seed development and maturation.

Genome sequencing and assembly

We produced a high-quality assembly of a total length of 382 Mb, with an N50 of 832.6
Kb that covers 96.7% of the predicted genome size consisting of 1,210 contigs and 1027
scaffolds (Supplementary table 1). The GC content was 32.9%. Genome annotation
identified 29,124 protein-coding genes of which 98.1% show high sequence similarity
to proteins in TrEMBL and 84.4% in Swiss-Prot. An estimation of genome
completeness indicated that 96.4% of the BUSCO (Benchmarking Universal Single-
Copy Orthologs) genes were present. Transposable elements covered 15.5% of the total
genome. Repeat elements comprised 119 Kb of SINE, 383 Kb of LINE, 13 Mb DNA
transposon and 42 Mb of annotated LTR (long terminal repeat-retrotransposons)
sequence (Supplementary table 2).

Whole genome duplications in papilionoid legumes

Whole-genome duplications (WGD) have played a significant role in speciation and
diversification of organisms, these being more common in plants than animals. Such
events enable duplicate copies of genes to potentially evolve alternative functions by
sub- or neofunctionalization or, more commonly, the loss or pseudogenization of one
gene copy (paralog), leaving the other paralog as a single copy gene's. However,
evolution of novel traits and evolutionary success potentially become apparent or
stabilized after millions of years'?. Histograms of the synonymous rates and average
rates of syntenic blocks for six legume species showed distinctive peaks tracing back to
the shared papilionoid legume WGD, suggesting that the rate of evolution is very diverse
among closely related family members (Supplementary figure 1). The peak in C.
australe corresponds to a Ks of 0.25 which is less than half of the rate observed in G.
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max (0.6) and a third of that in M. truncatula (0.85). The substitution rate in C. australe
1s so low that a second peak corresponding to the eudicot hexaploidy (gamma WGD
event) is still visible. The gamma event was also detected in the histograms of block
averages in G. max and Phaseolus vulgaris. The low synonymous mutation rate in C.
australe 1s likely due to this species being the only perennial in this comparative study
and the one with the longest generation times.

Phylome reconstruction

To gain further insight into the evolution of C. australe and legume diversification, a
phylome was constructed which contained the evolutionary histories of all its protein
coding genes and their homologues in 20 publicly available sequenced plant species
(Figure 1). This set contains species producing DT and DS seeds as well as those
producing seeds with ‘intermediate’ storage characteristics. Such seeds are typically
tolerant of extreme water loss but with poor survival of conventional storage conditions'.
The duplication frequency at the base of the Papilionoideae subfamily is lower (0.25)
than that found at the base of the Fabaceae family (1.15, Supplementary figure 2),
confirming that the WGD occurred before the divergence of the Fabaceae subfamilies,
which is congruent with the WGD event previously predicted. The data further suggest
that the WGD happened before C. australe diverged from the other species
(Supplementary figure 2).

Physcomitrella patens
Selaginefla moellendorffii

Amborelia trichopoda

Musa acuminata

Coffea canephora
Carica papaya
Citrus sinensis
P —— ) —

0 200 400 600 800 10,000 20,000 30,000 40,000 50,000
number of genes

A B Present only in DS-seeded species [ Present only in DS- and [0 Present only in outgroups
0.63 L intermediate-seeded species
Intermediate [] Present only in intermediate-seeded species [l Orphans
W Present only in DT- and

Desiccation tolerant [ Present only in DT-seeded species intermediate-seeded species B Total

Figure 1. Phylogenetic tree. Reconstruction of the phylogenetic tree was based on a
concatenated alignment of 183 single copy proteins that are present in at least 19 out of
the 20 species surveyed. Species names are coloured according to their seed storage
category.
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The phylome analysis also indicated that very few protein-coding genes (< 1%)
were present in DS species only (Figure 1), confirming that independent evolutionary
events gave rise to DS-seeded species. No protein-coding genes were retained in all DT
species and lost in all DS species. However, several were lost in all DS and retained in
at least half of the DT species (Extended data table 1). Among these were the
transcription factors (TFs) VERDANDI and MYB44-like. VERDANDI participates in
ovule identity complex and, when mutated, affects embryo sac differentiation in
Arabidopsis thaliana'*". Interestingly, VERDANDI and MYB44-like were also retained
in intermediate-seeded species.

One gene (PLACS) was lost without retention of paralogs in three out of four DS-
seeded species, namely C. australe, Castanea mollissima and Elaeis guineensis. The
knock-out of this gene caused increased seed and fruit size in maize'®. In addition, the
fw2.2 locus containing the PLACS gene has been suggested to be the key to the evolution
of tomato fruit size!’. Large seeds and fruits are common features of DS species and
presumably reduce the rate of seed drying and hence the risk of desiccation-induced
mortality's.

There were 59 genes lost in C. australe without detected paralogs, of which 11
were shared with other DS-seeded species. Two of these genes, LEA2 and FIBRILLINS
accumulate transcripts in M. truncatula during seed maturation and upon re-induction
of desiccation tolerance in germinated seeds!®. The gene GUNS5, a magnesium chelatase
involved in retrograde signalling and ABA signalling to the nucleus®’, was lost in C.
australe without paralogs. This pathway is strongly affected in M. truncatula abi5
mutants that produce seeds with strongly reduced longevity?' and cannot reacquire
desiccation tolerance after germination'.

76 genes lost their ortholog but kept a paralog in C. australe. For example,
RETARDED ROOT GROWTH-LIKE (RRL) and MOTHER OF FT (MFT), involved in
ABA- and brassinosteroid (BR) signalling. RRL mediates ABA signal transduction
through ABI4*? and MFT regulates seed germination and fertility involving ABA- and
BR-signalling pathways®,

Next, we identified 3,716 gene family expansions specific for C. australe
compared to the other species in the phylome (Supplementary figure 3), of which 180
were associated with transposons. Expansion size ranged from 2 to 32 genes and
involved 30.5% of the predicted proteome. After removal of expansions associated with
transposable elements or viruses, the remaining expanded gene families were enriched
for GO (gene ontology) terms such as defence response, flavonoid biosynthetic process,
terpene synthase activity and nutrient reservoir activity. GO terms associated with
terpene synthase activity, lyase activity and pectinesterase activity were also enriched at
the base of Papilionoideae subfamily. Terpenes are the largest class of plant natural
products, with a wide chemical diversity and essential roles in plant growth and
development (e.g. gibberellins) and biotic interactions (e.g. floral scents)®*. The
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retention of duplicated genes involved in terpene synthesis at the origin of the
papilionoids indicates the possible role of these compounds in the irradiation and
adaptation of this sub-family.

To identify the similarities between the DS-seeded species, we investigated the
enrichment of functional regions (Pfam domains) and the presence of orthologous genes
exclusive to DS-seeded species. No Pfam domain was enriched exclusively in expanded
gene families of all the DS-seeded species and 32 domains were enriched exclusively in
expanded gene families of DS-seeded species (Supplementary table 4). For example, the
Copper/zinc superoxide dismutase (SODC) domain (PF00080.18), is enriched in E.
guineensis and the AAA 14 (ATPase associated) domain (PF13173.4) is enriched in C.
mollissima and Theobroma cacao. Superoxide dismutases are critical enzymes for the
protection against oxidative stress. AAA proteins are functionally diverse and are
involved in processes such as DNA replication, protein degradation, signal transduction
and regulation of gene expression?’.

Genes with different selective pressures

Natural populations often undergo the weakening or removal of a selective force that
had been important in the maintenance of a trait, characterizing a “relaxed selection™?,
When a DT-seeded species is subjected to an environment where DT is not an adaptive
trait, there should be relaxation of its evolutionary constraints that can eventually lead
to the loss of desiccation tolerance. DS-seeded species evolved in environments where
the conditions favour immediate germination and its seeds are programmed to initiate
germination upon, or shortly after shedding!!®?’. While DT seeds normally form seed
banks in the soil, DS seeds germinate immediately and usually form seedling banks
under shaded forest canopy and take advantage of an eventual light gap for faster
establishment. Furthermore, the generally increased seed size in these species favours
seedling establishment under shaded forest conditions'®. In both scenarios, the protein
coding genes associated with desiccation tolerance would be subjected to different
selective pressure that could be estimated by the ratio of the number of nonsynonymous
substitutions per non-synonymous site (dN) in a given period of time to the number of
synonymous substitutions per synonymous site (dS) in the same period?®.

Genome wide analysis of protein coding genes of C. australe in comparison with
other sequenced legumes enabled identification of genes with 2-fold higher dN/dS in C.
australe (Extended data table 2). Among these were the genes associated with hormonal
signalling, such as ACTIVATION-TAGGED BRIl (BRASSINOSTEROID-
INSENSITIVEID)-SUPPRESSORI (ATBSI) (TF involved in gibberellin- and BR
signalling?), Ethylene Insensitive 3 family protein (TF involved in ethylene signalling
and seed desiccation tolerance'®3%3"), BRII-ASSOCIATED RECEPTOR KINASE
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(BAKI1) and SALT TOLERANCE HOMOLOG2 (STH2). Other examples are:
SEEDSTICK (STK), TRANSPARENT TESTAS5 (TT5), ENDO-BETA-MANNANASE7
(MAN7), FLOWER FLAVONOID TRANSPORTER (FFT) and ROTUNDIFOLIA3
(ROT3).

Gene displacements

Syntenic relationships across species can be used to investigate the evolution of gene
families, such as those involved in the regulation of development. We investigated
whether the loss of synteny in C. australe genes could be related to the loss of seed
desiccation tolerance. There are 169 genes re-arranged in the C. australe genome that
have syntenic orthologs in 50 angiosperm species. Most noteworthy, among these were
the genes BRASSINOSTEROID INSENSITIVE 3 and 5 (BIN3 and BINS5), which
participate in BR signalling and are associated with seed size*. Furthermore, genes such
as MINISEED3 (MINI3) and HAIKUI (IKUI), regulators of seed size via the BR
pathway in A. thaliana®, also lost synteny in C. australe, which could contribute to the
large seed size in this species.

The synteny between the genome of C. australe and other legume species was
evaluated by aligning the genome of C. australe against itself and against the genomes
of G. max and M. truncatula (Supplementary figure 4). Most of the C. australe genome
1s syntenic with itself and mostly duplicated after the WGD event. While the duplicates
are associated with the most recent WGD, many paralogs derived from the gamma event
were also detected. The alignment of C. australe against G. max indicated a high amount
of syntenic orthologs and paralogs, whereas the alignment of C. australe against M.
truncatula indicated that although many syntenic orthologs have been conserved, most
of the WGD-derived paralogs were lost. Moreover, most of the duplicated regions
retained by M. truncatula were also duplicated and retained in C. australe.

The expression pattern during seed maturation of C. australe genes that lost
synteny was compared to their M. truncatula orthologs (Supplementary figure 5). Genes
involved in carbohydrate metabolism and control of cell proliferation, such as a beta-
galactosidase (Mtr.32552.1.S1 at), a xyloglucan galactosyltransferase
(Msa.1340.1.S1 _at) and a TCP family TF (Mtr.10063.1.S1 _at), accumulate transcripts
in C. australe during seed development but decrease in M. truncatula. 1t is likely that
these genes are involved in the germination program, which remains active in C.
australe. In contrast, indole-3-acetic acid-amido synthetases, involved in auxin
homeostasis, accumulated transcripts in M. truncatula but decreased in C. australe.
Auxin has been reported to maintain seed dormancy by interacting with ABA3*,
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Seed development in Castanospermum australe

Seed development in C. australe occurs over a period of 6 months, with reserve
accumulation and maximum embryo size completed approximately 3 months after
flowering and coincident with pods becoming yellow (Figure 2, Supplementary table 5).
Unlike the embryo, however, the seed coat declined in mass until just prior to this stage
(yellow green pods), with no further decline once embryos reached full size. During
reserve accumulation, there was a decline in water content of all tissues, with this loss
stabilizing in all but the seed coat (which continues to lose water) once reserve
accumulation was complete at the yellow pod stage. There was no “maturation drying”
typical of DT seeds after this stage’. While seeds had the capacity to germinate prior to
reaching full embryonic size, germination rate was slow. Full germination capacity,
typically of newly shed seeds was achieved at the yellow pod stage. The lethal water
content of axes below which 50% viability was lost after drying declined from 0.45
gH>O/g™! dry mass in those extracted from green pods, to 0.23 gH,O/g™! dry mass in axes
from yellow pods, after which there was no significant change. Cotyledons were more
sensitive to dehydration, with 50% loss of viability occurring below 0.82 gH>O/g! dry
mass in those from green pods, this declining slightly with development to 0.70 gH,O/g
! dry mass in cotyledons from brown pods.

Seed development in C. australe vs M. truncatula

DT seeds become tolerant of drying midway during seed development, concomitant
with reserve accumulation. From this stage onwards, there is progressive loss of water,
the final stages thereof termed ‘maturation’ drying occurring after reserve accumulation
is complete and full seed size is attained. Previous work has identified transcripts that
accumulate during the acquisition of DT in M. truncatula'-'. Homologs of 121 of these
genes failed to accumulate in C. australe cotyledons in comparable seed developmental
stages (Extended data table 3). These transcripts are related to sugar metabolism,
photosynthesis, seed development, protection against abiotic stress and modulation of
plant stress responses. Examples include ABI3, ABI5, chaperone proteins, heat shock
factor proteins, putative LEAs, transparent testa protein, oleosins, 1-CYSTEINE
PEROXIREDOXIN, and a-galactosidases.

Next, we identified 269 transcripts with increasing abundance in M. truncatula
during final maturation and likely to be involved in longevity (life span in the dried
state)’!3, but showing an opposite expression profile in C. australe (Extended data table
4). They are related to metabolic and catabolic processes, such as /lipid metabolic
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process, cellular lipid metabolic process and nitrogen compound metabolic process
(Supplementary table 6), reflecting the kind
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Figure 2. Castanospermum australe late seed development and its associated
phenotypical parameters. (a) Seed develpmental stages based on the colour of the
pods, 1.e. green, yellow-green, yellow and brown. All the subsequent parameters were
based on this categories. (b-1) Qualitative chages several seed-related parameters during
development. (¢) Mass and water content of the seed coat. (d) Time to reach 50%
germination. (e) Water content of axes and cotyledons. (f) Water content at 50% loss of
viability in axes and cotyledons. (g) Concentration of soluble sugars in axes and
cotyledons. (h) Concentration of raffinose family oligosaccharides (RFOs) in axes and
cotyledons. (1) ABA content of different tissues.
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of reserves accumulated by M. truncatula. Mature seeds of this species predominantly
accumulate protein (30-40% DW) but may also contain some lipids (7-9% DW) and a
small amount of starch (< 1% DW)?®. It is likely that the carbon from starch is used
either for lipid synthesis or protein synthesis, which provides volume buffering capacity
against cell collapse during drying!*¢. C. australe seeds, to the contrary, have starch as
main reserve (85% DW) and lipids and proteins constitute only 3-6% and 2.8% DW
respectively (Supplementary figure 6). We also identified 296 transcripts with
decreasing abundance in M. truncatula and increasing abundance in C. australe. They
are related to root development, developmental process and regulation of localization
(Supplementary table 7), indicating that towards the end of seed development, C.
australe 1s metabolically active while M. fruncatula is entering a phase of low metabolic
activity and quiescence. Examples of transcripts in these categories are f-AMYLASE 1
(BAM]1), auxin-related genes, phospholipase D, thiamine thiazole synthases, soluble

starch synthase and triosephosphate isomerase.

