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Chapter 1

PHASE TRANSITIONS OF PLANTS

Plants undergo a number of developmental phase transitions during their life cycle.
The transitions between phases are controlled by distinct genetic circuits that integrate
endogenous and environmental cues (Rougvie, 2005; Amasino, 2010; Huijser
and Schmid, 2011). The correct timing of events occurring in the post-embryonic
developmental phase transitions (i.e. germination, the heterotrophic-to-autotrophic
transition, juvenile vegetative to adult vegetative and vegetative to reproductive) is
critical for plant survival and reproduction. For example, in Arabidopsis thaliana,
glucose plays an important role in controlling the developmental phase transition
from heterotrophic to photoautotrophic seedlings (Xiong et al., 2013). Glucose
controls the TARGET OF RAPAMYCIN (TOR) signalling transcriptional network,
which represses programs associated with seed nutrient metabolism that is required
for germination and stimulates root meristem activation. Evolutionarily, TOR is
conserved in almost all life forms from yeasts to plants and humans (Wullschleger
et al., 2006; Dobrenel et al., 2011; Russell et al., 2011). Also in insects, phase
transitions are important and TOR also plays an important role in the larval/pupal
phase transition of Drosophila, where the developmental delay caused by nutritional
restriction is reversed by activating TOR (Layalle ef al., 2008).

Another considerable advance in understanding the networks controlling phase
transitions in Arabidopsis was made by studying developmental stages during seed
development (Belmonte ef al., 2013), the networks regulating the phase transition
from dormant to non-dormant seeds (Bassel et al., 2011) and from quiescent seed to
seed germination (Dekkers et al.,2013). However, little is known about the regulation
of networks involved in the developmental phase transition from seed to seedling.

It is advantageous for a species to keep the period of seedling establishment
as short as possible since young seedlings are highly sensitive to biotic and abiotic
stresses. Seedling death is one of the main causes of yield losses in crops growing
under sub-optimal conditions (Zhang et al., 2012; Cook et al., 2014). In depth
analysis of transcriptional and post-transcriptional changes during the seed-to-
seedling transition and their implication for stress resistance should provide insight
into the genetic regulation of these complex traits. Such insight can then be used
to understand processes that are involved in the transition from seed to seedling
and the effect on tolerance of stress (i.e. dehydration) during this phase transition.
Understanding the regulatory networks that control the seed-to-seedling transition is
a first step towards developing strategies for the improvement of crop yield.
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DEVELOPMENTAL SWITCHES BETWEEN THE QUIESCENT DRY SEED
STAGE AND EMERGENCE OF A PHOTOAUTOTROPHIC SEEDLING

Germination is a complex process in which the seed must shift from a quiescent state
(dry seed) to germination in order to prepare for vigorous seedling establishment.
Regulation of this critical transition from a quiescent seed to a photoautotrophic
seedling is controlled, partly, by environmental cues such as light (Beligni and
Lamattina, 2000; Eastmond ef al., 2000), and temperature (Lu and Hills, 2002; Divi
and Krishna, 2010; Zhao et al., 2010), together with the antagonistic interaction
between abscisic acid (ABA) and gibberellins (GAs) (Bewley, 1997; Koornneef et
al., 2002). Basically, germination and early seedling establishment can be described
as a sequential time course (Bewley ef al., 2013), and can be divided in several
morphological distinct stages, marking the seed-to-seedling transition. These are:
(7) seed rehydration (imbibition), germination-related initiation of metabolic activity
and embryo swelling, (ii) testa rupture, followed by (iii) protrusion of the radicle
through the endosperm which marks the completion of seed germination sensu
stricto. Subsequently, a further increase in water uptake occurs and the embryonic
root extends further as cell division commences, followed by (iv) the appearance
of root hairs, (vi) greening of the cotyledons and (vii) complete opening of the
cotyledons (Nonogaki et al., 2010; Bewley et al., 2013). The developmental phase
transition from seed to seedling is also marked by differentiation of etioplasts into
chloroplasts in the cotyledons, allowing the seedling to acquire photosynthetic
competence (Shimada et al., 2007). Moreover, progression through the seed-to-
seedling developmental stages in Arabidopsis is accompanied by mobilization of
stored reserves (Penfield et al., 2005; Fait et al., 2006) and by the loss of desiccation
tolerance (DT) (Maia et al., 2011).

Once germination has commenced, the consumption of reserves accumulated
during seed maturation is necessary for energy production to ensure heterotrophic
growth (Fait et al., 2006; Carrera et al., 2007; Bassel et al., 2008). This reserve
mobilization phase occurs prior to the greening of the cotyledons and results in
depletion of the storage reserves, making the shift from heterotrophic to autotrophic
metabolism necessary for successful seedling establishment (Mansfield and Briarty,
1996; Allen et al., 2010). Interestingly, a number of studies in Arabidopsis have
shown that germinating seeds can still prevent an irreversible shift in development to
a next stage (Maia et al., 2011) and to adult growth if the environmental conditions
are unfavourable (Sato et al., 2009).
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POINT OF NO RETURN IN THE SEED-TO-SEEDLING PHASE TRANSITION

The phase transition from seed to autotrophic seedling is characterized by two main
events; the first is defined by the emergence of the radicle and the second is defined
by seedling formation. During the phase transition, growth of the seedling can be
inhibited if external environmental conditions become unfavourable or potentially
lethal. This plant developmental arrest responds directly to the osmotic balance in
germinating seeds (Buitink et al., 2003; Maia et al., 2011) and to the carbon-nitrogen
(C/N) balance in post-germination seedlings (Kang and Turano, 2003). One mutant
line, cnil-D (carbon/nitrogen insensitive 1-dominant) isolated from the a large
collection of FOX (full-lenght cDNA overexpressor gene) transgenic plants, was able
to survive post-germination growth arrest in the presence of a high C/N balance (Sato
et al., 2009). These authors demonstrated that the RING-H2-type ubiquitin ligases
ARABIDOPSIS TOXICOS EN LEVADURA 31 (ATL31)/CARBON NITROGEN
INSENSITIVE 1 (CNI1) and its paralogue ATL6 are the key elements involved in
this C/N response during early seedling establishment. High expression of ATL31 in
the cnil-D indicated that this gene was responsible for this mutant survive on high
C/N stress (300 mM glucose/0.1 mM). Additionally, a knock-out of ATL31 resulted
in hypersensitivity to this C/N conditions during seedling growth (Sato et al., 2009).
This result highlights the importance of protein ubiquitination and degradation for
the maintenance of seedling growth during the seed-to-seedling transition.

The shift from seed to seedling can also be arrested by ABA (Lopez-Molina
et al., 2001). A developmental window of ABA sensitivity after germination was
identified, in which seedling growth can be arrested and tolerance to dehydration re-
acquired (Maia ef al., 2011). During this dehydration, ABA INSENSITIVE 3 (ABI3)
and ABA INSENSITIVE 5 (ABI5) are necessary to acquire osmotolerance (Lopez-
Molina et al., 2001; Perruc et al., 2007). Expression of 4BI3 and ABI5 is down-
regulated during germination, which suggests that seeds/seedlings lose their ability
to respond to dehydration during this process (Perruc et al., 2007). During the early
stages of germination, however, ABA exposure maintains 4B/3 and ABI5 expression
(Lopez-Molina et al., 2001; Perruc et al., 2007) which results in dehydration- and
osmotolerance and developmental stage arrest if these conditions occur.

DESICCATION TOLERANCE

Seeds frequently face unfavourable environmental conditions, such as low water
levels (drought and desiccation), which may limit seeds to germinate and further
establish as a seedling. Two types of tolerance based on a critical water level are well
studied: (i) drought tolerance, which is the capacity to tolerate moderate dehydration,
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to moisture contents below ~0.3g H,O per gram of dry weight (Hoekstra et al., 2001;
Tripathi et al., 2014); and (ii) desiccation tolerance (DT), or anhydrobiosis, which is
the tolerance of further dehydration, down to water levels below 0.1g H O per gram
of dry weight and successive rehydration without permanent damage (Hoekstra et
al.,2001; Maia et al., 2011; Dekkers et al., 2015).

The ability of germinating seeds to tolerate low water levels is limited to a
short developmental time window (Buitink ez al., 2003; Maia et al., 2011), during
which plants monitor the environmental osmotic status before initiating vegetative
growth (Lopez-Molina et al., 2001). Within the developmental window between
completion of germination and seedling establishment, the genetic program for
germination can, at least partly, be reverted to the seed maturation program by
application of osmotic treatment and/or ABA (Maia et al., 2011; Maia et al., 2014;
Dekkers et al., 2015). This reversion is no longer possible once a point-of-no-return
has been reached. This point-of-no-return, therefore, marks a switch between (seed)
vegetative phase. This point-of-no-return is strictly dependent on the developmental
stage during the seed-to-seedling transition (Buitink ef al., 2003; Maia ef al., 2011).
In Arabidopsis and Medicago truncatula, for example, this point-of-no-return
corresponds to a developmental stage prior to the appearance of root hairs, in which
DT could be re-established in germinated seeds (Buitink et al., 2003; Maia et al.,
2011). The developmental window in which DT can be re-established coincides with
the ABA sensitivity window: from the root hair stage onwards, ABA is unable to
block development and, concomitantly, the ability to re-induce DT is dramatically
reduced (Maia et al., 2014).

DT is a physiological trait acquired during seed development (Verdier et al.,
2013) and very important for survival of dry seeds. Moreover, DT, as well as the
expression of ABI3 and ABI5, are lost during germination (Lopez-Molina et al.,
2001; Buitink et al., 2003; Maia et al., 2011). DT and the expression of ABI3 and
ABIS5, however, can be re-acquired in germinated seeds prior to root hair formation
upon treatment with ABA and/or PEG (Maia et al., 2014). Some studies support
the hypothesis that ABA is important for DT induction and maintenance of seeds
in the protective state (Buitink et al., 2003; Verdier ef al., 2013). In conclusion, the
transition from seed to seedling is not only controlled by regulation of germination,
but also by a checkpoint after germination until when seedlings can still cope with
prolonged dehydration. Ultimate seedling establishment is, thus, controlled by this
point-of-no-return, prior to which seedling development can be blocked by a lack of
water and resumed when water availability is adequate. The re-acquisition of DT in
germinated seeds may be an effective strategy to arrest growth under unfavourable
conditions, and allow a vigorous seedling establishment when conditions turn
optimal. However, this suggestion awaits definitive proof.
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ABSCISIC ACID AND DEHYDRATION STRESS SIGNALLING

Thefivemajorhormoneclasses(i.e. ABA, auxin, cytokinins, ethylene, brassinosteroids
and gibberellins) elicit a wide range of responses in plant systems (Ulmasov et al.,
1997; Rademacher, 2000; Achard et al., 2006; Umehara et al., 2008; Bari and Jones,
2009; Miransari and Smith, 2014). ABA is one of these and is widely known as
a hormone with a role in stress responses (Bartels and Sunkar, 2005). Extensive
studies using biochemical and molecular-genetic approaches have revealed the main
framework of ABA biosynthesis and catabolism pathways (Finkelstein et al., 2002;
Nambara et al., 2002; Nambara and Marion-Poll, 2005) as well as ABA transporters
and over hundred ABA signalling components (Cutler et al., 2010).

The role of ABA in seeds (Okamoto et al., 2006; Verdier et al., 2013) and
seedlings (Nambara et al., 2002; Kondo ef al., 2014) has been studied widely. During
seed maturation ABA is responsible for the acquisition of DT (Verdier et al., 2013)
and during germination for the re-acquisition of DT upon mild osmotic stress (Maia
etal.,2014). The levels of ABA and ABA sensitivity determine the response of plants
to the hormone (Xiong and Zhu, 2003). It is commonly accepted that increased ABA
levels trigger ABA-mediated stress responses. However, in desiccation sensitive
Arabidopsis seeds the application of a mild osmotic stress did not increase ABA
content but genes encoding ABA receptor proteins were upregulated (Maia et al,
2014). Similarly, Arabidopsis plants expressing a cucumber mosaic virus (CMV)
factor showed an increase in drought tolerance, mediated by the 2b protein, without
accumulation of ABA (Westwood ef al., 2013). This suggests that besides enhancing
ABA levels, adjustment of ABA signalling and/or perception can be sufficient to
induce a proper stress response (Maia et al, 2014).

Measured ABA contents are the result of both ABA biosynthesis and
catabolism. ABA catabolism is largely categorized into two types of biochemical
reactions, namely hydroxylation and conjugation (Nambara and Marion-Poll, 2005).
The most common product of ABA hydroxylation is 8'-hydroxy-ABA (Nambara
and Marion-Poll, 2005). ABA-8'-hydroxylases are encoded by the CYP7074 genes,
members of the large cytochrome P450 family (Saito et al., 2004), and the spatial and
temporal differences in expression patterns of each CYP7074 gene suggest different
developmental and/or physiological role(s) (Okamoto et al., 2006). For example,
CYP707A41 and CYP707A42 have a role in ABA catabolism during seed development
whereas CYP707A42 also plays a role during germination (Okamoto et al., 2006). It
has been shown also that the cyp707a3-1 mutant contains higher ABA levels and has
increased tolerance to dehydration in Arabidopsis (Umezawa et al., 2006) and apple
seedlings (Kondo et al., 2014). The key regulatory enzymes for ABA biosynthesis
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are the 9-cis-epoxycarotenoid dioxygenases (NCEDs). Their expression correlates
well with endogenous ABA levels (Schwartz et al., 2003) and their overexpression
results in a significant accumulation of ABA, which confers enhanced tolerance to
multiple abiotic stresses such as dehydration and salt (Iuchi et al., 2001; Qin and
Zeevaart, 2002; Je et al., 2014; Xian et al., 2014).

ABA signalling also plays a critical role in stress response pathways by
producing various, yet specific, outputs such as stomatal aperture (Gonzalez-Guzman
et al., 2012), and re-establishment of DT (Maia et al, 2014). Recently, one of the
breakthroughs in ABA biology was the discovery of a core ABA signalling cascade
consisting of the ABA receptors PYR/PYL/RCAR, the PP2C protein phosphatases
as negative regulators, and SnRK2 protein kinases as positive regulators which, in
turn, can activate transcription factors to regulate the expression of downstream
targets (Park et al., 2009).

Under normal conditions PP2C inactivates SnRK2 by dephosphorylating
its multiple phosphorylation sites, but when endogenous ABA is upregulated due
to abiotic stress such as dehydration (i.e. desiccation and drought), ABA binds
to PYR/PYL/RCAR, this complex interacts with the PP2C and thus inhibits the
protein phosphatase activity (Figure 1). In the absence of PP2C activity, SnRK2
auto-phosphorylates and, in doing so, activates itself. Moreover, in the regulatory
network of natural acquisition of DT during seed development, ABA signalling
genes such as ABI3, ABA INSENSITIVE 4 (ABI4) and ABI5 are strongly linked to
DT in Medicago truncatula (Buitink et al., 2003). ABI3 is an orthologue of maize
VIVIPAROUS1 (VP1) (McCarty et al., 1991), and belongs to the B3-domain family
of transcription factors (Swaminathan et al., 2008). Together with two other B3
proteins, FUS3 and LEC2, ABI3 plays a key role in seed maturation, including the
acquisition of dormancy and DT (Holdsworth et al., 2008; Mentzen and Wurtele,
2008). A genome-wide analysis of the ABI3 regulon showed that 98 genes are targets
of ABI3 (Mentzen and Wurtele, 2008). One of the ABI3 targets is ABIS, which acts
downstream of ABI3 to arrest seedling establishment (Lopez-Molina et al., 2002).

ABI4 belongs to the DREB/CBF subfamily of the AP2/ERF superfamily
(Sakuma et al. 2002) and plays an important role in stress response (Wind et al.,
2013). ABIS belongs to the ABF/AREB subfamily, and it plays a role in the ABA
response during early stages of seedling establishment and its mutation result in
ABA-insensitive germination and seedling growth (Finkelstein, 1994; Lopez-
Molina et al., 2002). Regarding the role of ABA signalling in the induction of DT,
Maia et al. (2014) phenotyped several Arabidopsis mutants for re-establishment of
DT in germinated Arabidopsis seeds. As mentioned, DT can be re-established in
germinated Arabidopsis seeds upon application of a mild osmotic stress prior to the
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appearance of the first root hairs. ABA signalling mutants, such as abi3-8, abi3-9,
abi4-3 and abi5-7 which produced desiccation tolerant seeds, displayed a reduced
ability to re-establish DT (Maia et al, 2014).

Additionally, abi5 mutants of M. truncatula can no longer re-establish DT in
germinated seeds (Terrasson ef al., 2013). Regulatory pathways leading to DT may
act redundantly, as they respond to both seed developmental (Verdier ef al., 2013)
and environmental cues during germination, such as osmotic stress (Nambara et al.,
2002; Buitink ef al., 2003; Maia et al., 2011).

A Efflux

;B,;\ /

Influx

Stress
Stimuli

(i.e. osmotic
stress)

ABA
Biosynthesis

ABA

SnRK2 Other TFs Catabolism

ABA responses :
“i.e. Desiccation tolerance:

Figurel. Overview of ABA sensing, signalling and transport upon dehydration stress. PYR/PYL/
RCAR, PP2C and SnRK2 in a core signalling complex. In the nucleus, the core complex directly
regulates ABA-responsive gene expression by phosphorylation of SnRK2 (partially redraw from
Umezawa et al., 2010).
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OUTLINE OF THIS THESIS

As described in this General Introduction, the transition from a quiescent metabolic
state (dry seeds) to the active state of a vigorously growing seedling is crucial in the
plant’s life cycle and relatively little is known about the molecular basis underlying
this transition. Therefore, the primary objective of the research described in this thesis
was to detail the molecular basis underlying the seed-to-seedling phase transition. In
Chapter 2 I describe the global gene expression in seven successive developmental
stages across the seed-to-seedling transition in Arabidopsis thaliana. With this data
I identified several dominant expression patterns associated with transitions across
developmental stages. One of these patterns suggests the existence of dedicated
signal transduction pathways that regulate seedling establishment. In Chapter 2 I
show that one of the key regulators present in the latter pattern, the homeodomain
leucine zipper I transcription factor ATHBI3, affects root development during late
seedling establishment. In Chapter 3, I analysed the primary metabolite profile in
the same seven developmental stages. I detected two main metabolic shifts during
the seed-to-seedling transition. Moreover, I correlated the transcriptome data from
Chapter 2 with these metabolite data and this revealed a general framework of the
contribution of metabolites and selected transcripts to the seed-to-seedling transition.

Having described the molecular basis of the seed-to-seedling phase transition
in Chapters 2 and 3, in Chapters 4 and 5 I addressed the second objective of this
study, to unveil molecular aspects of the re-establishment of desiccation tolerance
(DT) in germinated seeds. Key here was to do this in such a way that it would mimic
‘natural’ drying in the soil better than when using osmotic solutions. To this end I
developed a novel protocol for studying DT in germinated seeds called Mild Air
Drying Treatment (MADT) in Chapter 4. With this new protocol I confirmed that
an enhanced abscisic acid (ABA) accumulation is part of the DT response. I also
found that ABA accumulation takes place beyond the DT window in germinated
seeds. This new protocol is further explored in Chapter 5 where | used the 4ABA
INSENSITIVE 3 mutant (abi3-9) and a microarray approach which enabled me to
suggest the existence of crosstalk between ABA-dependent and ABA-independent
transcription factors in the re-establishment of DT. Finally, in Chapter 6 I discuss
and integrate the results of my research and describe future perspectives.
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Chapter 2

SUMMARY

The transition from a quiescent dry seed to an actively growing photoautotrophic
seedling is a complex and crucial trait for plant propagation. The seed-to-seedling
transition has been studied intensively but only few genetic factors regulating this
phase transition have been identified. This study provides a detailed description of
the dynamics of global gene expression in seven successive developmental stages
of seedling establishment in Arabidopsis. The results offer the most comprehensive
description of gene expression during the seed-to-seedling transition to date. The
co-expression gene network highlights interactions between known regulators
of this transition and predicts the function of uncharacterized genes in seedling
establishment. Analysis of co-expressed gene data sets for the phase transition from
germinated seed to established seedling suggests dedicated signal transduction
pathways that regulate seedling establishment. One of the identified key regulators,
the homeodomain leucine zipper I transcription factor ATHB13, is expressed during
germination, but affects late seedling establishment. The seedling phenotype of the
athb13 mutant showed increased primary root length as compared with the wild type
(Col-0), suggesting that this transcription factor may controls cell division during
early seedling formation. We conclude that signal transduction pathways present
during the early phases of the seed-to-seedling transition anticipate on controlling
root growth in later stages of seedling establishment. This study demonstrates that
a gene co-expression network together with its transcriptional modules can provide
mechanistic insights that are not likely derived from comparative transcript profiling
alone.