LEA proteins have been related to survival in the dry state®’

environmental stresses, including desiccation®®. In C. australe, several LEA proteins
failed to accumulate in the cotyledons!®. A genome-wide search for LEAs in the genome
of C. australe identified 94 LEA motif-containing proteins, a number similar to what
has been described for DT-seeded species (for example 94 in Oropetium thomaeum, 88
in A. thaliana and 99 in Sorghum bicolor). A hierarchical clustering of expression of the
LEAs in developing seeds of C. australe and M. truncatula separated the transcripts in
two major clusters (Supplementary figure 7). LEAs in the first cluster belong to different
families and transcript abundance increased considerably in M. truncatula seeds towards

and to responses to

late maturation. However, in C. australe most of these increased only slightly in early
stages of development but declined during the later stages. LEAs in the second cluster
belong to the LEA 2 family and do not undergo major changes in transcript abundance
in either species. This family encodes ‘atypical’ LEA proteins because of their more
hydrophobic character compared to other LEA families*. Functional studies on LEA 2
proteins suggest that they do not act in the protection of membranes in tissues
undergoing dehydration, although some proteins of this family were shown to have
enzyme protective properties under both freezing and drying conditions®.

Changes in soluble sugar content and composition have been described as a
characteristic of late seed maturation in DT seeds and correlate with the acquisition of
longevity and preparation for the dry state>*!. The percentage of soluble sugars in seeds
of C. australe (7-10%) is comparable with the average percentage for legume species
(8-10%°). However, while raffinose family oligosaccharides (RFOs) are the main
sugars in M. truncatula, comprising 90% of the total soluble sugar content, in C.
australe, only minute amounts of RFOs, mainly stachyose, could be detected (0.7% of
total soluble sugars at the brown pod stage). Stachyose content was highest in seeds
from the green pod stage and decreased with further progress of maturation
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(Supplementary figure 8). A similar finding has been reported for the non-viviparous
highly DS seeds of Avicenia marina**. In parallel, sucrose and glucose content
increased. The reduction of stachyose content during further maturation suggests
hydrolysis, normally occurring in germinating DT seeds. A comparative analysis of
transcripts linked to RFO metabolism between C. australe and M. truncatula identified
transcripts of genes related to the synthesis of sucrose from fructose-6 phosphate that
remained high in C. australe whereas they decreased in M. truncatula. Conversely, the
transcripts of several genes related to the synthesis of galactinol or raffinose and
stachyose accumulated during development of M. truncatula seeds while their
abundance remained low in C. australe. This set of genes might explain the lack of RFO
accumulation in C. australe seeds. Whereas the specific roles of RFO compared to the
nonreducing sucrose remain unclear, the DS Arabidopsis abi3 mutants as well as Mt-
abi5 are also impaired in the accumulation of RFOs.

ABA and Brassinosteroids

ABA is involved in the production of mature DT seeds, and inhibition of their
subsequent germination under conditions unfavorable for seedling growth*. During
seed development, an increase in ABA content has been related to a transition from
growth by cell division to growth by cell enlargement and to cell cycle arrest at the G1/S
transition®*. ABA content of C. australe embryos was high during the early
developmental stages but declined considerably in both axes and cotyledons in the
transition from the yellow-green to the yellow pod stage (Figure 2, Supplementary table
8). ABA content increased considerably in the seed coat in the transition from the yellow
to the brown pod stage, especially in the point of attachment (tissue that attaches the
embryo to the pod). This increase may be related to the role of ABA in promoting
senescence, a process which precedes abscission®’. Additionally, the higher ABA
content in the seed coat could play a role in delaying germination of the embryo until
ideal conditions for germination are met or to aid temporal and/or spatial dispersal.
Interestingly, the seed coat starts to peel away from the embryo in mature seeds (Figure
2) and this increases markedly once seeds are shed.

ABA is a key regulator of abiotic stress responses, including drought and
desiccation, and plant development, especially acquisition of desiccation tolerance
during seed development*. Disruption of ABA biosynthesis or -signalling leading to
lack of or insensitivity to ABA results in loss of seed desiccation tolerance®’. We
observed alterations in genes related to ABA signalling, such as MOTHER OF FT
(MFT), GPCR-TYPE G PROTEIN 1 (GTG1), STH2, ABI3 and ABI5. The MFT ortholog
was lost whereas the paralog was maintained in C. australe. Mutations in this gene may
cause ABA hypersensitivity at germination and is associated with dormancy*. STH? is
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involved in ABA signalling, is highly expressed during embryogenesis*® and has a high
dN/dS in C. australe. GTGI was lost in C. mollissima and its knock-out causes ABA
hyposensitivity in A. thaliana seeds*’. ABI3 and ABI5 showed contrasting expression
patterns during C. australe seed development compared to M. truncatula. These two
TFs were shown to play essential roles in seed development and desiccation tolerance
acquisition**,

BRs have been implicated in seed development and are known to antagonize seed
dormancy and stimulate germination*®. In C. australe, several genes involved in BR
biosynthesis and signaling have undergone genetic changes and among them several
have been studied revealing their involvement in seed development (Figure 3). For
example, BRASSINOSTEROID INSENSITIVE-LIKE 3 (BRL3) lost an ortholog but kept
aparalog; IKUI and MINI3 lost synteny; and ROT3, DE-ETIOLATED 2 (DET2), ATBSI
and BAKI have higher dN/dS in C. australe than in M. truncatula. Furthermore, an
ortholog of ATBSI was highly expressed during late development of C. australe
contrasting with the decreasing expression in M. truncatula seeds. These data support
the hypothesis that subcellular metabolism associated with germination is initiated
during the late stages of development in DS seeds. Overall, our results support the
hypothesis that the evolution of DS was not caused by massive alterations in enzymes
and structural proteins but instead by discrete mutations in regulatory genes.
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Figure 3. Hypothetical model for brassinosteroid-regulated seed development
(adapted from®’). Red shapes indicate genes that lost synteny in Castanospermum
australe compared to Medicago truncatula. Green shapes indicate genes with higher
dN/dS in C. australe than in M. truncatula. Blue shapes indicate genes that lost an
ortholog, but kept a paralog in C. australe. BR: brassinosteroid. ATBSII:
ACTIVATION-TAGGED BRI (BRASSINOSTEROID-INSENSITIVE])-
SUPPRESSORI. AP2: APETALA 2. ARF2: AUXIN RESPONSE FACTOR 2. BAKI:
BRII-ASSOCIATED RECEPTOR KINASE 1. BRIl: BRASSINOSTEROID
INSENSITIVE 1. BRL3: BRASSINOSTEROID INSENSITIVE-LIKE 3. BZRI:
BRASSINAZOLE RESISTANT 1. DET2: DE-ETIOLATED 2. IKU: HAIKU. MINI3:
MINISEED 3. ROT3: ROTUNDIFOLIA 3. SHB1: SHOEBOX 1.

Conclusions

Seed desiccation sensitivity evolved multiple independent times mainly in environments
where water is highly abundant and predictable across long periods, favouring
immediate seed germination. In such environments, the evolutionary pressure for DT
seeds is relaxed and the production of DS seeds is not disadvantageous. This was the
case for C. australe. Among the currently known DS-non-viviparous seeds, C. australe
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is one of the most sensitive to water loss. We have pinpointed some of the factors behind
this sensitivity, namely displacements, loss of synteny and mis-expression of specific
genes related to the BR and ABA signalling pathways, carbon metabolism, control of
cell proliferation, protection against abiotic stresses and modulation of plant stress
responses. These alterations are likely to have led to an increased seed size; high starch
and low protein and lipid seed content; low accumulation of LEA proteins and RFOs in
the seeds; and failure to start the seed maturation drying phase. Altogether these factors
have led to the production of DS seeds.

The low similarity between DS-seeded species confirms the hypothesis that
desiccation sensitivity evolved independently. Moreover, it supports the idea that
although the evolution of many factors was necessary for the appearance of seed
desiccation tolerance, only a few changes in some of these factors are enough for its
loss. The understanding of these changes will guide future strategies to improve ex situ
conservation of DS seeds in seed banks.

Methods

Plant material

A population of trees of C. australe growing in Pietermaritzburg (Kwazulu-Natal
Province, South Africa) was the source of plant material for this work. Seed
development occurs over a 6-month period, during which pods were harvested weekly.
Seeds were extracted and, following histodifferentiation, were separated into component
tissues (axis, cotyledons and seed coat). The following was determined annually over 2
seasons. Whole seed mass and that of component tissues (n = 60) and water content
(n=10-20) was determined gravimetrically by oven drying. The ability of intact seeds to
germinate was tested by planting in vermiculite. Once germinable, the amount of water
loss tolerated by axes and cotyledons was determined by flash drying®. Axis survival
was determined as the ability to produce both shoots and roots when cultured in vitro on
full MS medium. Survival of cotyledons was assessed by tetrazolium staining followed
by spectrometric analysis™’.

Genome sequencing and assembly

Freeze-dried leaf material was used for DNA isolation as described by’! with
modifications. The genomic C. australe library consisted of 30x coverage PacBio with
a mean read length of 7.8 Kb. In addition, an Illumina paired end library with reads of
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100 bp and a 200-400 bp insert size was constructed and sequenced to a 64x coverage.
Reads originating for contaminants were removed from all sequence data prior to
assembly. Organelle genomes were also removed from the main genome assembly.
[llumina reads were error-corrected using Lighter® and assembled using
SparseAssembler™. A hybrid assembly was produced with DBG20LC>* and the contigs
were reordered and connected into scaffolds using SSPACE-LongRead>®. The assembly
was polished using Sparc® and Pilon®. PBJelly2>7 was used for gap closure and genome
improvement. Alignments due to gene duplication and repeats were filtered out using
the delta-filter utility of the MUMmer package®®. The assembly was validated by
mapping the available RNA and DNA libraries to the genome with Bowtie2* and
Blasr®. Assembly statistics were calculated using QUASTS!. Gene space completeness
was measured using BUSCO (Benchmarking Universal Single-Copy Orthologs®?).

Genome annotation

The ab initio predictors AUGUSTUS® and SNAP% were trained on the transcriptome
data using BRAKER1%. The MAKER?2 annotation pipeline®® was applied for gene
prediction and repeat annotation. Predicted genes were functionally annotated by a
consensus approach using InterProScan®’, Gene Ontology, Kyoto Encyclopedia of
Genes and Genomes (KEGG®®), Swiss-Prot with Translated EMBL Nucleotide
Sequence Data Library (TrEMBL®), and BLAST2GO". Repeatmodeler’! was applied
to build a de novo repeat library and identify ribosomal and small nuclear RNAs.
Repetitive sequences in the assembly were soft masked using RepeatMasker’?. SNPs
and INDELs were called relative to the genome using Freebayes’. Detected
polymorphisms from short-read alignments were discarded when the quality was below
20.

Phylome Reconstruction

We reconstructed three phylomes, one for a species set closely related to C. australe
(phylome 110) and starting in C. australe, a second one based on a broader taxonomic
focus also starting in C. australe (111) and a third one also broad but starting in Fragaria
vesca (112). The phylome 112 was used to search for lost genes in C. australe. It starts
in F. vesca that is the closest outgroup DT seeded species with a high-quality genome
sequence. A complete list of species used in the phylomes can be found in
Supplementary Table 9. Both phylomes were reconstructed using the same approach’,

First, we reconstructed seven neighbour joining trees using BioNJ as
implemented in phyML", these trees were used to assess the likelihood of seven
different evolutionary models (JTT, WAG, MtREV, VT, LG, Blosum62, CpREV and
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DCMut). The best model according to the AIC criterion was used to reconstruct the final
maximum likelihood tree using phyML v3.07%, a discrete gamma-distribution model
with four rate categories plus invariant positions was used, the gamma parameter and
the fraction of invariant positions were estimated from the data. All data generated
during the phylome reconstruction has been deposited in phylomeDB
(PMID:24275491) under the phylomelD codes 110 and 111. We built a third phylome
by adding to Phylome 110 data from six transcriptomes of species belonging to different
subfamilies of the Fabaceae family. For each transcript, we obtained the longest ORF
and we kept the ORF with a length of 100 amino acids or longer. Then, the proteins of
the transcripts were introduced into each tree of this phylome using the following
pipeline. First, a homology search using BLASTP was performed from the seed protein
against a database that contained the transcriptomes. Results were then filtered based on
three thresholds: e-value < 1e%°, overlap between query with hit had to be at least of 0.3
and an identity threshold > 40.0%. Those hits that passed these filters were incorporated
into the raw alignment of the phylome using MAFFT (v 7.222) ( --add and --reorder
options)”’. Then RAXML (-f v -G 0.1)’® was used to incorporate the transcriptome
sequenced into the tree without reconstructing it again. Trees were then filtered to
remove unreliable transcriptome sequences. Phylomes tend to be redundant, therefore a
same transcriptomic sequence can be inserted in many trees. For each inserted transcript,
we checked whether it was inserted in the same region in all the trees in which it was
present. If this was not the case, the transcript was deemed unreliable and removed from
the tree.

Each individual gene tree was automatically analysed with phylogeny-based
algorithms that predict orthology and paralogy relationships’ and detect and date
duplication events’*. The resulting trees, alignments and orthology and paralogy
predictions are accessible to browse or download at the PhylomeDB database®’. A set
of 183 one-to-one orthologous proteins present across the compared species was used
to reconstruct a species phylogeny. Then, detected duplications were mapped onto the
species tree and average duplication frequencies per gene were computed for each
branch, divided by the number of trees that contained each node.

Phylomes were analysed using ETE v3.0. Orthology and paralogy relations were
extracted using a species overlap algorithm. This algorithm traverses the tree node by
node from the seed protein to the root and calls a speciation node when no overlap exists
between species at either side of the node. If such overlap exists, then it calls a
duplication node. Sequences separated by a speciation node are orthologs while
sequences separated by a duplication are paralogs. Species trees were reconstructed
using a super-tree approach with the tool duptree®! in all the cases. A second species tree
was reconstructed selecting single copy and widespread proteins. For the first phylome,
we first pruned the gene trees to remove the species-specific duplications and then 153
proteins, that were present in at least 19 out of the 20 species included, were chosen, and
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a concatenated alignment was reconstructed that had 95,083 amino acid positions. For
the second phylome 183 proteins were chosen and an alignment of 134,482 amino acid
positions was reconstructed. PhyML was used to reconstruct species trees. All the trees
had a congruent topology and C. australe adopted a basal position within the
Papilionoideae subfamily.

After removing the expansions associated with terms related to transposable
elements or viruses, we performed a functional enrichment analysis using FatiGo®?.