INTRODUCTION

The transition from seed to seedling is mediated by germination, which is a complex
process that starts with imbibition and completes with radicle emergence. Seed
germination is a crucial process in seedling establishment as it marks a functional
point-of-no-return. Despite the profound impact of seedling performance on crop
establishment and yield, relatively little is known about the molecular processes
underlying the transition from seed to seedling, or from hetero- to autotrophic growth.
This transition is decisive for plants to enter a natural or agricultural ecosystem and
is an important basis for crop production.

Once germination has started, mobilization of stored reserves is essential to
provide the growing seedling with energy and building blocks before it becomes
(photo)autotrophic. The importance of energy metabolism to support germination
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and seedling growth is evident from primary metabolite profiling of early germination
(Fait et al., 2006) and from studies that show inhibited seedling growth in mutants
defective in seed lipid mobilization (Fulda et al., 2004). Moreover, evidence
from gene expression profiling studies in Arabidopis thaliana suggests that the
transcriptome required for seed germination and seedling growth is already present
in the mature dry seed that has just completed development and maturation (Cadman
et al., 2006; Finch-Savage et al., 2007).

Application of o-amanitin, an inhibitor of transcription that targets RNA
polymerase II, appears to allow completion of the germination process until radicle
protrusion but inhibits subsequent seedling growth while inhibitors of translation
prevent progress of germination from the start (Rajjou et al., 2004). This suggests that
transcriptional changes during the germination process are required to accommodate
post-germination growth. Thus, it appears that in the successive developmental
stages between seed maturation and seedling growth the transcriptome is one
developmental step ‘ahead’ of the proteome and the physiology. This conclusion was
corroborated by the observation that light, perceived by phytochrome B in the seed,
generated a downstream trans-developmental phase signal (mediated by the AB/3
gene) which, apparently, preconditions seedlings to their most likely environment
(Mazzella et al., 2005). Seedling emergence, therefore, depends, at least partly, on
inherent seed characteristics.

Althoughgerminationhasbeenstudied formanyyears,asignificantadvancement
of knowledge of the complex germination process was not attained until sequence
information and —omics technologies became widely available. In Arabidopsis, a
number of studies utilizing, sometimes high-resolution, transcriptomic approaches
to investigate the time course of seed germination has made major contributions
(Holdsworth et al., 2008; Holdsworth ef al., 2008; Narsai et al., 2011; Dekkers et al.,
2013). However, there is a general lack of similar studies following the completion
of seed germination, viz. the beginning of radicle protrusion and subsequent seedling
establishment. Similar studies of the transcriptome during this phase of growth may,
therefore, not only provide a global view of gene expression patterns, including
biological function enrichment, but also a predictive dimension once co-expressed
gene sets have been identified. For example, the most comprehensive transcriptional
study, thus far, of the time course of seed development, reported predictions of gene
regulatory networks, identifying regulators of seed development (Belmonte et al.,
2013). In this context, seedling growth stages until appearance of the first root hairs,
or beyond, have not been studied in meaningful detail. This implies that potentially
regulatory changes in the transcriptome have not yet been associated with seedling
establishment.
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The main objective of the present study was to identify regulatory factors to
reveal signal transduction routes that are involved in the seed-to-seedling transition.
Studies using large transcriptome data sets have demonstrated correlation of gene
expression (Usadel et al., 2009; Bassel et al., 2011; Dekkers et al., 2013; Verdier
et al., 2013). Co-expressed genes have a greater likelihood of being involved in a
common biological condition or developmental process (Aoki et al., 2007; Usadel
et al., 2009; Bassel et al., 2011; Verdier et al., 2013). In addition, transcriptional
modules, such as those identified for seed development (Belmonte et al., 2013), are
likely to identify regulatory circuits of a process by association of overrepresented
DNA sequence motifs with co-expressed transcription factors (Belostotsky et
al., 2009). Here we show that the assessment of global transcript changes across
developmental stages from the mature dry seed to the seedling stage of fully opened
cotyledons provides a comprehensive view of biological processes involved in
seedling development and establishment. Analysis of these developmental stages
enabled us to identify informative gene sets, such as stage peak-transcripts and
dominant expression patterns (DPs). The identification of these robust expression
patterns will provide an essential resource to better understand the seed-to-seedling
transition.

EXPERIMENTAL PROCEDURES
PLANT MATERIAL COLLECTION

Seeds of Arabidopsis thaliana, accession Columbia (Col-0 [N60000]) were cold
stratified at 4 °C in the dark for 72 h in Petri dishes using two layers of moistened blue
filter paper (Anchor paper Co, Saint Paul, Mn, USA.) to break residual dormancy.
Germination tests were performed in a growth chamber at 22 °C under constant white
light. To elucidate the changes in the transcriptome related to the transition from a
seed to a photo-autotrophic seedling, seven developmental stages were identified:
(DS) mature dry seed; (6H) seeds, imbibed for 6h and germination-related initiation
of metabolic activity; (TR), embryo swelling and testa rupture; (RP) protrusion of
the radicle through the endosperm, primarily through cell elongation, followed by
further embryonic root extension and beginning of (RH) root hair formation, succeed
by the appearance of (GC) greening cotyledons and (OC) cotyledons that are fully
opened (Figure 1).
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Figure 1. Sub-division of the seed-to-seedling developmental stages.

RNA EXTRACTION

Total RNA was extracted using the hot borate method according to Wan and
Wilkins (1994) with some modifications as described previously (Maia et
al., 2011). RNA quality and concentration were measured by agarose gel
electrophoresis (0.1 g.mL!) and NanoDrop®.

MICROARRAY HYBRIDIZATION

The quality control, RNA labeling, hybridization and data extraction were performed
at ServiceXS B.V. (Leiden, The Netherlands). Labelled ss-cDNA was synthesized
using the Affymetrix NuGEN Ovation PicoSL WTA v2 kit and Biotin Module
using 50 ng of total RNA as template. The fragmented ss-cDNA was utilized for
hybridization on an Affymetrix ARAGene 1.1ST array plate. The Affymetrix HWS
Kit was used for the hybridization, washing and staining of the plate. Scanning
of the array plates was performed using the Affymetrix GeneTitan scanner. All
procedures were performed according to the instructions of the manufacturers
(nugen.com and affymetrix.com). The resulting data were analyzed using the R
statistical programming environment and the Bioconductor packages (Gentleman et
al., 2004). The data was normalized using the RMA algorithm (Irizarry et al., 2003)
with the TAIRG v17 cdf file (http://brainarray.mbni.med.umich.edu). Expression
data are hosted in the NCBI GEO database (GSE65394). *(http://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?token=onyxsyycjtaxxux&acc=GSE65394).  Validation
of the seed-to-seedling transcriptome data set was performed by comparison with
previously published expression patterns of genes known to be differential expressed
across seed to seedling developmental stages (Supplemental Table S1) (Ding et al.,
2006; Tepperman et al., 2006; Hammani et al., 2011; Narsai et al., 2011; Feng et al.,
2014).
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IDENTIFICATION OF CO-EXPRESSION GENE SETS AND TRANSCRIPTIONAL MODULES

Stage-specific gene sets. For selection of differentially expressed transcripts specific
for a given developmental stage, a two-step approach was used. First, Bayesian
Estimation of Temporal Regulation - BETR ( p < 0.001) was used to identify
differentially expressed transcripts in at least two different developmental stages
(Aryee et al., 2009). At the next step differentially expressed transcripts were further
filtered to determine whether they were specific for a particular stage. The Limma
package (Gentleman et al., 2005) was used to check whether the average expression
values in a specific stage were significantly (p < 0.01) larger than expression at
other stages. The extracted datasets were hierarchically clustered and visualized in
GeneMaths XT®.

Dominant expression pattern and transcriptional module prediction.
Dominant expression patterns (DPs) were identified as previously described by
Belostotsky et al. (2009). DPs were identified of the 50% most variant transcripts,
corresponding to 9.565 mRNAs. The R function FANNY (http://cran.r-project.org/
web/packages/cluster/cluster.pdf) with a minimum Pearson correlation of 0.85 was
used to evaluate the number of clusters (K) choices from 1 to 50 with a cut-off for cluster
membership of 0.4. The K choice that yielded the greatest number of transcriptional
modules was ten. These transcriptional modules were used in the ChipEnrich
software package developed by Brady et al. (2007) and modified by Belmonte et al.
(2013). ChipEnrich determines the significance of GO terms, metabolic processes,
DNA motifs and transcription factors (TFs) using p values calculated from their
hypergeometric distribution (Belostotsky et al., 2009; Belmonte et al., 2013). For
the hypergeometric distribution lists of GO terms, metabolic processes, DNA motifs
and TFs were used based on Arabidopsis Gene Regulatory Information Server —
AGRIS (http://arabidopsis.med.ohio-state.edu/AtTFDB/). An optimized ChipEnrich
by Belmonte ef al. (2013) was used to identify significantly enriched DNA motifs,
associated TFs and GO terms. Tables generated by ChipEnrich were imported into
Cytoscape (version 2.8.2) and the transcriptional module networks were visualized
using the yFiles Organic layout.