Whole genome duplication analysis

The C. australe genome was compared to genomic data from five Legumes: Glycine
max, Lotus japonicus, Medicago truncatula, Phaseolus vulgaris, Trifolium pratense. G.
max and M. truncatula are tetraploids and the rest are diploid species. The diploid
Fragaria vesca species, of the family Rosaceae, was selected as outgroup as it is one of
the closest relatives with a completed genome available outside of the Legume family.
The assemblies of: G. max, L. japonicus, and M. truncatula are on chromosome level
which made it easier to identify genome collinearity and duplication patterns.

Synteny analysis

A synteny network approach®® was implemented to compare the synteny of C. australe
and other whole-genome sequenced legume species. Briefly, annotated genome peptide
sequences for the following legume species, Vigna radiate, Vigna angularis, P. vulgaris,
G. max, Cajanus cajan, T. pretense, M. truncatula, Arachis duranensis, L. japonicus,
and Cicer arietinum, were downloaded from LIS (https://legumeinfo.org). BLASTP was
used for pairwise genome comparison and MCScanX?* was used for synteny block
detection. Infomap algorithm®® implemented in R igraph package was used for synteny
network clustering. Node composition of each network cluster was profiled afterwards.
Clusters containing genes/nodes from more than 8 (out of the 10) legume species but no
C. australe node(s) were screened out for further investigation.

Genomes were loaded into COGE’s Synmap28® to perform self-alignments,
generate syntenic dotplots and identify syntenic regions. Default tools and settings were
used for all steps in the Synmap pipeline. The fast Last®” algorithm was used to create a
blastable database. The maximum distance between two matches was 20 genes, a
syntenic block consists of minimum 5 genes and no blocks were merged. Quota Align
was enabled to determine the syntenic depth (the number of times a genomic region is
syntenic). For calculating the fractionation bias, the window size was lowered from 100
to 25 considering the smaller contigs of the C. australe genome. Synonymous (Ks) and
non-synonymous (Kn) site mutations were calculated for each syntenic gene pair.
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Synonymous mutations are changes in DNA coding for protein, but do not change the
encoded amino acid. For non-synonymous, the mutations do lead to a different amino
acid. Kn and Ks values were represented as histogram to visualize the distribution of the
mutation rates. Mutation rates were used to determine if genes were duplicated by the
WGD event or not. The distribution of the Ks rate was used to set a different cut-off per
species.

Dotplots were generated using a syntenic path assembly algorithm to order
contigs based on their synteny. Synfind was used to search for syntenic regions using a
gene from one of the three genomes as reference query. The four highest scoring of G.
max syntelogs, two highest scorings for C. australe and two highest scoring for M.
truncatula were selected. These selected regions represent the orthologous and
paralogous regions. Four syntelogs were selected for G. max due to independent
duplications. The regions were visualized in COGE’s genome browser to infer shared
synteny and study fractionation. Together with the fractionation bias and syntenic
dotplots they were used to infer if C. australe shared the polyploidy event with other
legumes.

dN/dS analysis

We used the genome of 5 legume species from phytozome (M. truncatula, G. max,
Glycine soja, T. pratense and P. vulgaris) and C. australe. The SynMap tool in the online
CoGe portal was used to find syntenic gene pairs within these species and calculate their
dN/dS®8. We set the DAGChainer on a maximum distance between two matches for 50
genes and minimum number of aligned pairs on 3 genes. To establish sets of orthologous
among the 5 species against M. truncatula, the method of reciprocal best hits using Last
was used. The global sequence alignment of the protein sequences used the Needleman-
Wunsch algorithm in nwalign using the BLOSOM®62 scoring matrix.

Codeml in the Phylogenetic Analysis by Maximum Likelihood (PAML) package
was used to estimate the dN (the rate of non-synonymous substitutions), dS (the rate of
synonymous substitutions) and the ratio of dN/dS¥.

Orthologs with dS>5, dN>2 or dN/dS>2 were filtered. For genes with multiple
syntelogs we kept the pair with the lowest dN/dS.

Transcriptome analysis

C. australe seeds were harvested during maturation and at shedding from trees growing
in Pietermaritzburg in 2009 and 2011. Total RNA was extracted with phenol from
cotyledons or embryonic axes”.
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Signal intensities were extracted and analysed with Nymblegen slides using
specifically designed for C. australe seeds. For axis data, fold changes were calculated
comparing subsequent time-points. For cotyledons data, fold changes were calculated
comparing each time-point with the first one (cotyledons between 1,51 g and 2.5 g). A
gene was considered differentially expressed if P <0.05 in at least one comparison (axis
or cotyledon) after the application of linear modelling.

Over-representation analysis (ORA) was used to recover over-represented
biological processes using the app BINGO (default settings)®! for Cytoscape. Redundant
gene ontology (GO) terms were removed applying a cut-off of <0.1 for the term’s
semantic distance with respect to other semantically close terms (‘Dispensability”) as
calculated by ReviGO?2.

Orthologs were defined as hits with lowest Expect value (E-value) observing a
threshold of <10-10. Multiple hits were considered orthologs when the difference
between their E-values and the lowest hit’s E-value was smaller than 10-1°,

Members of the eight LEA protein families were identified uploading Hidden
Markov Models (HMM) for each family from the PFAM database®’ to HMMER 3.1b2
package® and searching the genome of C. australe with ‘hmmsearch’. The HMM
profiles used are: Dehydrin — PF00257, LEA 1 —-PF03760, LEA 2 —PF03168, LEA 3
— PF03242, LEA 4 - PF02987, LEA 5 — PF00477, LEA 6 — PF10714, and Seed
Maturation Proteins — PF04927. All proteins with significant hits (E-value < 0.01) were
selected.

Sugar and ABA content and determination

Sugars were extracted from frozen and lyophilised seeds and analysed by HPLC on a
Carbopac PA-1 column®® (Dionex Corp., Sunnyvale, CA, USA). Three independent
extractions and assays were performed on approx. 100 mg of tissue.

ABA was extracted and quantified as described by Flokova et al®®.

Data availability

Sequence and transcriptome data are available from the National Center for
Biotechnology Information (NCBI) under BioProject ID PRINA291138
(SAMNO03940282; Sample name: Caus01; SRA: SRS1043905) and GSE109217,

respectively.
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Supplementary material:
http://www.wageningenseedlab.nl/thesis/amarques/Sl/chapter4
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Supplemental Material

Supplementary figure 1. Histograms of synonymous mutations (Ks) of duplicated
genes (a-f) and average Ks of syntenic blocks (g-1). (a-b) Castanospermum australe, (c-
d) Lotus japonicus, (e-f) Medicago truncatula, (g-h) Glycine max, (i-j) Phaseolus
vulgaris, (k-1) Trifolium pratense.

Supplementary figure 2. Phylogenetic tree showing duplication rates of selected
species including species of the subfamilies: Mimosoideae (inside yellow rectangle) and
Caesalpinioideae (inside orange rectangle) and Papilionoideae (inside green rectangle).
Duplication rates are shown in blue and the position of the whole genome duplication is
marked by the red star.

Supplementary figure 3. Distribution of cluster size resulting from Castanospermum
australe-specific duplications

Supplementary figure 4. (a-c¢) Histograms of logio transformed Ks (rate of
synonymous mutations) of syntenic genes pairs identified through the alignment of (a)
Castanospermum australe with itself, (b) C. australe with Medicago truncatula, and (c)
C. australe with Glycine max. (d-f) Syntenic dotplots of comparisons of (d) C. australe
with itself, (e) C. australe with M. truncatula, and (f) C. australe with G. max. Syntenic
dotplots are coloured by their Ks values shown in a-c.

Supplementary figure 5. Hierarchical clustering of expression values of non-syntenic
genes exclusively in Castanospermum australe. C2.5: cotyledons weighting between
1.51 and 2.5g. C4.5: cotyledons weighting between 3.51 and 4.5g. C7.5: cotyledons
weighting between 5.51 and 7.5g. GC: green cotyledons. YGC: yellow-green
cotyledons. BC: brown cotyledons. GA: green axes. YGA: yellow green axes. BA:
brown axes. DAP: days after pollination.

Supplementary figure 6. Composition of Castanospermum australe mature seeds.

Supplementary figure 7. Hierarchical clustering of expression of Late embryogenesis
abundant (LEA)-domain containing genes in developing seeds of Castanospermum
australe and Medicago truncatula. C2.5: cotyledons weighting between 1.51 and 2.5g.
C4.5: cotyledons weighting between 3.51 and 4.5g. C7.5: cotyledons weighting between
5.51 and 7.5g. GC: green cotyledons. YGC: yellow-green cotyledons. BC: brown
cotyledons. GA: green axes. YGA: yellow green axes. BA: brown axes. DAP: days after
pollination. ABS: pod abscission. DS: dry seeds. SMP: seed maturation proteins

Supplementary Figure 8. (a-f) Sugar content in seeds of Castanospermum australe
(Caus) and Medicago truncatula (Mtru) (g) Hierarchical clustering of genes involved in
RFO synthesis in developing seeds of C. australe and M. truncatula. C2.5: cotyledons
weighting between 1.51 and 2.5g. C4.5: cotyledons weighting between 3.51 and 4.5g.
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C7.5: cotyledons weighting between 5.51 and 7.5g. GC: green cotyledons. YGC:
yellow-green cotyledons. BC: brown cotyledons. GA: green axes. YGA: yellow green
axes. BA: brown axes. GRG: galactinol-raffinose galactosyltransferase. GSS: galactinol
synthase. IMP: inositol monophosphatase family protein. RFS / SIP: raffinose synthase
or seed inhibition protein. SPP: sucrose phosphate phosphatase. SPS: sucrose-phosphate
synthase family protein.

Supplementary table 1. Overview of assembly, annotation and polymorphism of the
Castanospermum australe genome

Supplementary table 2. Summary of the repeat elements of the Castanospermum
australe genome

Supplementary table 3. Gene ontology (GO) categories enriched in expanded gene
families of Castanospermum australe.

Supplementary table 4. List of Pfam domain enriched exclusively in expanded gene
families in desiccation-sensitive seeded species.

Supplementary table 5. Phenotypic parameters associated with late seed development
of Castanospermum australe.

Supplementary table 6. Gene ontology (GO) enrichment analysis of biological
processes in relation to the acquisition of tolerance to water loss in Medicago truncatula
and Castanospermum australe. Genes increasing transcript abundance in M. truncatula
during the phase of acquisition of tolerance to water loss were compared to genes
decreasing transcript abundance in C. australe in the stage when the cotyledons weight
between 1.51 and 2.50g in relation to green pod stage. P-values of the false discovery
rate (FDR) are shown together with the number of genes (#) in each GO term. Analysis
was performed using AgriGO with the Arabidopsis TAIR10 background.

Supplementary table 7. Gene ontology (GO) enrichment analysis of biological
processes in relation to seed maturation in Medicago truncatula and Castanospermum
australe. Genes changing transcript abundance in M. truncatula at 28 or 32 days after
pollination (DAP) in relation to dry seeds (DS) were compared to genes changing
transcript abundance in C. australe cotyledons at the green pod stage (GC) in relation to
cotyledons at the brown pod stage (BC). P-values of the false discovery rate (FDR) are
shown together with the number of genes (#) in each GO term. Analysis was performed
using AgriGO with the Arabidopsis TAIR10 background.

Supplementary table 8. ABA concentrations throughout Castanospermum australe
seed development.

Supplementary table 9. List of species used in the phylome reconstruction. TaxID with
asterisk (*) are the species with only transcriptomic data.
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Extended data table 1. Protein-coding genes lost in all DS and retained in at least half
of the DT species.

Extended data table 2. Castanospermum australe protein-coding genes with dN/dS
(number of nonsynonymous substitutions per non-synonymous site (dN) in a given
period of time divided by the number of synonymous substitutions per synonymous site
(dS) in the same period) ratio >2. Ratio was calculated by dividing C. australe dN/dS
by the dN/dS average of other legume species. Caus: C. autrale. Gmax: Glycine max.
Gsoj: Glycine soja. Pvul: Phaseolus vulgaris. Tpra: Trifolium pratense.

Extended data table 3. Genes changing transcript abundance in Castanospermum
australe and Medicago truncatula in comparable seed developmental stages. C. australe
transcripts significantly changing abundance in the green pod stage compared to the
stage when cotyledons weight between 1.51 and 2.50g were used. M. truncatula
transcripts in the “desiccation tolerance module” identified by Righetti et al. (2015) or
increasing abundance during the re-induction of desiccation tolerance in germinated
seeds were used (Terrasson et al. 2013). dec: genes decreasing transcript abundance.
inc: genes increasing transcript abundance. nc/nd: genes either not changing or not
detected in the microarrays.

Extended data table 4: Genes changing transcript abundance in Castanospermum
australe and Medicago truncatula in comparable seed developmental stages during final
maturation. C. australe transcripts significantly changing abundance in the green pod
stage (GC) compared to the brown pod stage (BC) were used. M. truncatula transcripts
changing abundance in dry seeds (DS) compared to seeds 28 days after pollination
(28DAP) were used (Verdier et al. 2013). dec: genes decreasing transcript abundance.
inc: genes increasing transcript abundance. nc/nd: genes either not changing or not
detected in the microarrays.
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Supplementary figure 1. Histograms of synonymous mutations (Ks) of duplicated
genes (a-f) and average Ks of syntenic blocks (g-1). (a-b) Castanospermum australe, (c-
d) Lotus japonicus, (e-f) Medicago truncatula, (g-h) Glycine max, (i-j) Phaseolus
vulgaris, (k-1) Trifolium pratense.
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Supplementary figure 2. Phylogenetic tree showing duplication rates of selected
species including species of the subfamilies: Mimosoideae (inside yellow rectangle) and
Caesalpinioideae (inside orange rectangle) and Papilionoideae (inside green rectangle).
Duplication rates are shown in blue and the position of the whole genome duplication is
marked by the red star.

3000

2000

number of clusters

1000

2 3 4 5 6 7 8 9 10
cluster size

Supplementary figure 3. Distribution of cluster size resulting from Castanospermum
australe-specific duplications
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Supplementary figure 4. (a-¢) Histograms of logio transformed Ks (rate of synonymous
mutations) of syntenic genes pairs identified through the alignment of (a)
Castanospermum australe with itself, (b) C. australe with Medicago truncatula, and (c)
C. australe with Glycine max. (d-f) Syntenic dotplots of comparisons of (d) C. australe
with itself, (e) C. australe with M. truncatula, and (f) C. australe with G. max. Syntenic
dotplots are coloured by their Ks values shown in a-c.
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Supplementary figure 6. Composition of Castanospermum australe mature seeds.
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LEA 5 Castanospermum21910 / Mtr.19482.1.S1_at
LEA 2 Castanospermum18329 / Mtr.2741.1.81_at
SMP Castanospermum21153 / Mtr.2886.1.S1_at
LEA 3 Castanospermum02823 / Mtr.47184.1.81_at
Dehydrin  Castanospermum00821 / Mtr.40164.1.81_s_at
SMP Castanospermum18994 / Mtr.23551.1.81_at
LEA_2 Castanospermum17002 / Mtr.43301.1.S1_at
LEA_2 Castanospermum07363 / Mtr.769.1.S1_at
LEA 6 Castanospermum12035 / Mtr.23151.1.81_at
SMP Castanospermum13690 / Mtr.26650.1.S1_at
SMP Castanospermum01217 / Mtr.44017.1.81_at
LEA 4 Castanospermum12636 / Mir.23672.1.51_at
LEA_T  Castanospermum15820 / Mtr.12942.1.81_at
LEA_4 Castanospermum19672 / Mtr.9049.1.81_at
LEA_2 Castanospermum05245 / Mtr.16848.1.51_at
LEA 2 Castanospermum07636 / Mtr.10396.1.S1_at
LEA_2 Castanospermum18036 / Mtr.8812.1.81_at
LEA 2 Castanospermum12225 / Mtr.40876.1.S1_at
LEA_2 Castanospermum01593 / Mtr.45053.1.S1_at
LEA_2 Castanospermum?23243 / Mtr.15532.1.S1_at
LEA 2 Castanospermum11980 / Mtr.41310.1.S1_at
LEA_2 Castanospermum17806 / Mtr.48097.1.S1_at
LEA_2 Castanospermum22973 / Mtr.9164.1.81_at
LEA_2 Castanospermum07611 / Mtr.5171.1.81_at
LEA_2 Castanospermum14581 / Mtr.9268.1.81_at
LEA 2 Castanospermum02377 / Mtr.37584.1.81_at
LEA 2 Castanospermum07115 / Mtr.13069.1.S1_at
LEA 2 Castanospermum?22923 / Mtr.9562.1.S1_at
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Supplementary figure 7. Hierarchical clustering of expression of Late embryogenesis
abundant (LEA)-domain containing genes in developing seeds of Castanospermum
australe and Medicago truncatula. C2.5: cotyledons weighting between 1.51 and 2.5g.
C4.5: cotyledons weighting between 3.51 and 4.5g. C7.5: cotyledons weighting between
5.51 and 7.5g. GC: green cotyledons. YGC: yellow-green cotyledons. BC: brown
cotyledons. GA: green axes. YGA: yellow green axes. BA: brown axes. DAP: days after
pollination. ABS: pod abscission. DS: dry seeds. SMP: seed maturation proteins
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Supplementary figure 8. (a-f) Sugar content in seeds of Castanospermum australe
(Caus) and Medicago truncatula (Mtru) (g) Hierarchical clustering of genes involved in
RFO synthesis in developing seeds of C. australe and M. truncatula. C2.5: cotyledons
weighting between 1.51 and 2.5g. C4.5: cotyledons weighting between 3.51 and 4.5g.
C7.5: cotyledons weighting between 5.51 and 7.5g. GC: green cotyledons. YGC:
yellow-green cotyledons. BC: brown cotyledons. GA: green axes. YGA: yellow green
axes. BA: brown axes. GRG: galactinol-raffinose galactosyltransferase. GSS: galactinol
synthase. IMP: inositol monophosphatase family protein. RFS / SIP: raffinose synthase
or seed inhibition protein. SPP: sucrose phosphate phosphatase. SPS: sucrose-phosphate
synthase family protein.
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Supplementary table 1. Overview of assembly, annotation and polymorphism of the
Castanospermum australe genome

Assembly Number  N50 (Kb) (Ilgg l:::;:l Alignment rate
Contigs 1,210 761.1 - - -
Scaffolds 1,027 832.6 495  381.7 Mb 97.7%
Annotation Number Mean lengh Density Genome
(bp) percentage
Protein coding 29,124 4814.9 - 36.7%
genes
Exons 180,329 232.7 6.2 exons/gene 11.1 %
Introns 141,174 696.1 5.0 introns/gene 25.6%
rRNA 149 623.83 - 0.0%
snRNA 60 121.72 - 0.0%
tRNA 310 75.55 - 0.0%
Transposable 110,949 i i 15.5%
elements
Polymorphisms Number Density
SNPs 352,963 0.92 kb'!
INDELS 328,918 0.86 kb'!
Multi-allelic sites 6,328 0.02 kb™!

Supplementary table 2. Summary of the repeat elements on Castanospermum

australe genome

Abundant

Repeat genus Length species
SINE 118,770 (0.05%) -
LINE 3,834,244 (1.6%) L1, RTE
DNA transposon 11,400,282 (4.8%) hAT, PIF, CMC
LTR 42,305,056 (17.84)  Gypsy, Copia

177,648,468
Unclassified/Simple (74.9%) -
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Supplementary table 3. Gene ontology (GO) categories enriched in expanded gene

families of Castanospermum australe

GO o . Adjusted
Description
category p-value
GO:0008171 O-methyltransferase activity 1.92E-14
G0O:0010333 Terpene synthase activity 1.54E-09
G0O:0016705 Oxidoreductase activity, acting on paired donors, with 7.34E-08
incorporation or reduction of molecular oxygen
G0:0020037 Heme binding 3.88E-06
G0:0043531 ADP binding 1.83E-35
GO:0045735 Nutrient reservoir activity 8.03E-04
GO:0006952 Defence response 1.53E-18
GO:0008152 Metabolic process 1.56E-06
G0:0009813 Flavonoid biosynthetic process 3.82E-06
GO0:0048544 Recognition of pollen 1.56E-06
G0O:0055114 Oxidation reduction 2.89E-07
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Supplementary table 6. Gene ontology (GO) enrichment analysis of biological
processes in relation to the acquisition of tolerance to water loss in Medicago truncatula

and Castanospermum australe. Genes increasing transcript abundance in M. truncatula

during the phase of acquisition of tolerance to water loss were compared to genes
decreasing transcript abundance in C. australe in the stage when the cotyledons weight

between 1.51 and 2.50g in relation to green pod stage. P-values of the false discovery
rate (FDR) are shown together with the number of genes (#) in each GO term. Analysis
was performed using AgriGO with the Arabidopsis TAIR10 background.

GO Information Mtru_increase Caus_decrease
GO Term Description FDR # FDR #
GO:0009408  response to heat

G0:0006457  protein folding 2.10E-03

GO:0042221  response to chemical stimulus 3.30E-03 18

GO:0048608  reproductive structure development 0.023 10 0.015 64
GO:0042180  cellular ketone metabolic process

GO:0006807  nitrogen compound metabolic process

GO:0044238  primary metabolic process

GO:0065007  biological regulation

GO:0005975  carbohydrate metabolic process

GO:0044106  cellular amine metabolic process

GO:0006091  generation of precursor metabolites and encrgy

GO:0006996  organelle organization

GO0:0044272  sulfur compound biosynthetic process

GO:0006790  sulfur metabolic process

GO0:0044262  cellular carbohydrate metabolic process

GO:0009057  macromolecule catabolic process

GO:0032501  multicellular organismal process

GO0:0032502  developmental process

GO:0009056  catabolic process

GO:0048856  anatomical structure development

GO:0065008  regulation of biological quality

GO:0051186  cofactor metabolic process

GO:0019684  photosynthesis, light reaction

GO:0040007  growth

GO:0070838  divalent metal ion transport

GO:0009825  multidimensional cell growth

GO:0048511  rhythmic process

GO:0023060  signal transmission
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Supplementary table 8. ABA concentrations throughout Castanospermum australe
seed development

ABA content

Sample e L mass) SE
Green axis 2261.77 28.63
Green cotyledons 4861.67 153.52
Green point of attachment 2485.87 46.55
Green seed coat 2425.30 151.14
Yellow/Green axis 2029.02 19.64
Yellow/Green cotyledons 4269.78 73.64
Yellow/Green point of attachment 3095.38 121.35
Yellow/Green seed coat 8526.73 52.92
Yellow axis 216.18 37.59
Yellow cotyledons 1139.66 86.41
Yellow point of attachment 5127.93 82.97
Yellow seed coat 4170.82 57.49
Brown axis 117.61 3.49
Brown cotyledons 491.80 16.44
Brown point of attachment 6389.37 263.16
Brown seed coat 6179.85 98.93
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Supplementary table 9. List of species used in the phylome reconstruction. TaxID
with asterisk (*) are the species with only transcriptomic data.

Species name Source of protein coding sequences PhylomelD
Acacia koa* NCBI 110
Amborella trichopoda Uniprot 110, 111, 112
Arabidopsis thaliana Ensembl Plants - Release 17 110, 111,112
Arachis duranensis PeanutBase (http://peanutbase.org) 110
Arachis ipaensis PeanutBase (http://peanutbase.org) 110
Cajanus cajan GigaDB 110
Carica papaya Plaza v3.0 111,112
Castanea mollissima hardwoodgenomics.org 111,112
Castanospermum australe Castanospermum australe genome 110,111, 112
project
Cercis gigantean™ NCBI 110
Cicer arietinum ICRISAT 110
Citrus sinensis Plaza v3.0 111,112
Coffea canephora coffee-genome.org 111,112
Elaeis guineensis NCBI 111,112
Eucalyptus grandis Plaza v3.0 111,112
Fragaria vesca JGI 111,112
Gleditsia sinensis* NCBI 110
Glycine max Ensembl Plants - Release 17 110
Glycine soja NCBI 110
Gossypium raimondii Plaza v3.0 111,112
Leucaena leucocephala* NCBI 110
Lotus japonicas Kazusa DNA Research Institute 110
Lupinus angustifolius Lupin Genome Portal 110, 111, 112
Medicago truncatula Plaza - v2.5 110
Musa acuminata Plaza v3.0 111,112
Oryza sativa Ensembl Plants - Release 22 110,111,112
Phaseolus vulgaris PhasIbeAM 110, 111,112
Phoenix dactylifera NCBI 111,112
Physcomitrella patens patens Quest For Orthologs: RELEASE 111
2011 _04
Prosopis alba* NCBI 110
Selaginella moellendorffii Phytozome v7.0 111,112
Senna alexandrina sona* NCBI 110
Solanum lycopersicum ENSEMBL 110,111, 112
Theobroma cacao Plaza - v2.5 110, 111,112
Trifolium pratense Ensembl Plants 110
Trifolium subterraneum NCBI 110
Vigna angularis NCBI 110
Vigna radiata Seoul National University 110
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Abstract

Seeds which can be dried and stored for a long time have been described as orthodox. In
contrast, recalcitrant seeds have a very limited storage life and die upon drying below a
critical moisture content. As a result, the development of long term storage methods for
recalcitrant seeds is complicated, yet very valuable. This because many important
perennial crops bear recalcitrant seeds, including the three most widely used beverage
crops (tea, coffee and cocoa), many tropical fruits (e.g. mango, durian, citrus) and three
major industrial crops (rubber, oil palm and coconut). Dried seed storage is the safest,
most convenient and cheapest method for conserving plant genetic resources. Therefore,
we have studied the induction of desiccation tolerance in the desiccation sensitive seeds
of Citrus limon. We show that desiccation tolerance can be induced in Citrus limon
seeds by paclobutrazol treatment and we studied its associated transcriptome to delineate
the molecular mechanism underlying it. Paclobutrazol not only interfered with
gibberellin related gene expression but also caused extensive changes in expression of
genes involved in the biosynthesis and signalling of other hormones. As a result of the
paclobutrazol treatment, we observed a transcriptomic switch encompassing the
suppression of biotic- and induction of abiotic responses. We hypothesize that this is the
main driver of the induction of desiccation tolerance by paclobutrazol in Citrus limon
seeds.
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Introduction

Desiccation tolerance refers to the capacity of an organism to dehydrate to below 10%
water on a fresh weight basis (or 0.1g H>O/g dry weight) without accumulation of lethal
damage (Bewley 1979). This mechanism was essential for the colonization of terrestrial
habitats by the early land plants. Vegetative is very common in basal plants and is mostly
confined to seeds of spermatophytes (Oliver, Tuba and Mishler 2000). However, seed
desiccation tolerance can be lost in plants adapted to environments where the conditions
are conducive to immediate germination (Baskin and Baskin 2014).

Of the spermatophytes worldwide, 8% display seed desiccation sensitivity
(Tweddle, Turner and Dickie 2002). This number can reach up to 50% in tropical
evergreen rainforests (Tweddle et al. 2003). The lack of desiccation tolerance places
these species on the list of high risk of extinction, as their seeds cannot be stored in seed
banks. This severely hampers the long term conservation of their genetic resources.

Although seeds of many citrus cultivars can be dehydrated safely to 10-12%
moisture content, further dehydration impairs seed viability (Wen et al. 2010). However,
there is considerable variability among seed lowest safe moisture content (LSMC) when
comparing the different studies on desiccation tolerance in C. limon seeds. This has
placed its seeds in different storage categories: from orthodox and intermediate to
recalcitrant (Khan, Thompson and Muhammad Usman Fatima 2002, Hong, Ahmad and
Murdoch 2001, King, Soetisna and Roberts 1981, Farnsworth 2000, Black and Pritchard
2002, Khan et al. 2003).

The phytohormones abscisic acid (ABA) and gibberellins (GAs) are associated
with many physiological processes and often work antagonistically. During seed
maturation, ABA is responsible for the acquisition of desiccation tolerance in orthodox
seeds (Gutierrez et al. 2007). Low levels of ABA or disruption of its signalling pathway
may result in desiccation sensitivity (Ooms et al. 1993). GA is associated with the
breaking of dormancy and induction of germination (Hilhorst and Karssen 1992).
Furthermore, high levels of GA have been associated with vivipary and, consequently,
desiccation sensitivity (White et al. 2000).

The acquisition of desiccation tolerance in orthodox seeds or lack of it in
desiccation sensitive seeds is assumed to be a consequence of a changed balance
between these phytohormones. The possibility of induction of desiccation tolerance in
a desiccation sensitive (DS) seed has been demonstrated in Acer saccharinum seeds
(Beardmore and Whittle 2005). A combination of ABA and tetcyclacis, an inhibitor of
ABA catabolism and GA biosynthesis, (Rademacher et al. 1987), induced desiccation
tolerance in these seeds.

Here we report, for the first time, the induction of desiccation tolerance in the DS
seeds of a crop by treatment with paclobutrazol (PAC), an inhibitor of GA-biosynthesis.
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The induction of desiccation tolerance in C. limon seeds and the analysis of the
associated transcriptional changes sheds light on a potential mechanism of desiccation
tolerance acquisition in otherwise DS seeds. Furthermore, the possibility of induction of
desiccation tolerance in seeds may support breeding, germplasm storage and
commercialization of C. [limon. This study may provide useful insights for the
development of protocols to induce desiccation tolerance in other DS seeded species.

Materials and Methods

Induction of desiccation tolerance

Citrus limon (variety Primofiore, cultivated in Spain) seeds were collected from ripe
fruits, rinsed with water and sterilized in 10% (v/v) bleach for 10 minutes. For the
induction of desiccation tolerance, seeds were incubated for 7 days in MS medium
containing 1% of agar, 5% of sucrose and 10 mM (2RS,3RS)-1-(4-chlorophenyl)-4,4-
dimethyl-2-(1,2,4-triazol-1-yl)pentan-3-ol (paclobutrazol) (Sigma Aldrich).