SEED GERMINATION, SEEDLING ESTABLISHMENT AND ROOT GROWTH PHENOTYPE

ATHB mutant lines were obtained from Cabello et al. (2012) (athb13-1) and Barrero
et al. (2010) (athb20-1). Seeds of these mutants were sown on 5x5 cm Rockwool®
blocks in a climate cell (20°C day; 18°C night) with a photoperiod of 16h light and
8h dark. Each Rockwool® block was watered with Hyponex® solution (1 g/L). Seeds
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were harvested in four replicates of at least three plants. In order to measure root
growth, seeds were sterilised with commercial bleach (20% v/v) and placed on solid
medium containing 0.5x Murashige and Skoog (MS) (Murashige and Skoog, 1962)
without sucrose. Thereafter, seeds were stratified for 72h at 4°C to remove residual
dormancy and transferred to a germination cabinet at 22°C with constant white light.
Twenty-seven seeds were selected at the RP stage for Col-0 and for each of the
mutants (athbl3-1 and athb20-1). These seeds were placed on new plates with 0.5x
solid MS medium without sucrose. Plates were placed vertically in a climate cell in
the same conditions as described above. Root growth was scored 15 days later for
each plant. Plates were scanned using an Epson document scanner and root lengths
were determined by SmartRoot® 4.1 using ImageJ® software.

RESuLTS
TRANSCRIPTOMIC CHANGES DURING THE SEED-TO-SEEDLING TRANSITION

Transcript abundance of Arabidopsis thaliana (Col-0) in each developmental stage of
the seed-to-seedling transition was analysed, using a high-density Affymetrix"® array
(Aragene.stl.1). This array encompasses the complete Arabidopsis transcriptome.
Principal component analysis
(PCA) was used to compare
the overall variation in gene
expression levels among the

1.0e5

Sed] - seven developmental stages,
@ .DS. using the entire transcriptome

g GC with three biological replicates
§0 © 5 for each developmental stage
= zp . ;‘b (Figure 2). Each developmental
e stage was clearly distinct from

the other stages. Proximity of
the replicates in the PCA plot
highlights the robustness of the
experimental set-up and data
o o o oo processing steps and shows that
perenzn) this is a powerful data set to study

the seed-to-seedling transition.
Of the complete
transcriptome, 19.130  (69%)

-5e44

Figure 2. PCA plot of transcript abundance of the seven
stages of seed. germination and seedling. development.
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transcripts were differentially expressed in at least two developmental stages during
the seed-to-seedling transition. Pearson correlation was applied to these transcripts and
this indicated distinct temporal profiles (Figure S1 and Dataset S1). When successive
developmental stages were compared, considerable changes could be observed. The
greatest change in number of transcripts was observed in the comparison between
DS and 6H (over 7.000 genes up-regulated and 4.000 down-regulated). Other sets
of transcripts showed more moderate changes: from 6H to TR (5600 genes up and
4768 down), TR to RP (840 genes up and 1.107 down), RP to RH (1596 genes up and
1824 down), RH to GC (1543 genes up and 1407 down), and between GC and OC
(2515 up and 3272 down). (Figure S2). Highly expressed genes in DS were enriched
for GO terms related to heat response and lipid storage, whereas high expression
at 6H was related to nucleotide binding and structural constituent of ribosome,
suggesting activation of translational activity. Gene sets of the other comparisons
were associated with such processes as cell cycle, protein synthesis, DNA processing
and transcription (Supplemental Table S2). For example, GO terms such as RNA
processing, nucleic acid binding were enriched for genes highly expressed in the
TR, RP and RH stages, whereas chloroplast envelope, endomembrane system and
ribosome biogenesis were enriched for genes highly expressed in GC and OC stages.

TRANSCRIPTOMIC ANALYSIS IDENTIFIES SETS OF DEVELOPMENTALLY REGULATED
PROCESSES DURING THE SEED-TO-SEEDLING TRANSITION

Ramification of gene clusters suggested the temporal expression of developmentally
regulated transcripts. The results show transcripts that specifically peaked at each
developmental stage and ten dominant patterns (DPs) across all seed-to-seedling
developmental stages.

Stage-peaking gene sets. The complexity of the data sets suggests a
coordinated shift in gene expression at the developmental stages of the transition.
Because of this complexity, we identified genes that peaked (p < 0.01, Bonferroni
adjusted) at a particular stage, derived from the subset of 19.130 transcripts. This
analysis illustrates that the different sets of genes display peaks of expression at
different developmental stages, which is suggestive of their relevance for stage-
specific developmental functions (Supplemental Table S3). Interestingly, the clusters
of developmentally regulated transcripts grouped into specific stages and formed
a “wave” of transcript abundance, moving from a quiescent dry seed to a growing
seedling (Figure 3).

These clusters may thus govern the progression of the genetic program
towards seedling establishment. Analysis of the peaking genes resulted in 6.384
transcripts that showed significant levels of differential expression with a single peak
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across the seed-to-seedling development stages. Of 6.384 transcripts, 50% showed
a maximum transcript expression in mature dry seeds and 24% in seeds imbibed for
six hours, whereas in TR, RP and RH less than 2% displayed maximum expression
(0.6% at testa rupture, 0.3% at radicle protrusion and 0.5% at the appearance of the
first root hair). GC and OC displayed maximum expression of around 22% and 2%,
respectively (Figure 3 and Supplemental Table S3).
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Figure 3. Overview of the expression patterns of transcripts peaking at selected seed-to-
seedling transition stages. A. Differentially expressed gene clustering based on the peak of
expression at the selected seed-to-seedling stage. B. General tendency and average abundance
of transcripts at each stage. This analysis shows the maximum expression of transcripts at
different stages, indicating the stage-specific maximum activity of the transitionally regulated
transcripts.
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The number of peaking transcripts for each developmental stage indicated that
transcript abundance can be grouped in three distinct clusters: (/) DS and 6H; (i7)
TR, RP and RH, and (iii) GC and OC, implying two major transitions. This complex
pattern of gene activity observed during the seed-to-seedling transition can help to
determine the fundamental molecular processes involved in seedling establishment
and, hence, to predict seed and seedling quality by monitoring gene expression
during seed germination and seedling establishment.

Dominant patterns. To determine how transcript abundance changes during
the seed-to-seedling transition, we also clustered transcripts from the subset of 19.130
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transcripts into ten dominant
expression patterns (DPs) (Figure
4 and Supplemental Table
S3), using the Fuzzy K-Means
clustering method (Belostotsky
et al., 2009). Five of the co-
expressed gene sets consisted of
transcripts with high expression
at only one stage (DP3, DP4,
DP5, DPS, and DP9), whereas the
other five co-expressed gene sets
were expressed across several
stages. These
expression patterns suggest the
occurrence of processes related
to specific stages of the seed-to-
seedling transition.

developmental

Figure 4. Dominant patterns of
gene expression during the seed-
to-seedling transition. Ten DPs
were found using Fuzzy K-means
clustering of the 50% most variant
transcripts from the data set of
19.130 transcripts that showed
significant expression difference in
at least one developmental stage. Bar
graphs represent averages of mRNA
expression levels in each stage (left
to right, mature seeds to cotyledons
fully opened).
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Predictive functions of these processes were determined for each of the DPs
by analysis of enriched GO terms (p < 0.0001) and metabolic processes (p<0.001)
(Figure 5 and Supplemental Table S3). For example, the DP1 gene set was
overrepresented for genes with GO terms such as fatty acid activity, chlorophyll
biosynthesis and photosynthesis (Figure 5). Another gene set, DP7, was significantly
enriched for GO terms and metabolic processes associated with photosynthesis and
carbon metabolism, including chloroplast and thylakoid structure, photorespiration,
calvin cycle and gluconeogenesis (Figure 5 and Supplemental Table S3). DP6 and
DP10 consisted of transcripts highly expressed in the TR, RP and RH stages. DP6
and DP10 were significantly enriched for DNA unwinding and ribosome related

transcripts (Figure 5).
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Figure 5. Heat map showing the p value significance of GO enrichment terms for DPs
(Supplemental Table S3). GO terms listed are for biological process or/and cellular
components that were overrepresented for each DP gene set.
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The dominant expression patterns displayed a transient variation of transcript
abundance across the seed-to-seedling developmental stages, which suggests
a complex network of transcripts that control the major transitions in seedling
development.

In summary, the predicted pathways associated with the peaking-genes and
DP data sets can be described by GO terms and metabolic processes (Supplemental
Table S3). DS peak-genes were significantly enriched for GO terms known to be
associated with events that occur during seed development, maturation and abscission
including ubiquitin-protein ligase activity and response to heat. 6H peak-genes were
overrepresented for processes associated with high levels of transcriptional activity,
such as RNA binding and nucleic acid binding.

Gene sets of TR, RP and RH were not significantly enriched for GO terms
and metabolic processes because only few transcripts peaked at these stages. GC-
specific transcripts, however, were highly enriched for microtubule motor activity
genes (mitotic kinesins) that are associated with the cell cycle. Transcripts peaking
at OC were enriched for processes supporting tissue growth, such as transport and
lipid binding (Figure S3). Moreover, dominant pattern gene sets associated with
transitory regions (DP1, DP2, DP6, DP7 and DP10) were significantly enriched for
cell differentiation, proliferation, and photosynthesis. DP2, DP6 and DP10 probably
undergo cell divisions with subsequent cellularization, but no photosynthesis.
Photosynthesis and chlorophyll binding, however, were enriched in DP1 and DP7.
Gene expression related to photosynthesis might start already at the TR stage (DP1)
with a second wave of transcript abundance starting at RP (DP7) (Figure 4).

A CO-EXPRESSION GENE REGULATORY NETWORK OF THE SEED-TO-SEEDLING
TRANSITION

To identify regulatory processes that are controlling the seed-to-seedling transition
an unweighted gene co-expression network analysis was carried out. Edge adjacency
threshold was set at 0.98, resulting in a network consisting of 6.896 nodes with
99.762 edges. Network visualization was carried out in Cytoscape using the organic
layout (Figure 6). Temporal expression profiles corresponding to the different co-
expression gene sets, were clearly separated. These distinct regions are associated
with the three main stages that dominate the transition: mature dry seeds (DS), early
imbibition (6H) and the final stage of seedling establishment (OC). As we were
interested in the mechanisms that govern the transition from a quiescent to a photo-
autotrophic state, we investigated which dominant patterns were most representative
for this transition. For this purpose, each DP previously identified was mapped on the
seed-to-seedling network (Figure 7).
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@ DS peak-genes
6H peak-genes
@ OC peak-genes

Figure 6. Unweighted gene co-expression network for the seeds-to-seedling transition.
Circles (nodes) represent transcripts and lines (edges) represent significant transcriptional
interactions between the transcripts. Temporal analysis of network clusters was performed
by colouring each gene by its maximum expression across seed-to-seedling transition
developmental stages (peaking-gene sets).

Regions of transcriptional interaction associated with phase transitions
were observed for the DP1, DP2, DP6, DP7 and DP10 clusters. DP2 and DP10
showed gene expression patterns increasing from DS to 6H, whereas DP1 and DP6
showed an increase from 6H to TR (Figure 4). This suggests that these four DPs
are associated with phase transitions in seed germination rather than early seedling
growth. Therefore, of these five DPs (DP1, DP2, DP6, DP7 and DP10) DP7 is
predicted to bridge the gap between germination and the seedling stage (Figure 7).
Therefore, DP7 is the most representative gene set associated with the transition
from germination (6H) to early seedling establishment (OC). The DP7 set is unique
in that the transcript abundance increased after RP and kept increasing to higher
levels thereafter (Figure 4). The expression pattern of DP7 suggests that a common
set of transcripts is uniformly up-regulated across the seedling developmental stages.
It may also indicate that a distinct regulatory process during RP affects the abundance
of over 1.600 transcripts which subsequently control seedling establishment.
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PREDICTED REGULATORY CIRCUITRY CONTROLLING TRANSCRIPTS EXPRESSED
DURING THE TRANSITION FROM GERMINATED SEED TO ESTABLISHED SEEDLING

To define a gene regulatory network that might control the transition from a quiescent
to an autotrophic photosynthesizing state, we inferred a predicted transcriptional
module that links transcription factors (TFs) with their potential co-expressed target
transcripts, using ChipEnrich and Cytoscape. Transcriptional modules of stage-
specific transcripts (DS and OC) link enriched ABRE, G-box, ABFs, and ATHB5
DNA sequence motifs with known or predicted TFs that are present in mature seeds
and seedlings (Figure 8). The transcriptional module for DS is enriched for G-box,
ABRE and ABF DNA motifs, which are associated with bZIP TFs known to function
in seed maturation (Gutierrez et al., 2007).

DP1 DP2 DP3 DP4 DP5

DP6 DP7 DP8 DP9

Figure 7. Seed-to-seedling network with nodes (transcripts) coloured according to the DP to
which they belong, showing expression regions on the network for the different DPs (Figure
4).

The transcriptional module for OC showed enrichment for the ATHBS DNA
binding motif known to be associated with seedling development (Johannesson ef
al., 2003). Transcriptional modules built from the other seed-to-seedling transition
gene sets may give additional input to identify potential regulatory circuits that
govern phase transitions within the network. We also built transcriptional modules
for each DP (Figure S4 and S5). These showed an evident overlap in enriched DNA
motifs and TFs identified in the stage-specific gene sets. This observation suggests
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that seedling establishment processes are regulated in a dynamic manner as shown
by the DPs. The transcriptional module for the co-expressed gene sets identified
as being in the transitory region from germinated seed to the photo-autotrophic
seedling (DP7) was predicted to be enriched for the ATHBS DNA binding motif
associated with the three homeodomain-leucine zipper TFs ATHB13; ATHB20 and
ATHB23. These TFs are members of the subclass-a (ATHB3, -13, -20 and -23) within
class I homeodomain-leucine zipper TFs, with a putative role in leaf development
(Henriksson et al., 2005). However, none of these have been previously related to a
seedling-related developmental phase transition.
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Figure 8. Transcriptional modules predicted to regulate the seed-to-seedling transition. DNA
motifs (red rectangles) and GO terms (orange octagons) that are significantly overrepresented
(p <0.001) within the peak—transcript sets (open ellipses) together with co-expressed
transcription factors (light-blue diamonds). Transcriptional modules were predicted for DS
(A), 6H (B) and OC (C) peak-transcripts (Supplemental Table S3).
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HOMEODOMAIN-LEUCINE ZIPPER ATHB 13 REGULATES PRIMARY ROOT GROWTH

To investigate whether ATHB transcription factors are present in the transitory region,
we mapped these transcription factors on the seed-to-seedling network (Figure 9).
ATHB13 and ATHB2( were in the transitory region, whereas ATHB23 was not. Since
the inference of co-expression networks and DPs represent two independent methods
(Materials and Methods), this result is plausible. To generate a seed-to-seedling co-
expression network a high cut-off for Pearson correlation (0.98) was used, whereas
for the DPs a lower cut-off was used (0.85). We therefore conclude that ATHB23 has
a weaker interaction with transcripts of the transitory region of the seed-to-seedling
network than ATHB13 and ATHB2(, which showed strong interactions with many
transcripts of this region (Figure 9). In our data-set 58 transcripts were found to be
co-expressed with ATHB13 and ATHB20. Within the transitory region, many key
regulators of photosynthesis and root development interact in the regulation of seeding
establishment. Seven genes previously characterized with a role in photosynthesis and
five with a role in root development were identified from this co-expression analysis
(Figure 9). Photosynthesis-related genes included PHOTOSYSTEM I SUBUNIT F
(PSAF; At1g31330); GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE B
SUBUNIT (GAPB; At1g42970); CHLOROPHYLL A-B BINDING FAMILY PROTEIN
(CP22; At1g44575); NDH-DEPENDENT CYCLIC ELECTRON FLOW 1 (NDF4;
At3g16250); PLASTID TRANSCRIPTIONALLY ACTIVE 5 (PTACS; At4gl13670);
GLUTAMINE SYNTHETASE 2 (GS2; At5g35630) and PS Il OXYGEN-EVOLVING
COMPLEX 1 (PSBO1I; At5g66570). Root-related genes were: AUXIN RESISTANT 3
(IAA17; At1g04250); DUF538 (At1g09310); WRKY DNA-BINDING PROTEIN 36
(WRKY36; At1g69810); TONOPLAST INTRINSIC PROTEIN 1 (TIP1; At2g36830)
and MIZU-KUSSEI 1(MIZ1; At2g41660). We phenotyped T-DNA insertion mutants
for ATHB13 and ATHB20 (athb13-1 and athb20-1) with no previously described
function in the seed-to-seedling phase transition. A major effect of the athbi3-1
knock-out was a significantly increased primary root length relative to the wild type,
whereas athb20-1 did not show a similar root phenotype (Fig. 9 C, D). This suggests
that ATHB13 negatively regulates root growth during seedling establishment. This
example demonstrates how a transcriptional module together with a co-expression
network can generate insights that are not immediately apparent from simple
transcript profile comparisons.
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Figure 9. A. Gene network interactions of ATHBI3 and ATHB20 as derived from the
seed-to-seedling network. Green nodes represent genes known to be associated with
photosynthesis, whereas yellow nodes represent genes associated with root development.
B. Transcriptional modules predicting regulators of the transitory region (DP7) of the seed-
to-seedling transition. DNA motifs (red rectangle) and GO terms (orange octagons) that are
significantly overrepresented (p <0.001) within the transitory gene set (open ellipse) together
with co-expressed transcription factors (light-blue diamonds). The transitory region gene
set possesses a transcriptional module, of which ATHBS is known to be associated with
seedling development. All DPs with DNA motif, TF and GO term enrichments are listed in
Supplemental Table S3. C. Root growth phenotype of mutant lines (athb13-1 and athb20-
1) and wild type (Col-0). Roots were scanned at 15 days after transfer to MS medium. D.
Primary root length comparison at 15 days after transfer to MS medium. Different letters
above error bars indicate statistically significant differences between lines (p < 0.01, n=27).

DiscussIioN

To reach an autotrophic state, the seed-to-seedling transition is assumed to
temporally and spatially employ various regulatory factors. These regulatory factors
modulate the controlling genes and proteins, which will eventually govern seedling
establishment. A detailed transcriptome analysis with the inference of co-expression
networks and transcriptional modules of the seed-to-seedling transition resulted in the
identification of several co-regulating modules of gene expression, coinciding with
specific developmental stages. Each developmental stage was clearly distinguishable
in a PCA plot, which suggests that changes in gene expression are already occurring
within six hours of imbibition. The changes in the number of transcripts which were
highly abundant during the first six hours of imbibition demonstrates that transcripts
that had accumulated during seed maturation are degraded and that the induction of
translation-associated transcripts, involved in germination, may commence directly
upon imbibition. This observation confirms that of Dekkers et al. (2013), who
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showed that the majority of seed maturation-repressed genes are reactivated in the
first phase of Arabidopsis seed germination (dry to imbibed seed). Moreover, the
enriched GO terms for DS peak-transcripts corroborate a previous study of gene
co-expression networks of seed maturation in Medicago truncatula (Verdier et al.,
2013), in which genes expressed during seed maturation were also associated with
GO terms such as lipid binding and heat response. The overrepresented GO terms
for 6H peak—genes are associated with RNA binding and nucleic acid binding, and
these are in agreement with a previous study of mitochondrial biogenesis during
seed germination (Law et al., 2012). This previous study showed that transcripts
that increased in abundance in early germination were overrepresented for RNA
processing and encode mitochondrial biogenesis functions, which precede crucial
bioenergetic and metabolic functions. This observation correlates with our 6H peak-
gene results and it postulates that an early transcript expression (6H) may act as a
signal to prompt the expression of genes involved in various metabolic functions
required for germination and seedling establishment. Clusters of TR, RP and RH
showed only few peaking genes and a minor change in transcript expression. The
GC peak-gene set, however, is overrepresented for microtubule motor activity genes
(mitotic kinesins), which are associated with the cell cycle (Vanstraelen et al., 20006).
Thus, this cluster has genes playing roles in cellular organization and dynamics,
chromosome movement and cytokinesis (Vanstraelen et al., 2006), which prompts us
to conclude that, at the GC stage, high cell division activity occurs. Genes peaking at
OC are enriched for processes supporting tissue growth, such as transport and lipid
binding. Taken together, overrepresentation results for peak-gene sets, reflect two
major transitions in gene activity. These results, furthermore, imply that a transcript
preparation for germination and early seedling development is initiated already at
early imbibition (6H peak-genes) and an efficient seedling establishment is ensured
by additional distinct transcript expression of GC and OC peak-genes.