A preliminary experiment was performed that used the same protocol as
described above but using abscisic acid (ABA) (Sigma Aldrich) instead of
paclobutrazol. We used different concentrations of ABA (5, 50 and 500 uM) but they
failed to arrest germination and induce desiccation tolerance in C. /imon seeds. All the
following experiments performed in this study were based on paclobutrazol treatment.

All drying treatments were performed by placing the seeds in a cabinet for 7 days
at 30% relative humidity, with forced ventilation, at 22 °C in the dark.

Seed survival was assessed by placing the desiccated seeds on germination paper soaked
with 50 mL of a 100 uM GA solution (GA4+7; Berelex, ICI), at 30°C in the dark.
Germination and fully developed seedlings were scored after one month.

Total RNA isolation

Total RNA was extracted from non-desiccated seeds after 7 days in paclobutrazol or
water (control) according to the hot borate protocol modified from Wan and Wilkins
(1994). Three replicates of 25 seeds each for each treatment were homogenized and
mixed with 800 uL of extraction buffer (0.2 M Na borate decahydrate (Borax), 30 mM
EGTA, 1% SDS, 1% sodium deoxy-cholate (Na-DOC)) containing 1.6 mg DTT and 48
mg PVP40 which had been heated to 80°C. 1 mg proteinase K was added to this
suspension and incubated for 15 min at 42°C. After adding 64 pL of 2 M KCL, the
samples were incubated on ice for 30 min and subsequently centrifuged for 20 min at
12,000 g. 270 puL of ice-cold 8 M LiCl was added to the supernatant in a final
concentration of 2 M and the tubes were incubated overnight on ice. After centrifugation
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for 20 min at 12,000 g at 4 °C, the pellets were washed with 750 pL ice-cold 2 M LiCl.
The samples were centrifuged for 10 min at 10,000 g at 4 °C and the pellets were re-
suspended in 100 pL. DEPC treated water. The samples were cleaned with phenol
chloroform and treated with DNAse (RQ1 DNase, Promega) according to the
manufacturers protocol. The RNA quality and concentration were assessed by agarose
gel electrophoresis and UV spectrophotometry.

RNA-seq analysis, assembly and analysis of differential expression

Messenger RNA (mRNA) was isolated from total RNA using mRNA enrichment polyA
capture technology (Illumina Incorporated, San Diego, CA, USA) followed by library
preparation using random hexamer priming. RNA-seq was performed strand specific
with paired-end 125nt reads on an Illumina Hiseq 2500. The reads were quality trimmed
using Trimmomatic (Bolger, Lohse and Usadel 2014). The transcriptome was de novo
assembled using Trinity version 2.1.1 (Grabherr et al. 2011). Blastx (Altschul et al.
1997) with an E-value cut-off of le” was used to find homologous Arabidopsis genes
(TAIR10 (Lamesch et al. 2011)) for the assembled genes. Expression was quantified
using the Kallisto software tool with the de novo assembled transcriptome (Bray et al.
2016) and then analysed using Sleuth (Pimentel et al. 2017). All subsequent analyses
were performed based on the de novo assembly.

The RNA-seq assembly is available at the National Centre for Biotechnology
Information (NCBI) as Bioproject ID SRP111791. Genome assembly, annotation data
and all the supplementary figures, tables, data are available for viewing and
downloading at http://www.wageningenseedlab.nl/thesis/amarques/Sl/chapter5

Gene enrichment analysis

Gene Ontology enrichment was performed on significantly up- and down-regulated
gene sets using Arabidopsis thaliana orthologs and its genome as reference. We used
AgriGo and Revigo to summarize the results (Du et al. 2010, Supek et al. 2011). KEGG
enrichment pathway analysis was done with DAVID (Dennis et al. 2003).

Results
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Induction of desiccation tolerance in desiccation sensitive seeds of Citrus limon

Seeds of different Citrus species vary widely in their level of desiccation tolerance
(Khan et al. 2003). C. limon seeds have been considered orthodox, intermediate or
recalcitrant by different studies (Khan et al. 2002). In this study, we observed that the
Citrus limon (L.) Burm. f., cultivar Primofiori, seeds have intermediate storage
behaviour as they show severe loss of viability when dried to 10% water content on a
fresh weight basis (see Chapter 2). According to this classification, recalcitrant seeds
lose viability when dried below ~25% water content on a fresh weight basis.

With the aim to induce desiccation tolerance in C. /imon seeds, we first placed
the seeds on ABA solutions at increasing concentrations (5, 50 and 500 uM). Even on
the highest concentration of ABA, high percentages of germination (>90%) were
observed and thus failed to induce desiccation tolerance in these seeds. Subsequently,
we tested manipulation of GA content. Treatment of whole seeds with PAC, an inhibitor
of gibberellin biosynthesis, for 7 days, restored germination to 80% after desiccation,
while non-treated control seeds showed less than 1% of survival (Figure 1).

These results imply that a treatment with PAC prevented seeds from germinating
and protected them against desiccation damage. PAC-treated dried seeds even displayed
a high percentage of germination after 6 months of dry storage. However, after 9 months
of dry storage, the survival of PAC-treated seeds had dropped sharply (Table 1).

100% -
90% -
80% -
70% A
60% A
50% -
40% -
30% A
20% -
10% -

0% - =
Fresh Dried Control PAC dried

Figure 1. Total germination of C. limon seeds. ‘Fresh’ germination of seeds
immediately after removal from the fruits; germination of ’Dried Control’, seeds after
desiccation to 10% water content; ‘PAC Dried’, seeds treated by PAC and dried
subsequently to 10% water content. Bars represent the average of four replicates of 25
seeds each. Error bar represents the standard deviation.
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Table 1. Survival assessment of desiccated PAC-treated seeds of C. limon after

storage
Months of dry Water content (% fresh
storage Survival (%) weight)
0 83+9 10+0.8
6 69 + 13 7.9+0.5
9 543 7.1+03

Transcriptomic changes triggered by PAC

Next we performed a transcriptome analysis on non-desiccated seeds incubated for 7
days in PAC and in water (control). We used RNA-seq to identify the genes of which
the expression had changed in desiccation tolerant PAC-treated seeds in comparison to
non-treated desiccation sensitive fresh seeds, using three biological replicates per
condition. Since there is no genome sequence available for C. /imon, we executed a de
novo assembly of the RNA-seq reads using the Trinity software (Haas et al. 2013). This
resulted in 103,841 predicted ‘genes’ and 179,588 transcripts (Supplementary tables 1
and 2). Using blastx we found hits with 16,003 Arabidopsis genes for 45,425 C. limon
assembled transcripts.

Seed samples treated with PAC showed significant (fold change > 2 or <-2, FDR
< 0.05) up-regulation of 613 genes and down-regulation of 950 genes in comparison to
the water control. Based on the GO enrichment analysis of the up-regulated set, we
found 8 biological process (BP) categories significantly enriched (FDR < 0.05), as well
as 31 molecular function (MF) and 35 cellular component (CC) categories. The down-
regulated set showed 98 BP, 20 MF and 17 CC categories (Figure 2). For a complete list
of differentially regulated genes, their KEGG and GO enriched categories, see
Supplementary file 1.

The down-regulated set contained more genes and was more diverse, as evidenced by
the much larger number of GO categories. This likely represents the general growth
inhibitory action of the PAC treatment. Apparently, the suppression of GA-biosynthesis
has multiple effects across diverse pathways.

Furthermore, a cellular compartmentalization switch was observed in the cellular
component GO enrichment analysis. The mitochondrial transcriptome appeared largely
suppressed whereas plastid genes were induced. The reduction of mitochondrial gene
expression likely reflects the suppression of energy metabolism and preparation for
quiescence. The up-regulation of genes located in the plastids is not photosynthesis
related as these seeds are not green. Thus, this feature may rather be associated with
reserve remobilization, particularly that of lipids. We detected the up-regulation of
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plastid located genes such as FATTY ACID DESATURASE 6 (FAD6), ACETYL CO-
ENZYME A CARBOXYLASE BIOTIN CARBOXYLASE SUBUNIT (CAC2),
ASPARTATE AMINOTRANSFERASE 3 (ASP3), CYTIDINEDIPHOSPHATE
DIACYLGLYCEROL SYNTHASE 4 (CDS4), LIPOYL SYNTHASE 1 (LIPI) and
PLASTID LIPASE1 (PLIPI).

Furthermore, the heat shock transcription factors HSFA2, HSFA4A and HSFA6B
were up-regulated. Additionally, we found up-regulation of the genes encoding the heat
shock proteins HEAT SHOCK COGNATE PROTEIN 70-1 (HSC70-1), HEAT SHOCK
PROTEIN 60 (HSP60) and HEAT SHOCK PROTEIN 101 (HSP101). We did not
observe an extensive up-regulation of genes related to protective mechanisms against
desiccation, besides the antioxidant enzyme CATALASE 2 (CAT?2). There were 43 LEAs
identified in the transcriptome of both control and PAC treated seeds. However, there
was no significant up-regulation of LEA transcripts, commonly associated with the
acquisition of desiccation tolerance (Hundertmark and Hincha 2008). We identified only
three LEAs, belonging to Group 2 (Hundertmark and Hincha 2008), which were down-
regulated upon PAC treatment.

PAC promotes abiotic- and suppresses biotic responses in C. limon seeds

The up-regulated genes were enriched with the GO categories response to abiotic stress
and response to radiation (Figure 2A). These categories contain genes responsible for
DNA repair and protection. DNA damage is one of the main problems related to
desiccation sensitivity, as was demonstrated in various tolerant and intolerant seeds and
other organisms (Boubriak et al. 2000, Boubriak et al. 1997, Faria et al. 2005, Mattimore
and Battista 1996).
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Figure 2. Over-representation analysis of the differentially expressed genes after PAC

treatment. The gene set analysed was first filtered through a fold-change and variance
cut-off based filter (fold change >2 or <-2 and FDR < 0.05). A) The biological process

GOs enriched in the up-regulated set. B) The top 26 biological process GOs in the down-

regulated set based on p-value. The total list of GO enrichment analysis can be found in

Supplementary file 1.
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In addition, in the up-regulated gene set we found the abiotic stress-associated genes
CATALASE 2 (CAT2), EARLY RESPONSIVE TO DEHYDRATION 15 (ERD15), HEAT
SHOCK PROTEIN 101 (HSP101) and HEAT SHOCK TRANSCRIPTION FACTOR A2
(HSFA2).

Genes related to biotic hormonal pathways, such as jasmonic acid (4TJAZ1, JAZ2
and JAZ3) and salicylic acid (7GA10) were down-regulated (Figure 3). Moreover, there
was an extensive down-regulation of genes involved in biotic responses, such as those
in the categories response to chitin and response to biotic stimulus (Figure 2B).

Hormonal interactions underlying responses to PAC treatment

PAC inhibits the monooxygenases involved in the oxidation of ent-kaurene to ent-
kaurenoic acid and therefore reduces the plant’s ability to synthesize active GAs
(Rademacher 1989). GAs are an absolute requirement for germination and inhibition of
ent-kaurene oxidase by PAC prevents germination (Jacobsen and Olszewski 1993).

Seed germination is regulated by multiple hormones, such as GA, ABA, ethylene,
and brassinosteroids (Kucera, Cohn and Leubner-Metzger 2005). The GA-responsive
genes include those responsible for synthesis, transport, and signalling of other
hormones, suggesting a crosstalk between GA and other hormones (Ogawa 2003). Here
multiple hormonal pathways were down-regulated by the PAC treatment of C. limon
seeds (Figure 3).

We performed a KEGG enrichment analysis of the down-regulated gene set and
found a significant enrichment of the category plant hormone signal transduction
(Supplementary file 1). Several hormone signalling pathways were down regulated.
Among them were genes involved in the signalling of auxin, gibberellin, ethylene,
brassinosteroids, jasmonic and salicylic acid (Figure 3). The down-regulated genes
involved in auxin signalling were AUXIN RESISTANT 1 (AUXI), INDOLEACETIC
ACID-INDUCED PROTEIN 16 (IAA16), AUXIN-RESPONSIVE GH3 FAMILY
PROTEIN (GH3.1), SMALL AUXIN UPREGULATED RNA 32 (SAUR32), in gibberellin
signalling GIBBERELLIN 2-BETA-DIOXYGENASE 2 (GA20X2), GA INSENSITIVE
DWARFIB (GIDIB) and GA INSENSITIVE DWARF?2 (GID2), in ethylene signalling
CONSTITUTIVE TRIPLE RESPONSE [ (CTRI), ETHYLENE RESPONSE 2 (ETR2)
and EIN3-BINDING F BOX PROTEIN 1 (EBF1), in brassinosteroid signalling TOUCH
4 (TCH4), in jasmonic acid signalling JAISMONATE-ZIM-DOMAIN PROTEIN 1,2 and
3 (JAZI, JAZ2 and JAZ3) and in salicylic acid signalling TGACG (TGA) MOTIF-
BINDING PROTEIN 10 (TGA10).
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Conversely, we observed the up-regulation of transcripts involved in ABA
signalling, such as MOTHER OF FT AND TFL1 (MFT), MEDIATOR OF ABA-
REGULATED DORMANCY 1 (MARDI) and G-BOX BINDING FACTOR 3 (GBF3).
Interestingly these genes are also involved in the control of seed maturation and
germination (Belmonte et al. 2013, Arana et al. 2014, Zhang et al. 2011).
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Figure 3. KEGG enrichment analysis (DAVID) of the down-regulated gene set (fold
change < -2 and FDR < 0.05). The model depicts the signalling pathway of multiple
plant hormones. The red stars indicate down-regulated genes upon PAC treatment of C.
limon seeds.

Signalling pathways involved in the control of germination and seed desiccation
sensitivity in C. limon seeds

The lack of developmental arrest has been associated with seed desiccation sensitivity.
Thus, we took a closer look at the differentially regulated genes involved in the
promotion or inhibition of germination and, possibly, with acquisition of desiccation
tolerance in C. limon seeds upon PAC treatment.
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In addition to MFT, MARDII and GBF3, there was a down-regulation of
transcripts involved in the stimulation of seed germination through the GA pathway,
PhyE and SCL3 (Arana et al. 2014, Zhang et al. 2011). REVEILLE 1 (RVEI) is a
promoter of primary seed dormancy in Arabidopsis; its overexpression complements the
non-dormant phenotype of the delay of germination I (dogl) mutant. It was up-regulated
in PAC treated C. limon seeds. RVE1 has also been shown to suppress GA-biosynthesis
by binding directly to the promoter of GIBBERELLIN-3-OXIDASE 2 (GA30x2) (Jiang
et al. 2016).

Furthermore, we performed an enrichment analysis to find consensus
transcription factor (TF) binding sites in the set of differentially regulated genes upon
treatment with PAC (Jin et al. 2017). The up-regulated genes showed significant motif
enrichment (p<0.001) for 30 TFs (Table 2). Of these, three TFs were indeed identified
in the up-regulated gene set, i.e., RVEI, RVE7 and GBF3.

All relevant transcriptional changes identified in the present study involving hormonal
signalling and germination control are shown in Figure 4.