Besides overrepresentation of GO terms for the peak—gene sets, changes in
transcriptional modules (Belmonte et al., 2013) of these gene sets link to TFs that
control the functions of the regulatory networks. The transcriptional module for
transcripts that accumulated in DS include DNA motifs (G-box, ABRE and ABFs)
linking to bZIP transcription factors such as ABA INSENSITIVE 5 (ABI5). ABIS
is known to play a role in maturing seeds (Finkelstein et al., 2005) and to be a
major regulator of LATE EMBRYOGENESIS ABUNDANT PROTEINS (LEAs)
(Nakashima et al., 2006). Additionally, 4BI5 has been shown to play an important
role in the expression of an ABA-responsive gene RESPONSIVE TO DESSICATION
29B (RD29B) which contains the ABRE motif (Nakashima et al., 2006). Thus, the
occurrence of DS peak-genes are in agreement with the known regulatory network in
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maturing seeds. Transcripts of key regulators of germination are associated with 6H
peak-genes and they are rapidly down-regulated during early seedling establishment.
The 6H peak-genes data set is enriched for the TELO-box motif which is associated
with genes involved in DNA replication (Wang et al, 2011), whereas the
transcriptional module of OC peak-genes is enriched for the ATHBS DNA binding
site motif known to be associated with the regulation of ABA-responsiveness and
seedling development (Johannesson et al., 2003).

The transcriptional modules identify potential regulatory circuits that control
processes associated with the GO terms of seed-to-seedling phase transitions. The
transcriptional interactions in each of the stage peak-genes are distinct, with the
DS peak-genes, 6H peak-genes, and OC peak-genes showing greater numbers of
highly expressed genes, and a transcriptional coordination according to the modules.
Interestingly, TR, RP, and RH peak-genes with only a few highly expressed
transcripts, suggest that a common transcriptional mechanism may be responsible
for seedling establishment which continues by activation of additional transcriptional
mechanisms (GC peak-genes and OC peak-genes).

To better understand the seed-to-seedling phase transition, we examined the
distribution of these peak-genes over the seed-to-seedling co-expression network.
Co-expression analysis suggests that stage peak-genes capture transcriptional
interactions associated with developmental stages from dry seed to fully open
cotyledons. The seed-to-seedling network shows three regions of interaction (dry,
germination and the seedling state) with a transitory region between the germination
and seedling stages. It suggests that functional differentiation within the transitional
developmental stages occurs mainly through two distinct processes, namely
germination (6H peak-genes) and seedling establishment (OC peak-genes) state.

Our analysis highlights this network as a powerful tool to understand the
regulation of the transition from a quiescent dry state to a photo-autotrophic one.
Moreover, the DP analysis reduces the complexity of co-expression data (Brady et
al.,2007; Belostotsky et al., 2009) and helps to understand how transcript abundance
changes over successive developmental stages (Brady et al., 2007; Belmonte et al.,
2013). For example, the DP1 gene set is overrepresented for GO terms associated
with chlorophyll biosynthesis and photosynthesis. Chlorophyll biosynthesis is
controlled during the critical initial emergence of seedlings from darkness into light
(Huq et al., 2004; Moon et al., 2008). Thus, the DP1 co-expression pattern may serve
as a blueprint for chlorophyll biosynthesis and photosynthesis during the seed-to-
seedling transition. Two other gene sets (DP6 and DP10) show clusters of transcripts
highly expressed in the TR, RP and RH stages. DP6 and DP10 are overrepresented
for DNA unwinding, ribosome and mitochondrion. Expression of these dominant
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patterns point to rapid re-establishment of various biochemical activities to support
seedling establishment. Biogenesis of mitochondria is known to provide energy for
cellular processes, which is critical for seed germination and seedling establishment
(Law et al., 2012; Jiang et al., 2013). Consistent with these observations, transcripts
associated with mitochondrion display high expression already after six hours
of imbibition (related to DP10), which suggests that mitochondrial biogenesis is
required already at 6H to ensure successful seedling establishment. The predicted
regulatory circuitry controlling transcripts expressed during the seed-to-seedling
transition appears to be essential for successful early seedling establishment.

The transitory region between germination and the seedling stage in the
seed-to-seedling network is determined by essentially one dominant expression
pattern, namely DP7. The three TFs identified in DP7 are members of the HDZip
gene family which are classified into four groups (Henriksson et al. (2005). Of the
three identified family members, only two (ATHB13 and ATHB20) displayed strong
interactions within the seed-to-seedling network. These TFs are paralogs, and have
similarities and differences in their response. ATHB3 is involved in cold tolerance
(Cabello ef al., 2012), whereas ATHB20 has been assigned roles in ABA-, salt and
cold responses (Henriksson et al., 2005), as well as seed dormancy (Barrero et al.,
2010). ATHB23 and ATHB20 play a role in light signalling (Barrero et al., 2010;
Choi et al., 2014), but none of these have previously been related to the seed-to-
seedling phase transition.

These TFs represent high-confidence candidates of previously described
regulatory factors present in DP7 and they probably have a role in coordinating gene
partners within this dominant pattern (Belmonte et al., 2013). The transcriptional
module for DP7, which shows a significant increase from the last stage of germination
(RP) to the first stage of seedling establishment (RH) and keeps increasing thereafter,
suggests a regulatory process involving over 1.600 transcripts. The co-expression
regulatory circuit of ATHB13 suggests that this TF plays a role in the regulation of
transcripts related to photosynthesis and root growth. However, there is no evidence
for a connection among ATHB13, root growth and photosynthesis but a correlation
has been reported between photosynthesis and ATHB2, another ATHB family member
(Carabelli et al., 1996; Hu et al., 2013), and between root growth and ATHBS (Baima
et al., 1995). In addition, ATHB13 has been described recently to play a crucial role
in Arabidopsis development (Ribone et al., 2015). This transcription factor appeared
to be vital for pollen germination, the mutant showed defected siliques, and it may
also play a negative role in stem elongation. Thus, this suggests that ATHB13 is part
of the same regulatory pathway leading to root growth or either photosynthesis for
successful seedling establishment. This is corroborated by the root phenotype of
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athb13-1 (Fig. 9). To our knowledge, the role of ATHB13 in the regulatory circuit
for root development is unknown. Increased root growth of athbl3-1 as compared
to Col-0 suggests a negative feedback regulation in root development regulation, as
previously shown for ATHBS in auxin signalling (Baima et al., 2014) and ATHB13
in stem growth (Ribone et al., 2015). This repressing activity in root development
by ATHB13 may indicate antagonistic activities of modulating signals towards the
completion of seedling establishment.

CONCLUSION

Our seed-to-seedling gene expression network describes global transcriptional
interactions for two distinctive developmental states, namely germination and
seedling development. Evidently, the seed-to-seedling transition is related to the
agronomic trait of seedling establishment and vigour, and understanding the associated
transcriptional regulatory network will facilitate studies to ultimately enhance
seedling establishment in agriculture. The seed-to-seedling gene expression network
provides a template to postulate new hypotheses about transcriptional regulators and
their interactions. Many previously described transcription factors interact in the
regulation of the seed-to-seedling transition. How seedling establishment may be
improved by this transition, depends on the interaction activity of factors promoting
signalling across the germination and seedling stages. The present data suggest that
previously unknown regulators identified in the transitory region act through known
regulatory components to promote information controlling development later in
seedlings. Therefore, further investigation of co-expressed genes in the transitory
region might lead to an answer for the connection between co-expressed genes and
seedling establishment.
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Figure S1. Hierarchical clus-
tering analysis of differentially
expressed Arabidopsis seed-to-
seedling transition transcripts.
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cally, following the Bayesian
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seedling transition stages in the
different columns. Seed-to-seed-
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— six hours imbibed; TR — testa
rupture; RP — radicle protrusion;
RH — root hair; GC — greening
cotyledons; and OC — cotyledons
fully opened.
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Figure S2. Overview of changes in transcript levels across seed-to-seedling developmental
stages. Number of transcripts significantly different in abundance between all combinations
of the different morphological developmental stages.
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Dataset S1: Abundance of all transcripts in the seed-to-seedling transition.

Table S1: Validation of the seed-to-seedling transcriptome data set performed by
comparison with previously published expression patterns of genes known to be
differential expressed across seed to seedling developmental stages

Table S2: Transcript comparisons between previous and next stages, and their
enriched GO terms, DNA motifs, and metabolic pathways.

Table S3: Peak-transcripts and dominant pattern sets. GO terms, DNA motifs and
metabolic pathways for each gene set.
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SUMMARY

During early seedling establishment, the transition from a quiescent metabolic state
(dry seeds) to the active state of a vigorous seedling is crucial in the plant’s life cycle.
We further analysed this complex physiological trait by measuring the changes in
primary metabolism that occur during the transition in order to determine which
metabolic networks are operational. The transition involves several developmental
stages between seed germination and seedling establishment, i.e. between imbibition
of the mature dry seed and opening of the cotyledons, the final stage of seedling
establishment. We wanted to determine if the advancement of growth is associated
with certain signature metabolite profiles. Metabolite-metabolite correlation analysis
underlined two profiles that seem to be implied in the metabolic preparation of seed
germination and of efficient seedling establishment, respectively. To understand
the regulation of the biochemical pathways involved in the seed-to-seedling
transition, we correlated the metabolite profiles with transcription data obtained
from the same developmental stages. We demonstrate that the transcriptional
changes not always translate one to one to a proportional metabolic response.
Nevertheless, this correlation analysis enabled us to identify which metabolic
pathways are important during the seed-to-seedling transition, and to identify
metabolite levels that seem to be controlled directly by transcript abundance. These
results provide a global view of the transcriptional and metabolic changes during
the seed-to-seedling transition in Arabidopsis and this opens up new perspectives
for understanding the complex regulatory mechanism underlying this transition.

INTRODUCTION

Seed germination is a critical stage in the plant’s life cycle which starts with the
uptake of water by the dry seed, followed by embryo expansion and (commonly)
radicle emergence. This process is characterized by a transition from a quiescent- to
a metabolically highly active state (Penfield ez al., 2005; Fait et al., 2006). Uptake
of water by seeds occurs tri-phasic with a rapid initial uptake (phase 1, imbibition).
Phase I of seed germination occurs without visible morphological changes, and is
characterized by seed-specific germination metabolism that prepares the seed for
radicle protrusion (Fait ef al., 2006). Phase I is followed by a plateau phase (phase
1) in which water content is constant but metabolic activity increases. Radicle
protrusion through the embryo-surrounding structures marks the end of phase II and
a further increase in water uptake (phase III) occurs as the embryonic axis elongates
and the embryo establishes itself as a young seedling (Schopfer and Plachy, 1984;
Nonogaki et al., 2010; Bewley et al., 2013).
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Arabidopsis mutants have been extensively used for the functional analysis
of genes involved in seed germination (Debeaujon and Koornneef, 2000; Lu and
Hills, 2002; Fulda et al., 2004; Yang et al., 2013). Some mutations slow down seed
germination but do not significantly arrest it. This phenomenon may occur as a result
of a significant reduction in oil reserve content accumulated during seed maturation
(Focks and Benning, 1998; Lu and Hills, 2002; Penfield et al., 2005). However,
another study with a mutant deficient in plastidic pyruvate kinase (pkp!) suggested
that delayed seed germination and, consequently, seedling establishment is not caused
specifically by a lack of seed oil reserves but may be related to reduced pyruvate
kinase activity during germination (Andre and Benning, 2007). These observations
suggest that seedling establishment is not only affected by mobilisation of reserves
accumulated during seed development, but also by additional metabolic processes
across developmental stages during the seed-to-seedling transition.

Although high-throughput functional genomic methods, such as
transcriptomics and metabolomics have identified key genes and metabolites
involved in seed germination (Fait et al., 2006; Angelovici et al., 2011; Toubiana et
al., 2012; Dekkers et al., 2013), there is a lack of integration of these studies, e.g.
combining transcriptomics with metabolomics, to further zoom in on key metabolic
pathways during successive developmental stages. Integration of omics data may
constitute an alternative and complementary strategy to identify target genes and
their ultimate products (metabolites) regulating either single biochemical pathways
or more complex developmental mechanisms (Mercke et al., 2004). Powerful
tools are now available for discovering links between transcripts and pathways of
plant metabolism (Gutiérrez et al., 2008; Verdier et al., 2013; Caias et al., 2015).
The availability of high-throughput metabolomics approaches produces extensive
metabolite data sets which can be combined with gene expression data (Fait et al.,
2006). The combination of transcripts and metabolites has also been represented
as networks including both transcripts and metabolites (Holdsworth et al., 2008;
Fukushima et al., 2011; Lv et al., 2014), which has been successfully used to discover
regulatory and biosynthetic genes involved in the control of metabolite production
(Verdier et al., 2013).

The present study highlights the dynamics of metabolism across developmental
stages during the seed-to-seedling transition in Arabidopsis. Metabolite-metabolite
correlation analysis underlined two profiles that seem to be implied in the metabolic
preparation of seed germination and of efficient seedling establishment, respectively.
In addition, we analysed combined transcriptomics and metabolomics data, which
provides a general framework illustrating the significance of metabolites and
transcripts in the seed-to-seedling transition.
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EXPERIMENTAL PROCEDURES
PLANT MATERIAL

Seeds of Arabidopsis thaliana, accession Columbia (Col-0 [N60000]), were cold
stratified at 4 °C in the dark for 72 h in Petri dishes on two layers of moistened
blue filter paper. Germination was performed in standard plant growth chambers
at 22 °C under constant white light. To elucidate the changes in metabolomes that
prepare for and accompany the transition from a seed into a photoautotrophic
seedling, seven developmental stages during this transition were identified. Using
a stereomicroscope, the successive developmental stages were selected as follows:
(DS) mature dry seed; (6H) seed six hours upon imbibition; embryo swelling and
(TR) testa rupture; (RP) protrusion of the radicle through the endosperm, followed
by embryonic root growth and (RH) root hair formation, followed by (GC) greening
cotyledons and (OC) fully opened cotyledons (Chapter 2).

METABOLITE EXTRACTION, DERIVATIZATION AND GC-TOF-MS ANALYSIS

Metabolites were extracted as described before (Ribeiro et al., 2014) with some
modifications. Three replicates of approximately 350 seeds/seedlings (~5mg of dry
material) from each developmental stage were pulverized in a 2 mL Eppendorf tube
with an iron ball (6.3 mm) using a dismembrator (Sartorius®) cooled with liquid
nitrogen. Then, 175 pl of methanol/chloroform (4:3 v/v) were added, after which
37.5 ul of the internal standard (1 mg.mL"! ribitol in water) was added. After 10 min
in an ultrasonic bath, 50 uL of water was added, followed by 5 min of centrifugation
at 17000 g in an Eppendorf centrifuge. After centrifugation the upper phase was
transferred to a new tube. To the remaining material, 125 uL of a 1:1 v/v mix of
methanol and chloroform was added, vortexed thoroughly and kept on ice for 10
minutes. Then, 50 pL of water was added and centrifuged for 5 min at 17000 g in an
Eppendorf centrifuge. The upper phase was transferred to the previously collected
upper phase. An aliquot of 30 pL of the joint upper phase was dried overnight by
vacuum centrifugation.

Each sample was analysed by gas chromatography coupled to a quadrupole
time of flight mass spectrometry system (GC-TOF-MS) as TMS derivatives. TMS
derivatives were obtained by online derivatization (Combi PAL autosampler - CTC
Analytics) as described previously (Ribeiro et al., 2014). Sample aliquots of 2
uL were injected at a split ratio of 20:1 into an Optic 3 high-performance injector
(ATAS) at 70 °C, after which the injector was rapidly heated to 240 °C at 6 °C s™'.
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Chromatography was performed in an Agilent 6890 gas chromatograph (Agilent
Technologies) coupled to a Pegasus III time-of-flight mass spectrometer (Leco
Instruments) using a VF-5 ms capillary column (Varian; 30 m x 0.25 mm % 0.25 um)
including a 10-m guardian column with helium as carrier gas at a column flow rate of
I mL min~!. The oven temperature program was 2 min at 70 °C, followed by a 10 °C
min~'ramp to 310 °C, 5 min at 310 °C, and 6 min at 70 °C before the next injection.
The transfer line temperature was set at 270 °C. The column effluent was ionized by
electron impact at 70 eV. Mass spectra were recorded at 20 scans s™! within a mass-to-
charge ratio range of 50 to 600 at a source temperature of 200 °C. A solvent delay of
295 s was set. The detector voltage was set to 1,650 V. An alkane mixture (C10-C17
and C19-C33) was used to determine the retention index of the metabolites. Starch
was determined as described previously by (Ribeiro ef al., 2014). In order to confirm
the sucrose trend from GC-TOF-MS, soluble carbohydrates were also determined
as previously by (Ribeiro ef al., 2014). The supernatant was injected into a Dionex
HPLC system (ICS 5000 * DC) to analyse the soluble carbohydrate content, using
a CarboPac PA 1, 4- x 250-mm column preceded by a guard column (CarboPac PA
1, 4 x 50 mm), a gradient pump module (ICS 5000 Dual Pump, Dionex). Mono-,
di-, and tri-saccharides were separated by elution in an increasing concentration of
NaOH (20-350 mM) with a flow rate of 1 mL per minute. Peaks were identified by
co-elution of soluble carbohydrate standards. Sugar quantity was corrected by mean
of the internal standard (melezitose) and transformed to micrograms of sugar per
milligram of dry material.

Dataprocessing. Raw data was processed by ChromaTOF software 2.0 (Leco®),
and further baseline correction, accurate mass calculation, data smoothing and noise
reduction, followed by alignment between chromatograms was performed using the
MetAlign software (Lommen, 2009). MSClust was used to remove metabolite signal
redundancy in aligned mass peaks tables and to retrieve mass spectral information
of metabolites using mass peak clustering (Tikunov et al., 2012). The mass spectra
of the representative masses were used for tentative identification by matching to
the spectral libraries (National Institute of Standards and Technology [NISTO8];
Golm metabolome database [http://gmd.mpimp-golm.mpg.de/ webcite]) and by
comparison of the retention index calculated using a series of alkanes. Authentic
reference standards were used to confirm the identity of the metabolites. Levels of
identification are presented in Supplementary Dataset S1 according to Sumner et al.
(2007).