Paclobutrazol

Hormone CYP70143
biosynthesis
and catabolism

Hormone

receptors ETR1

Signal
integration,
Signalling
Network

GID1,|GID2, MFTMARDII CTRI
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Transcription . : Tl ERF053, 098, 110, 113
factor network I:éf; RGA2, GBF3 e
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Figure 4. Schematic representation of the interactions between the gibberellin (GA),
abscisic acid (ABA) and ethylene signalling pathways in the regulation of the arrest of
germination and DS in seeds of C. limon treated with paclobutrazol (PAC). Up-regulated
genes are marked green and down-regulated red. The model is mainly based on

Arabidopsis hormone mutant analyses adapted from Kucera et al. (2005). The positions
of some components are speculative and details are discussed in the text.
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Table 2. Transcription factors that have over-represented targets on the PAC-treated up-

regulated genes. In bold are the transcription factors that were identified in the RNA-

seq analysis as up-regulated.

Quer Backgroun
TF Gene ID p-value y d
AT5G1730
0 REVEILLE 1 (RVE1) 745E-07 31 711
AT3G09600 REVEILLE 8 (RVES) 2.77E-06 30 720
AT2G01930 BASIC PENTACYSTEINEI1 (BPC1) 3.17E-06 195 8742
AT3G23210 BASIC HELIX-LOOP-HELIX 34 (bHLH34) 3.54E-06 56 1779
AT4G38910 BASIC PENTACYSTEINE 5 (BPCS) 423E-06 169 7371
AT1G1833
0 REVEILLE 7 (RVE7) 1.37E-05 28 705
AT3G10113 Homeodomain-like superfamily protein 1.65E-05 28 712
AT5G52660 REVEILLE 6 (RVE6) 3.57E-05 28 743
AT3G10800 (BZIP28) 7.39E-05 54 1888
AT2G36270 ABA INSENSITIVE 5 (ABIS) 9.37E-05 56 1997
AT5G42520 BASIC PENTACYSTEINE 6 (BPC6) 1.41E-04 160 7334
AT2G4627
0 G-BOX BINDING FACTOR 3 (GBF3) 1.79E-04 51 1816
ABA-RESPONSIVE ELEMENT BINDING
AT3G56850 PROTEIN 3 (AREB3) 1.82E-04 55 2002
AT1G32150 TRANSCRIPTION FACTOR 68 (bZIP68) 1.93E-04 54 1960
ABSCISIC ACID RESPONSIVE ELEMENTS-
AT1G45249 BINDING FACTOR 2 (ABF2) 1.99E-04 55 2009
AT4G01280 REVEILLE 5 (RVES) 2.11E-04 23 625
AT3G20840 PLETHORA 1 (PLT1) 2.12E-04 17 402
AT5G08130 (BIM1) 2.62E-04 30 917
AT4G00250 (ATSTKL2) 2.85E-04 17 412
BASIC REGION/LEUCINE ZIPPER
AT2G35530 TRANSCRIPTION FACTOR 16 (bZIP16) 2.86E-04 53 1945
PHYTOCHROME-INTERACTING FACTOR?7
AT5G61270 (PIF7) 3.39E-04 41 1409
AT5G02840 LHY/CCAI1-LIKE 1 (LCL1) 531E-04 21 587
AT1G10120 CRY2-INTERACTING BHLH 4 (CIB4) 5.48E-04 35 1175
AT5G67450 ZINC-FINGER PROTEIN 1 (ZF1) 5.95E-04 37 1269
AT5G61620 myb-like transcription factor family protein 741E-04 17 447
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Discussion

Induction of desiccation tolerance in desiccation sensitive seeds of Citrus limon

The storage of desiccated seeds is important to ensure long term conservation of a broad
genetic diversity. In the present study, C. /imon seeds showed DS phenotype and, hence,
cannot be stored for prolonged periods.

It is challenging to determine the cause of the wide variation of seed desiccation
sensitivity across the different C. limon studies. Here we studied the most sensitive
phenotype for C. limon seed desiccation sensitivity ever described, with seeds
completely losing viability at 10% water content. Possible sources of this variation can
be different agronomical practices, adaptation to different environments or varying
genetic backgrounds. One of the main breeding targets for citrus species is to lower seed
numbers and produce seedless fruits (Varoquaux et al. 2000). This breeding throughout
the long Citrus domestication history has contributed to the transition to apomixis and
reduction of seed numbers (Wang et al. 2017). These domestication events towards loss
of seeds possibly contributed to the reduction of their quality, influencing traits such as
longevity and/or desiccation tolerance. Citrus species originate in southeast Asia and
have been cultivated for thousands of years (Velasco and Licciardello 2014).

Variability in seed dehydration tolerance is also apparent in some other genera,
e.g. Araucaria, Dipterocarpus and Coffea (Tompsett 1984, Tompsett 1987, Ellis, Hong
and Roberts 1991). This interspecific dehydration tolerance variability may be the result
of adaptation to different environments. However, it is also possible that both the
adaptation to different environments and breeding contributed to the seed desiccation
tolerance variability observed in Citrus.

Here we report, for the first time, induction of desiccation tolerance in a crop with
DS seeds. The arrest of germination by inhibiting gibberellin synthesis in recalcitrant
seeds was first described in Hopea odorata (Garello and Page-Degivry 1995). However,
the induction of desiccation tolerance in a DS seed has so far only been described for
Acer saccharinum seeds (Beardmore and Whittle 2005). Similar to C. /imon, these seeds
are also insensitive to ABA. Application of ABA alone resulted in 0% survival, but ABA
combined with tetcyclacis, which inhibited both ABA catabolism and GA synthesis
(Rademacher et al. 1987), induced desiccation tolerance in Acer saccharinum seeds. We
successfully induced desiccation tolerance in C. /imon seeds with the GA biosynthesis
inhibitor PAC.

Acer saccharinum seeds displayed loss of viability when desiccated to water
contents below 30%, characterizing recalcitrant behaviour (Becwar, Stanwood and
Leonhardt 1983). In this study, C. limon seeds lost viability when dried to 10% fresh
weight water content. Although we did not evaluate the water content when these seeds
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started to lose viability, other studies showed survival of C. limon seeds to lower water
contents, but always displaying some degree of desiccation sensitivity (Hong et al. 2001,
Soetisna, King and Roberts 1985, King et al. 1981). Altogether, it suggests that C. limon
seeds have an intermediate seed storage behaviour with a variable LSMC. Based on this,
we expect that A. saccharinum seeds are more sensitive to desiccation than C. limon
and, thus, induction of desiccation tolerance in 4. saccharinum is likely to be more
complex. The seeds of 4. saccharinum required a treatment which inhibited both GA-
biosynthesis and ABA catabolism while C. /imon seeds only required the inhibition of
GA-biosynthesis to acquire DT.

Overall transcriptomic changes triggered by pacobutrazol

GAs and ABA are important plant growth regulators, acting antagonistically to control
many plant developmental processes, including root and stem elongation, rosette
expansion, floral induction, anther development and seed germination (Yamaguchi
2008). GA levels are normally decreased and those of ABA increased at later stages of
orthodox seed maturation and abnormal high levels of GA can cause precocious
germination (White et al. 2000).

Current consensus suggests that seed desiccation sensitivity occurs when seeds
fail to undergo the final stages of maturation during seed development (Farrant and
Moore 2011). During maturation, a number of key events occur, including the synthesis
and deposition of stored reserves (storage proteins, carbohydrates and lipids) and LEA
proteins (Verdier et al. 2013).

Beardmore and Whittle (2005) suggested that, by treatment with ABA,
desiccation sensitive embryonic axes of 4. saccharinum probably underwent a process
of seed maturation as in orthodox seeds. They associated the induction of desiccation
tolerance with the accumulation of storage proteins and dehydrins.

However, upon PAC treatment of C. /imon seeds, we did not observe significant
up-regulation of maturation and desiccation related genes, such as those encoding for
seed storage proteins and LEAs, except for HSPs and catalase. Three LEAs, belonging
to group 2, were down-regulated upon PAC treatment. Furthermore, this group of LEAs
has not been associated with the acquisition of seed desiccation tolerance and its
classification as a group of LEA proteins is controversial (Hundertmark and Hincha
2008, Chatelain et al. 2012). It is possible that PAC induced desiccation tolerance in C.
limon seeds by the regulation of a few essential protective elements whereas most of
these were already present in control seeds, e.g. genes encoding 43 LEAs were present
in both treatments without significant changes in expression. Furthermore, we observed
that the transcriptomes of both control and PAC treated C. /imon seeds resembled that
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of Arabidopsis seeds imbibed for 24h in ABA, which have not germinated yet and are
still desiccation tolerant (The Bio-Analytic Resource for Plant Biology 2018).

During the development of orthodox (desiccation tolerant) seeds the reduction of
metabolism, particularly the reduction of respiration rate, coincides with their survival
after desiccation (Leprince, Buitink and Hoekstra 1999, Pammenter and Berjak 1999).
We assume that high GA and low ABA levels in DS seeds are responsible for the
maintenance of active metabolism and the skipping of maturation drying. Thus, the
inhibition of GA synthesis in C. /imon seeds counteracted these processes and thus
arrested the germination program, suppressed metabolic activity and allowed successful
desiccation.

Does PAC treatment rescue C. limon seed desiccation tolerance by up-regulating
abiotic and suppressing biotic responsive genes?

We found down-regulation of genes involved in hormonal pathways of biotic stress
responses, such as jasmonic acid (ATJAZ1, JAZ2 and JAZ3) and salicylic acid (TGA10).
We also observed the GO enrichment of biotic response categories among the down-
regulated genes set, such as response to chitin and response to biotic stimulus.

Chitin has been demonstrated to be an elicitor of fungal infection responses in
several plants, including Citrus (Gallao et al. 2007, Eckardt 2008, Boller and Felix
2009). Furthermore, the down-regulation of biotic responses, including response to
chitin, was also demonstrated for the re-establishment of desiccation tolerance in
germinated seeds of Arabidopsis thaliana upon ABA treatment (Costa et al. 2015).

The protection towards biotic agents is important for imbibed seeds, especially
for those seeds shed in ripened fleshy fruits that are more prone to fungal attack. Most
recalcitrant seeds in the tropical rainforests are embedded in fleshy fruits (Chin 1977).

Chitin triggers lignin deposition as a strategic response to combat fungal infection (El
Hadrami et al. 2010). At the same time, lignin hardens the cell walls while desiccation
tolerance requires flexible and foldable cells (Moore et al. 2008). It has been
demonstrated that recalcitrant seeds show cell wall damage when desiccated (Chandel
et al. 1995, Moore et al. 2008). We hypothesize that the down-regulation of biotic
responses is not only an isolated consequence of the metabolic arrest caused by PAC
but an essential response that prevents the lignification of the cell walls of C. limon seeds
and thus make these flexible, allowing their folding and preventing damage upon seed
desiccation.

The inverse relation between the regulation of biotic versus abiotic stresses and
associated hormone pathways, as observed in the present work, has also been found in
other studies where, for example, ABA contents are inversely correlated with
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susceptibility to pathogens in diverse plant species (Mauch-Mani and Mauch 2005). We
assume that the down-regulation of biotic responses and the up-regulation of abiotic
responses in PAC treated C. /imon seeds that leads to desiccation tolerance are
interconnected by common regulatory pathways.

We detected the up-regulation of the heat shock transcription factors HSFA2,
HSFA4A4 and HSFA6B that are known to regulate HSPs. Their chaperonin protective
role has been shown to provide vegetative abiotic stress tolerance, such as tolerance to
heat, salt and oxidative stress in transgenic Arabidopsis studies (Pérez-Salamo et al.
2014, Chauhan et al. 2013). HSPs and heat shock regulated transcription factors are an
interesting class of up-regulated genes as they have been associated with diverse abiotic
stresses (Wang et al. 2004). It has been suggested that HSPs act as chaperonins to protect
other proteins under various stresses (Wang et al. 2004).

Small heat shock proteins (sHSPs) have been associated with the acquisition of
desiccation tolerance (Wehmeyer and Vierling 2000, Wehmeyer et al. 1996). However,
we did not find the up-regulation of sHSPs but only of HSPs: HEAT SHOCK COGNATE
PROTEIN 70-1 (HSC70-1), HEAT SHOCK PROTEIN 60 (HSP60) and HEAT SHOCK
PROTEIN 101 (HSP101). HSC70-1 regulates development and abiotic stress responses
in A. thaliana (Leng et al. 2017), HSP60 has been implicated in heat shock responses
in Arabidopsis (Rikhvanov et al. 2007) and HSP101 is the most abundant heat stress
protein in seeds. It was not detectable in the A. thaliana DS-seeded mutant, abi3-6
(Kotak et al. 2007).

Transcriptional changes associated with hormonal balance and germination control

We expected that the inhibition of gibberellin biosynthesis by PAC, which inhibits the
enzyme ent-kaurene oxidase (Dalziel and Lawrence 1984), would down-regulate the
downstream genes involved in gibberellin biosynthesis and signalling. Indeed, we
observed down-regulation of GA20X2, the gene encoding for the rate limiting enzyme
GAZ2 oxidase in gibberellin biosynthesis, as well as members of the GID GA-receptor
family of genes GID1B and GIDZ2. The knock-outs of GIDI and GID2 have been shown
to supress the germination of Arabidopsis seeds (Hauvermale et al. 2015, Nelson and
Steber 2017).

The balance between ABA and GA has been demonstrated to be decisive for the
regulation of many physiological processes (Razem, Baron and Hill 2006, Olszewski,
Sun and Gubler 2002). Of the ABA biosynthesis genes that responded to the PAC
treatment, we found that the transcript coding for NCED6 was up-regulated but the
transcripts coding for the downstream enzyme molybdenum cofactor sulfurase (4BA3)
were down-regulated. Thus, we expect that the ABA levels are increased as a result of
the PAC treatment, although no ABA measurements were performed in this study.
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Genes that have been shown to be induced by ABA were up-regulated by PAC, such as
GBF3, GPCR-type G protein 1, MFT and MARD.

The up-regulation of MFT, MARD1 and GBF'3 was associated with the arrest of
germination and these genes are possibly involved in the acquisition of desiccation
tolerance in C. /imon seeds upon PAC treatment (Figure 4). The transcription factor G-
box binding factor 3 (GBF3) is involved in the water stress response during the
desiccation phase of 4. thaliana seed formation (Wohlbach, Quirino and Sussman
2008). Furthermore, MFT responds to both ABA and GA signalling to regulate seed
germination in A. thaliana (Xi et al. 2010) and MARDI plays a role in the arrest of
germination through ABA-mediated dormancy (He and Gan 2004). The lack of
developmental arrest has been associated with seed desiccation sensitivity in the A.
thaliana mutants fus3-8, lec1-3 and abi3-5 (Raz, Bergervoet and Koornneef 2001).

GBF3 is involved in an abscisic acid-dependent signal transduction pathway
under drought and high-salinity conditions (Uno et al. 2000), as well as in the regulation
of seed maturation (Belmonte et al. 2013). Together with other bZIP transcription
factors, such as ABI5 and EEL, GBF3 regulates seed maturation and acquisition of
desiccation tolerance (Gonzéalez-Morales et al. 2016, Bensmihen et al. 2002). The up-
regulated genes are predicted to be targets of GBF3. It suggests that GBF3 is an
important regulator of the transcriptional changes occurring in PAC treated C. /imon
seeds and, possibly, with the acquisition of desiccation tolerance in these seeds.

We also observed the down-regulation of other hormonal pathway-associated
genes, such as ethylene, which is also a promoter of germination (Linkies and Leubner-
Metzger 2012). The Arabidopsis mutant etr/-2, for example, is insensitive to ethylene
and its seeds are more dormant (Chiwocha et al. 2005). Extensive down-regulation of
ethylene biosynthesis and ethylene responsive genes occurred in PAC treated seeds. We
assume that the down-regulation of the ethylene pathway is also likely to be associated
with arrest of germination of the C. limon seeds upon PAC treatment. Mutants
insensitive to ethylene, such as etr/ and ein2, are hypersensitive to ABA during
germination (Beaudoin et al. 2000, Ghassemian et al. 2000). Endogenous ABA levels
are elevated in efr/ compared with those in the wild type, suggesting that ethylene
signalling affects positively ABA levels (Chiwocha et al. 2005).

Taken together, the transcriptomic changes, resulting from the PAC treatment in
C. limon seeds, are mainly related to the suppression of metabolism as a consequence of
the down-regulation of multiple hormonal pathways.
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Supplementary material

Supplementary Table 1. Sequencing reads

Reads
Sample Reads mapped processed Fraction mapped
Control-1 15,587,103 17,364,908 0.8976
Control-2 19,938,139 22,238,751 0.8965
Control-3 15,329,299 16,657,259 0.9203
Paclobutrazol-1 16,376,057 18,365,376 0.8917
Paclobutrazol-2 16,870,180 18,835,280 0.8957
Paclobutrazol-3 12,865,185 14,398,974 0.8935

Supplementary Table 2. Statistics for RNA-seq mapping

Counts of transcripts, GC content.

Total trinity 'genes': 103,841

Total trinity transcripts: 179,588
Percent GC: 39.66

Statistics based on all transcript contigs

Contig N10: 4,160
Contig N20: 3,277
Contig N30: 2,740
Contig N40: 2,309
Contig N50: 1,933
Median contig length: 612

Average contig: 1,079.95

Total assembled bases: 193,945,868

Statistics based on only longest isoform per
'GENE'

Contig N10: 3,984
Contig N20: 2,988
Contig N30: 2,338
Contig N40: 1,765
Contig N50: 1,213
Median contig length: 375

Average contig: 713.71

Total assembled bases: 74,112,540
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General Discussion






Desiccation tolerance evolved as the key adaptation to survival on land by the early algal
ancestors of terrestrial plants. The first seed plants lost vegetative desiccation tolerance
but conserved the seeds with tolerance mechanisms as an important strategy for species
survival in unfavourable environments. The mechanisms of desiccation tolerance in
seeds are connected to their developmentally regulated maturation programs. We
propose that desiccation sensitive (DS) seeds lost tolerance by skipping part of their seed
maturation program and advancing towards germination. Moreover, we expect to
observe the activation of advanced germination specific genetic elements in
transcriptomes of DS seeds.

The transition from quiescent to germinating seed is dependent on developmental
genetic programs controlled by the endogenous balance and the signalling pathways of
plant hormones and transcription factors. We investigated how these genetic programs
were altered throughout the evolution of DS seeds.

In this thesis, I aimed to gain a better understanding of the physiological and
molecular determinants of seed desiccation sensitivity. A thorough review of the current
state of the art in this field was made and several physiological, genetic and molecular
studies were performed. Finally, in the Discussion section, I aim to both connect and
synthesize the main findings and insights from the previous chapters, and provide
suggestions for potential future research, which have arisen as a result of those acquired
insights. Figure 1 summarizes the relevant ecological, physiological, metabolic and
molecular aspects of seed desiccation sensitivity regarded in this thesis.

Lack of seed developmental arrest, maturation drying and metabolic quiescence
result in desiccation sensitivity.

The hypothesis that developing DS seeds lack the phases of maturation drying and
metabolic quiescence, and, thus, proceed directly to the germination phase has long been
discussed (Ellis et al., 1991; Farnsworth, 2000; Farrant et al., 1993). This hypothesis is
supported by the fact that desiccation tolerant (DT) seeds lose desiccation tolerance
upon radicle protrusion (for review see Dekkers et al., 2015).

Desiccation sensitivity is more frequent in seeds that are non-dormant upon
shedding (c. 31%), than dormant (c. 9%) (Tweddle et al., 2003). The majority of the
non-dormant seeded species are DT; desiccation during maturation causes arrest of
development and will cause immediate germination of the quiescent seed once it gets
imbibed. Alternatively, DS seeds do not dry and will progress towards germination due
to an active metabolism and lack of dormancy.

Similar effects can be observed in desiccation tolerance of e.g. ABA-deficient
tomato seeds that germinate inside the moist fruits, probably because their dormancy
program is disrupted by a mutation in ABA-biosynthesis (Groot and Karssen, 1992).
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Arabidopsis knockout mutants for the transcription factors ABI3, FUS3 and LEC1 also
have DS seeds, together with a lack of dormancy and occurrence of premature
germination inside the siliques (Raz et al., 2001). Furthermore, the Arabidopsis abi3-5
knockout mutant has DS seeds with an enlarged apical meristem, confirming the
continuation of embryo growth (Rohde et al., 2000). Additionally, the cause of the
gradual loss of desiccation tolerance during the progress of germination and, afterwards,
of wild type seeds has been associated with the loss of abscisic acid (ABA) sensitivity
of the growing embryo (Maia et al., 2014).

¥ ki gl 1 5% ¢ £ i
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Primary forests, savannas, deserts

Low pluviosity and periodic droughts,
Soils exposed to sun radiation with higher humidity fluctuation,
Plants are smaller and have shorter life cycles

Smaller seeds with thicker seed coats, dormant, desiccation
tolerant, shed with low water contents, longer longevity, shade
intolerant

Seeds remain in soil banks

High oil content,
do not retain chlorophyll,
High ABA and low GA levels

ABA sensitivity arrests germination
Down-regulation of multiple pathways (except ABA),
Metabolism arrest by dormancy related genes

Figure 1. Main aspects related to DT (left panel) and DS seeds (right panel). A)
Ecological, B) Seed physiological, C) Metabolic and D) Molecular aspects. Information
in bold relates to topics investigated in the present thesis.
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Primary embryonic dormancy represents a developmental arrest that prevents
fully developed seeds to germinate inside the fruit (Bewley, 1997). The lack of
developmental arrest of Arabidopsis abi3-6 seeds may be associated with a lack of
expression of dormancy-associated genes. In Chapter 3 it is shown that the transcriptome
of abi3-6 at late developmental stages is particularly similar to (germinating) Col-0 24h-
imbibed seeds. I observed an enrichment of dormancy-associated GO categories only in
Col-0 seeds at 10 days after flowering (daf) but not in abi3-6 at the same stage.
Enrichment of the GO category embryonic development ending in seed dormancy was
also observed upon re-establishment of desiccation tolerance in germinated Col-0 seeds
(Maia et al., 2011). Furthermore, the DELAY OF GERMINATION 1 (DOGI) gene
showed an expression profile that was second best in correlating with desiccation
tolerance levels in Col-0 and abi3-6 (after CYSTEINE PROTEASE 2). The genetic
interaction of DOGI with ABI3 in the regulation of seed development has been
demonstrated by Dekkers et al. (2016). Furthermore, DOGI has been identified as a
major quantitative trait locus for seed dormancy variability among Arabidopsis ecotypes
and dogl T-DNA insertional mutants have strongly reduced seed dormancy (Bentsink
et al., 2006).

The lack of developmental arrest and suppression of metabolism are also
evidenced by the presence of chlorophyll in late stages of abi3-6 seed development. The
abi3-6 seeds retain chlorophyll after shedding and lack both desiccation tolerance and
dormancy. These phenotypes are established during the maturation phase of seeds, when
ABI3 expression peaks (Delmas et al., 2013b; Koornneef et al., 1989; Leprince et al.,
1998; Monke et al., 2012).

The majority of green embryos in the eastern Australian rainforest species, including
Castanospermum australe, are DS (Hamilton et al., 2013). Chlorophyll retention in DT
seeds is commonly associated with low seed longevity, arguably due to the deteriorative
effects of photo-oxidation (Roqueiro et al., 2010).

In Chapter 4, transcripts related to root development and developmental process
were identified with decreasing abundance in Medicago truncatula and increasing in C.
australe during maturation. The opposite patterns of these developmentally related
genes towards the end of seed development indicates that C. australe is still
developmentally active while M. truncatula is arresting its development.

Paclobutrazol (PAC) is an inhibitor of gibberellin biosynthesis. Gibberellins
consist of a group of phytohormones responsible for the release of dormancy and
stimulation of germination. In Chapter 5, it was demonstrated that PAC arrested
both the germination of Citrus limon seeds and induced desiccation tolerance. I
observed that the major transcriptomic changes caused by PAC in C. /imon seeds
were the down-regulation of multiple hormonal pathways, except that of ABA. The
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down-regulation of hormonal pathways involved with promotion of development
and metabolism, e.g. gibberellin and auxin, indicates that these seeds are showing
development arrest.

The DS seeds of silver maple (Acer saccharinum) could be made DT by a
treatment with ABA and tetcyclacis, which inhibits both ABA catabolism and GA
biosynthesis (Beardmore and Whittle, 2005). Synthesis of putative seed storage
proteins and dehydrins were observed upon this treatment, indicating an induction
of maturation proteins in embryos that were otherwise advancing towards
germination.

Genetic alterations observed among DS-seeded species

Since Roberts (1973) first described the phenomenon of DS seeds, hypotheses have been
put forward about their evolutionary and physiological origin(s). One of the early
hypotheses attempting to address the cause of desiccation sensitivity of seeds was
proposed by Farrant et al. (1993). They suggested that DS seeds lack the genes or
competence to produce LEA proteins and, as a result, remain sensitive to desiccation.

Other studies with wild DS-seeded species support the hypothesis that seed
desiccation sensitivity is caused by skipping the maturation program and progression
towards germination (Ellis et al., 1991; Farnsworth, 2000; Farrant et al., 1993). A
similar hypothesis has been proposed for Arabidopsis thaliana. Okamoto et al. (2010)
stated: “Severe [ Arabidopsis] ABA-insensitive mutants, such as abi3-6 or the snrk2d/e/i
triple mutant, cannot enter the seed maturation processes”. Similarly, Delmas et al.
(2013a) stated: “abi3-6 exhibits pleiotropic effects during seed development that bypass
the embryo maturation phase and progress directly into the germination and vegetative
phases. This lack of an embryo maturation phase results in seeds that remain green due
to failure of embryo degreening in mutants containing severe abi3 alleles”.

Based on the present study and the large variability of DS seed phenotypes
observed in nature (Chapter 2), I also support the hypothesis the hypothesis that seed
desiccation sensitivity is caused by skipping the maturation program, or part of it, and
progression towards germination.

Previous studies have demonstrated intraspecific clinal variation for seed
desiccation sensitivity. DS species may show an intraspecific gradient of desiccation
tolerance. For example, the seeds of Acer pseudoplatanus display a varying tolerance
across their native plant distribution ranges (Daws and Pritchard, 2008). The
intraspecific variability observed for seed desiccation tolerance reflects the high
plasticity of this trait and its possible role in species adaptation to different
environments. The variation observed for seed desiccation sensitivity in such
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populations is likely a result of their genetic diversity. Studies exploiting genetic
mapping may reveal loci associated with desiccation sensitivity.

DS-seeded species are not phylogenetically related (Pammenter and Berjak,
2000). Thus, each DS-seeded species is probably a result of unique unrelated genetic
events. However, a genetic bottleneck is possible and thus convergent evolutionary
events taking place due to a restricted number of possible genetic alterations that leads
to seed desiccation sensitivity could be expected.

Should we expect abrupt genomic changes in the transition from DT to DS seeds?
When the seagrass Zostera marina moved from a terrestrial to an aquatic lifestyle it was
an abrupt behavioural change that led to the loss of massive numbers of genes related to
the terrestrial habit, including genes associated with LEAs, ethylene signalling and
stomatal development (Olsen et al., 2016). This species does not display an ecological
or phenotypical continuum.

However, in our present study of seed desiccation sensitivity our observations are
similar to those of A. pseudoplatanus, which suggests that the transition from DT to DS
seeds is not abrupt and determinant. Possibly, the phenotypical and genomic versatility
are important to these species’ adaptation to a constantly changing terrestrial
environment. Thus, we should not expect a complete degeneration of the desiccation
tolerance genomic machinery as a result of the transition from DT to DS seeds, but rather
should find key regulatory changes, which are likely reversible.

Initially, I investigated the common transcriptional features that distinguish DS
from DT seeds. In DT seeds, tolerance is acquired midway during seed development,
concomitantly with seed filling. Previous work has identified transcripts that accumulate
during the acquisition of DT in M. truncatula seeds (Terrasson et al. 2013; Righetti et
al. 2015). Chapter 4 demonstrates that of these transcripts the homologs of 102 genes
failed to accumulate during development of DS C. australe seeds. These transcripts are
related to sugar metabolism, photosynthesis, seed development, protection against
abiotic stress and modulation of plant stress responses. Examples of these transcripts are
ABI3, ABI5, LEAs, TRANSPARENT TESTA PROTEIN, oleosins, [-CYSTEINE
PEROXIREDOXIN and a-galactosidases.

C. australe seeds show increased but still low levels of dehydration tolerance
towards the late developmental stages. This can be inferred as seed maturation with
some sort of acquisition of desiccation tolerance.

Secondly, I performed explorative and unbiased genomic analysis and
investigated if the genomic changes associated with desiccation sensitivity are extensive
or punctual. Should I find, for example, extensive loss of LEA genes or punctual loss of
an essential TF, such as ABI3, in the genome of a DS-seeded species’?

In Chapter 4, no extensive genomic alterations related to desiccation tolerance
were found: e.g. C. australe has a normal number of LEAs. Additionally, no extensive
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gene loss or expansion, loss of synteny, nor increased mutation rates of DT-associated
genes were found. Conversely, important regulatory genomic alterations related to
hormonal signalling and seed development were observed. It is possible that the genes
responsible for the acquisition of desiccation tolerance are pleiotropic and, thus, are not
vastly lost along the evolution of DS seeds. Instead, punctual regulatory genomic
alterations, possibly hormone related, could have occurred during the evolution of DS-
seeds.

The reversion to DT by hormonal manipulations in some DS-seeded species
reveals that they still possess the genomic repertoire to do so. As said, C. australe has a
normal number of LEA genes in its genome compared to DT-seeded species; however,
they are not expressed during seed development (Chapter 4). Further studies are
necessary to explore the inducibility of desiccation tolerance in C. australe and other
DS-seeded species and to correlate this with their transcriptomic and genomic features.

When comparing genomes of DS- with DT-seeded species, there appeared to be
no proteins retained in all DT species and lost in all DS species. However, several were
lost in all DS- and retained in at least half of the DT-seeded species. Among these were
a lipid transferase protein and the transcription factors VERDANDI and MYB44-like.
VERDANDI is a transcription factor that participates in the ovule identity complex and,
when mutated, affects embryo sac differentiation in Arabidopsis thaliana (Matias-
Hernandez et al., 2010; Mendes et al., 2016). Interestingly, the transcription factors
VERDANDI and MYB44-like were also retained in DT- and intermediate-seeded species.
Similarly, SHP2 was lost in the genome of DS-seeded Castanea mollissima. It is
involved in ovule integument specification, endosperm- and seed coat development
(Ehlers et al., 2016).

One gene (PLACS) was lost without retention of paralogs in three out of four DS-
seeded species, namely C. australe, C. mollissima and Elaeis guineensis. The knock-out
of this gene caused increased seed and fruit size in maize (Libault and Stacey 2010). In
addition, the fw2.2 locus containing the PLACS8 gene has been suggested to be the key
to the evolution of tomato fruit size (Frary 2000). Large seeds and fruits are common
features of DS-seeded species and presumably reduce the rate of seed drying and, hence,
the risk of desiccation-induced mortality (Daws et al. 2006; Guo et al. 2010).

The gene GUNS, a magnesium chelatase involved in retrograde signalling that
has been demonstrated to be a hub for ABA signalling to the nucleus (Jiang et al. 2014),
was lost in C. australe without paralogs. This pathway is strongly affected in abi5
mutants of the legume M. truncatula, which produce seeds with strongly reduced
longevity (Zinsmeister et al. 2016) and cannot reacquire desiccation tolerance after
germination (Terrasson et al. 2013).

There were 76 genes that had lost their ortholog but kept a paralog in C. australe. Among
them, 2 genes involved in ABA- and brassinosteroid (BR) signalling were identified:
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RETARDED ROOT GROWTH-LIKE (RRL) and MOTHER OF FT (MFT). RRL
mediates ABA signal transduction through ABI4 (Park et al. 2015) and MFT regulates
seed germination and fertility involving ABA- and BR signalling pathways (Sun et al.
2010). The gene GPCR-type G was lost in the genome of the DS-seeded Castanea
mollissima and when knocked-out in A. thaliana it causes ABA hyposensitivity at
germination (Pandey et al., 2009).

MFT  and  ACTIVATION-TAGGED  BRII (BRASSINOSTEROID-
INSENSITIVE)-SUPPRESSOR1 (ATBS1) showed very contrasting expression patterns
during seed maturation in Col-0, as compared to the abi3-6 mutant (Chapter 3).
Moreover, ATBS1 also showed a contrasting expression pattern between C. australe and

M. truncatula seed maturation (Chapter 4). Interestingly, it is a gene involved in
gibberellin- and BR signalling (Schlereth et al. 2010).

The average size of DS seeds is significantly greater than those of DT seeds (Hamilton
et al., 2013). Heterochronic evolutionary mechanisms can be defined as changes in the
rate and/or timing (onset-offset) of developmental events between ancestral and
descendant ontogenies (Gould, 1977; Rice, 1997). Possibly, DS seeds are evolved by
acceleration or hypermorphosis, which means a faster, longer and/or further
development in relation to its ancestors, contrary to the earlier completion of
development, neoteny. This hypermorphosis development might also lead to bigger size
of the DS seeds and a more advanced developmental program towards germination
program upon shedding.

Seeds of silver maple and C. limon are DS but they are still of a relatively small
size as opposed to C. australe which are considerably bigger. Possibly, C. australe
seeds underwent a greater heterochronic evolution, getting bigger, developed further
towards germination and became more insensitive to ABA. This is possibly the reason
why the treatment of induction of desiccation tolerance with hormones and hormone-
inhibitors was successful in silver maple? (Beardmore and Whittle, 2005) and C. limon
(Chapter 5) but not in C. australe seeds (Chapter 4). Similarly, germinated Arabidopsis
seeds are also DS but, at early stages of radicle protrusion, ABA treatment is still able
to re-establish desiccation tolerance. Further embryo growth reduces both sensitivity to
ABA and the capacity to re-induce desiccation tolerance (Maia et al., 2011).

Altogether, a number of significant genetic alterations among DS-seeded species
were observed. These alterations indicate that seed desiccation sensitivity is not a
consequence of extensive dismantling of the desiccation tolerance machinery. Instead,
punctual regulatory alterations seem to take place during the evolution of DS-seeds. This

2 The first successful induction of desiccation tolerance was a significant achievement towards the conservation of
DS-seeded species. However, this initiative has not been followed up until this thesis in which this concept was
addressed. Research focused on conservation of DS-seeded species in relation with biodiversity has been
neglected. I advocate attention for the urgency of developing conservation protocols for these in face of imminent
risk of massive loss of biodiversity due to deforestation and climate change.
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suggests that these species could adapt relatively fast to the new DS-seeded life style
without extensive genetic modifications. Possibly the re-adaptation back to the DT-
seeded life style is also not genetically costly and this would mean that seed desiccation
tolerance/sensitivity is a versatile trait that permits populations to adapt to new
environments. Such exploratory genetic observations require further study to understand
the mechanistic role of these genes in the acquisition of seed desiccation
tolerance/sensitivity.

Is hormonal biosynthesis or -signalling altered in desiccation sensitive seeds?

The DS-seeded species studied in this thesis share some striking hormone-related
genomic alterations. The Arabidopsis abi3-6 mutant (Chapter 3) is ABA-insensitive and
was discovered by a mutagenesis screening for seeds that germinated in ABA solutions
(Nambara et al., 1994). C. australe seeds are also insensitive to ABA and germinate
even on high concentrations of ABA (Chapter 4). C. limon seeds are also insensitive to
ABA and required the inhibition of GA-biosynthesis to induce desiccation tolerance
(Chapter 5).

A treatment with ABA may re-establish desiccation tolerance in germinated
seeds of many species (Buitink et al., 2003; Costa et al., 2017; Maia et al., 2011).
Similarly, desiccation tolerance was induced in a DS seed by the treatment of silver
maple seeds with a combination of tetcyclacis and ABA (Beardmore and Whittle, 2005).

In Chapter 5, I expected that the inhibition of gibberellin biosynthesis by
paclobutrazol (PAC) in C. limon seeds would down-regulate the downstream genes
involved in the gibberellin-biosynthesis pathway and, thus, arrest germination. The
down-regulation of diverse gibberellin-responsive genes including GA20X2, GIDI1B
and SLYI was indeed observed. However, the extent of the PAC treatment was much
broader and it suppressed several other hormone-signalling pathways, probably due to
the cross talk between gibberellin signalling and that of other hormones (Weiss and Ori,
2007). Among these are genes involved in the signalling of auxin, abscisic acid,
ethylene, brassinosteroids, jasmonic- and salicylic acid. Altogether, I infer that the PAC
treatment induced desiccation tolerance in C. /imon seeds by triggering a metabolic
quiescence that suppressed multiple hormonal pathways and prevented them from
proceeding towards a germination program.

In Chapter 3, Arabidopsis Col-0 seed development also showed extensive
downregulation of multiple hormonal pathways. During the late maturation phase, GO
enrichment in the downregulated gene set included multiple hormone-associated
categories, such as: brassinosteroid metabolic process, response to cytokinin, salicylic
acid metabolic process, cellular response to ethylene stimulus and response to auxin.
Conversely, abi3-6 GO enrichment in the up-regulated gene set included jasmonic acid
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biosynthetic process, salicylic acid biosynthetic process, gibberellic acid mediated
signalling pathway, response to auxin and abscisic acid metabolic process.

The ABA content of C. australe embryos was high in the early developmental
stages, but declined considerably in both axes and cotyledons in the transition from the
yellow-green to the yellow pod stage (Chapter 4). However, ABA content increased to
very high values in the seed coat upon the transition from the yellow to the brown pod
stage. This high ABA content in the seed coat could play a role in delaying germination
of the embryo until ideal conditions for germination are met or to spread the risk of
premature seedling death. Interestingly, the seed coat starts to peel away from the
embryo in mature seeds and this increases markedly once seeds are shed.

Although C. australe seeds possess high levels of ABA, this seems to be not
enough to induce desiccation tolerance. Possibly other hormones?, such as gibberellins,
are maintaining the active metabolism of the seeds and resist water loss. The genomes
of C. australe and other DS-seeded species displayed striking genomic alterations
associated with hormonal signaling and biosynthesis. I hypothesize that seed desiccation
sensitivity is caused, to some extent, by insensitivity to ABA due to these genomic
alterations. Among these, we found that C. australe lost the gene GUNS that has been
demonstrated to be a hub for ABA signalling to the nucleus (Jiang et al., 2014).

Altogether, we confirm the opposite roles of ABA and gibberellins in the
acquisition of seed desiccation tolerance. However, also genomic and transcriptomic
changes of other hormones were observed, e.g. brassinosteroids. These hormones need
to be further studied in order to obtain a broader view of the regulation of seed
desiccation tolerance/sensitivity.

Perspectives

Understanding seed physiology allows the investigation of climatic events occurring at
the plant level, in a given environment. For example, when plant species are found in a
location with fire-stimulated seed germination (Keeley, 1987; Keeley et al., 2011), it
indicates that this place undergoes periodic fires or at least these occurred in the past.
The presence of seeds with physical dormancy indicates an environment subject to
frequent stochastic events such as drought (Hudson et al., 2015). Conversely, finding a
plant species with DS seeds in a given location, probably means that this is a long-term
stable environment with periodic and abundant rainy seasons.

Seed size has been linked to the speed of plant evolution (Igea et al., 2017). Seed
size is a very easily measured and comparable trait, which allowed Igea and co-authors

3Treatment with or quantification of other hormones, besides ABA, have not been performed in this study.
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to estimate the rate of phenotypic changes in seed size and their positive correlation with
speciation rates. Nonetheless, seed desiccation tolerance and -sensitivity are adaptive
traits that correlate significantly with seed size (Daws et al., 2006), but they were not
evaluated by Igea et al. (2017), possibly due to the difficulties to measure and
standardize them. Thus, seed desiccation sensitivity could have been the major causal
driver of plant evolution speed. However, conclusions were made based only on
phenotypical correlation analysis without considering the seed physiology.

Correlations unaccompanied by physiological data are a common practice among
ecological, evolutionary and other studies. However, interaction with physiological
disciplines may have the power to unravel causative effects of the observed correlations.

The physiological data regarding seed behaviour associated with botanical and
ecological studies may provide information about the fragility of ecosystems. For
example, if a hypothetical forest is represented by 100% DS-seeded species, and if this
forest would be cut or burned, these species would potentially become extinct in such a
location because these seeds do not form seed banks but are maintained as seedlings
which are much more sensitive to fire, leaving no propagules left to regenerate (Lamont
et al., 1993).

The regeneration of Amazonian floodplain forests has shown to be more sensitive
to fire than the non-flooded ones (Flores et al., 2014). The possible cause of this
sensitivity could be explained by the desiccation sensitivity of the seeds from many
species in this habitat. The authors did not investigate this but the periodic exposure to
the semi-aquatic environment could have led the species to evolve DS seeds.

Genetic markers for seed desiccation sensitivity can support ecological and
evolutionary studies. With the development of genomic analysis and profound
understanding of genomic features associated with adaptive traits, evolution and
ecological studies will be substantiated. The genomes bear not only the genetic
information necessary for the development of an organism, but also tell the evolutionary
history of the species. Pseudogenes, duplicated genes and whole genome duplications,
the number of synonymous and non-synonymous mutations and synteny can reveal the
evolutionary history of genes and the selective pressure they have suffered (Chapter 4).
The anatomical-physiological adaptations associated with these phenotypes should be
traceable into the genome and the dN/dS of the genes associated with these phenotypes
may reveal when these phenotypes were acquired or how much selective pressure they
suffered. Together with other studies, such as paleontology and geology, genomic
studies can also provide valuable information to understand climatic events.
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Summary

Desiccation tolerance is a mechanism that allows plant species to avoid extinction by
spreading their genetic information through time in a robust and safe vault: their seeds.
However, species inhabiting long-stable environments in which the conditions are
conducive for immediate germination may produce desiccation sensitive (DS) seeds.

In this thesis I was committed to study the relatively unexplored physiology and
genetics of these species. First, in Chapter 2 the literature was reviewed concerning
the physiology, evolution and molecular aspects of seed desiccation sensitivity.

Based on meta-analysis of available data on the seed’s lowest safe water
content for diverse species, I found two remarkable limits for dehydration survival.
The first limit is ~0.3 g H>O.(g dry weight) ! water content with no bulk cytoplasmic
water present and DS seeds cannot be dried below it. The removal of water from the
hydration shell of the molecules starts below ~0.3 g H»O.(g dry weight)! and
intermediate seeds can safely be dried until ~0.09 g H,O.(g dry weight)™'. Below this
limit, desiccation takes place and only desiccation tolerant (DT) seeds are able to
dehydrate safely.

In this chapter, also the available knowledge was surveyed to draw a
generalized picture of the evolution of DS-seeded species: seed desiccation
tolerance is gradually lost in environments where the conditions are conducive to
immediate germination. The lack of selective pressure for desiccation tolerance in
these environments causes gradual loss of protective and/or regulatory factors
related to seed longevity which will ultimately result in desiccation sensitivity.
Concomitantly, the selective pressure towards immediate germination suppresses
seed developmental arrest and results in suppression of quiescence.

I decided to look further into the molecular mechanisms underlying this
evolutionary hypothesis. Noticing a gap of knowledge on transcriptomes of seed
development and maturation in relation to desiccation tolerance, I decided to use the
Arabidopsis abi3-6 mutant as a model for seed desiccation sensitivity. In Chapter 3,
it was shown that abi3-6 seeds had increased transcriptional activity that does not fit
with a suppression of metabolic activity, generally observed in DT seeds. A clear
association was found of its desiccation sensitivity with the absence of expression of
genes responsible for dormancy and germination arrest.

In the next step, I asked whether the gene expression patterns during seed
development of the Arabidopsis abi3-6 mutant and other model systems could also
be observed in wild DS-seeded species. For this, I explored the genome and
transcriptome of C. australe DS-seed development in comparison with other DS-
and DT-seeded species (Chapter 4). 1 observed a lack of gene expression related to
protection from desiccation damage and to dormancy during late seed development. In

181



their genomes, specific relevant alterations were found in C. australe and other DS-
seeded species associated with the regulation of seed development and control of
germination that can lead to seed desiccation sensitivity.

Finally, in Chapter 5 1 describe a protocol for suppression of gibberellin
signalling by paclobutrazol for induction of desiccation tolerance in DS seeds of Citrus
limon and studied the associated transcriptional changes. The acquisition of desiccation
tolerance appeared to be mainly caused by the suppression of metabolism as a
consequence of down-regulation of genes related to multiple hormonal pathways, except
ABA.

Despite the large variation for seed desiccation sensitivity in nature, common
physiological and molecular alterations have been revealed. With this we set the basis
for further studies of the underlying mechanisms of seed desiccation sensitivity that may
help to develop effective conservation strategies.
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