Metabolomic analysis. The processed data was uploaded into MetaboAnalyst
software (www.metaboanalyst.ca) according to the user’s guide (Xia et al., 2009;
Xia and Wishart, 2011). Data normalization was performed by adjustment of
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the concentrations based on biological input (dry weight) and reference feature
(ribitol). Subsequently, generalized-logarithm transformation was performed,
followed by unit scaling (mean-centred and divided by standard deviation of each
variable). Multivariate analysis was performed using log transformed and scaled
data. Statistically significant differences for the variables between seed-to-seedling
transition developmental stages were tested by ANOVA followed by post hoc
analysis for comparisons in multiple groups. The p-value resulting from ANOVA was
adjusted to the false discovery rate-adjusted p-value (FDR). Principal component
analysis (PCA) was performed on the entire data set.

Dominant profile , network and metabolite pathway enrichment analysis.
Fuzzy K-Means clustering was used for identification of common patterns
(Belostotsky et al., 2009). Pearson correlation was performed for each identified
profile. A table for each profile with correlation coefficient values among metabolites
was exported to Cytoscape V.2.8.2 (Smoot et al., 2011). Pathway enrichment analysis
was performed for each profile using Metaboanalyst 3.0 (Xia et al., 2015).

RESULTS
METABOLIC PROFILING OF THE SEED-TO-SEEDLING TRANSITION

Upon GC-TOF-MS analysis of the seven developmental stages of the seed-to-
seedling transition (see Chapter 2) we detected 144 metabolite peaks. From these, 44
could be identified (Dataset S1). Identified metabolites were subjected to one-way
ANOVA and differences in metabolite levels between developmental stages were
considered significant if p < 0.01 (FDR adjusted). Forty-three metabolites varied
significantly between at least two developmental stages of the seed-to-seedling
transition (Dataset S2). Principal component analysis (PCA) applied to the entire
metabolome data set (identified and unknown compounds) showed an overall
variation in metabolite levels among developmental stages (Figure 1A). The high
score (66.2%) for principal component one (PC1), which coincides with the seed-to-
seedling development shows that there are large changes in metabolite composition
during this transition. A biplot, displaying the major contribution of metabolites to
the different developmental stages (Figure 1B) suggests that dynamic changes in
metabolite levels occur across the developmental stages. Galactinol, sucrose and
N-acetylglutamic acid (NAcGlu) represented the most dominant metabolites in DS
and 6H, whereas for the TR, RP and RH stages tyrosine, allantoin and urea were the
most prominent metabolites. Most of the metabolites particularly accumulated in the
final two stages of seedling establishment (GC and OC).
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Figure 1. A. Principal component analysis (PCA) of metabolite profiling at seven
developmental stages across the seed-to-seedling transition. Data points of the same colour
represent sample replicates. Principal component 1 (PC1) explained 66.2% of metabolite
variance at developmental stages and principal component 2 (PC2) explained 14.6%. Dashed
ellipses show three clusters: initial stages of germination (DS and 6H); early-seedling stages
(TR, RP and RH) and last stages of seedling establishment (GC and OC). B. Significant
changes of the metabolites illustrated in a Biplot derived from the PCA-plot. Developmental
stages are represented by: DS — dry seed; 6H — six hours imbibed; TR — testa rupture; RP
— radicle protrusion; RH — root hair; GC — greening cotyledons; and OC — cotyledons fully
opened. Arrow indicates the development.

Overall changes in carbohydrates. Levels of sorbose (2-fold), fructose (3-
fold), glucose-6-phosphate (3-fold) and glucose (16-fold) were enhanced during the
first six hours of imbibition and kept increasing thereafter (Figure 2) resulting in an
increase in the levels of sucrose-derived monosaccharides at TR, such as fructose-6-
phosphate (4 fold) and glucose-6-phosphate (13 fold). Only sucrose and galactinol
showed a continuous decrease across the seed-to-seedling developmental stages. In
contrast to the latter decrease, the levels of several amino acids increased (Figure 2).
An initial reduction in sucrose content was observed at TR to about 50% of the content
at 6H, suggesting that in the TR stage carbohydrate mobilization and metabolism are
highly active (Figure 2). The opposite trend of changes in amino acid-, sucrose- and
galactinol content suggests a shift from carbon- to nitrogen metabolism. In addition,
sugars such as fructose, glucose, sorbose, xylose, trehalose, and glucose-6-phosphate
increased during the final two stages of seedling establishment from 2-fold (GC) up
to 10-fold (OC). These marked changes in sugar levels are predominantly associated
with major carbohydrate metabolism. Although sucrose levels decreased, the
abundance of all other carbohydrates increased, which suggests a substantial rate of
import of the products from reserve mobilization into glycolysis.
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Figure 2. Relative concentration of 42 metabolites and starch which showed statistically
significant variation during the seed-to-seedling transition. Different lower case letters above
bars represent differences between samples by Tukey’s HSD (p < 0.05). Colours of bars
refer to developmental stages. From left to right: DS — dry seed; 6H — six hours imbibed;
TR — testa rupture; RP — radicle protrusion; RH — root hair; GC — greening cotyledons; and
OC - cotyledons fully opened.
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Overall changes in intermediates of the tricarboxylic acid cycle (TCA).
Intermediates of the TCA-cycle such as citrate, fumarate and malate showed levels
3-to 10-fold greater in DS than at 6H (Figure 2). In contrast, levels of a-ketoglutarate
increased 3-fold at 6H, as compared to DS. In addition, all identified TCA cycle
intermediates showed a constant increase from TR to OC. This suggests the presence
of variation in mitochondrial function, including regeneration or de novo synthesis
of mitochondria, starting between 6H and TR and continuing to increase during the
later seed-to-seedling developmental stages.

Overall changes in amino acid contents. Eighteen amino acids were
identified of which four changed during the first six hours of imbibition. An increase
was detected for asparagine (8-fold), aspartate (3-fold) and threonine (2-fold) from
DS to 6H, whereas pyruvate content at 6H was 50% lower than at DS (Figure 2).
However, most of the amino acids (15) increased at TR or later stages. Three of
these 15 displayed a considerable boost in their levels at TR when compared to 6H;
isoleucine (8-fold), glutamine (16-fold) and proline (32-fold) (Figure 2). The shift
from the last stage of germination (RP) to the first stage of seedling establishment
(RH) was accompanied by an increase in gamma-aminobutyric acid (GABA) levels
of around 6-fold. When photosynthesis became active (GC), levels of tryptophan
increased vastly to around 17-fold compared with RH. Three other amino acids did
not display a strong increase during the RH to GC transition, but increased around
2-fold (serine and threonine) and 3-fold (GABA) in OC compared with GC. Whereas
all amino acids attained their highest levels at GC and OC stages, tyrosine was a
notable exception as it was 149-fold higher at RP and RH when compared to GC and
OC (Figure 2).

This consistent increase in amino acids, sugars, starch and organic acids
indicates that central metabolic processes are being maintained or induced in
preparation for seedling establishment. In addition, it should be noted that metabolite
profiling, PCA and the biplot results suggest that the seed-to-seedling transition
developmental stages are represented by three clusters according to the major
changes in metabolite levels: germination (DS and 6H); early seedling growth (TR,
RP and RH) and seedling establishment (GC and OC).

METABOLIC CORRELATION NETWORK ANALYSIS

We next explored the metabolic shifts between the heterotrophic and photoautotrophic
states. We searched for groups of metabolites that display a similar concentration
pattern across the different developmental stages by using the Fuzzy K-Means
clustering method (Belostotsky et al., 2009) with some modifications (Materials and
Methods). We identified two dominant metabolite level profiles (Figure 3).
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Figure 3. Two profiles of metabolite levels at developmental stages of the the seed-to-seedling
transition. Profiles were identified using Fuzzy K-means clustering. The black line depicts the relative
median of metabolite levels in each profile. Developmental stages are represented by: DS — dry seed;
6H — six hours imbibed; TR — testa rupture; RP — radicle protrusion; RH — root hair; GC — greening
cotyledons; and OC — cotyledons fully opened.

Profile 1 included seven amino acids (alanine, glutamine, glycine, lysine,
phenylalanine, proline, and methionine) and pyruvate, whereas Profile 2 was
comprised of six amino acids (asparagine, GABA, isoleucine, serine, threonine,
and valine), five carbohydrates (fructose, glucose, sorbose, xylose and trehalose),
five organic acids (malate, a-ketoglutarate, succinate, ascorbate and glycerate),
three carbohydrate derivatives (myo-inositol, fructose-6-phosphate and glucose-
6-phosphate), adenosine, putrescine and phosphate (Figure 3). Profile 1 represents
metabolites that did not change much until 6H but increased steadily up to a maximum
at the RH stage, followed by a slight decline to the GC stage and a subsequent
increase to OC. Profile 2 represents metabolite levels that gradually increase across
the seed-to-seedling developmental stages and reached the highest level at OC. The
three metabolites (sucrose, NacGlu and galactinol) that were not included into these
two dominant profiles displayed an opposite trend to Profile 2, that is they gradually
decreased during development. The difference in numbers of metabolites between
the patterns likely reflects variations in biochemical pathways during seedling
development.

To characterize the profiles, we built a metabolite-metabolite correlation
network for each profile (Figure 4). Each edge of the networks represents a source-
target (outgoing-incoming edges) correlation. A high number of incoming edges into
a metabolite indicates the dependence of that metabolite on the outgoing metabolite
edge (Xue et al., 2013).

In the profile 1, amino acids showed a high correlation with pyruvate; high
numbers of incoming edges were present for pyruvate, whereas alanine showed only
outgoing edges (Figure 4). This profile 1, which shows an increase in levels of seven
amino acids and of pyruvate at TR, seems to represent key metabolites for an initial
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energy boost for seed germination. Profile 2 showed a high number of incoming
edges for carbohydrates, organic acids, myo-inositol, putrescine and phosphate,
whereas the amino acids showed a low number of incoming edges. Six amino
acids present in profile 2, besides a few incoming edges, showed high numbers of
outgoing edges with asparagine only showing outgoing edges (Figure 4). In profile
2, metabolites such as carbohydrates and TCA cycle intermediates increased across
all stages. Thus, increased levels of metabolites in profile 2, especially those for TCA
cycle intermediates, may represent a cluster of metabolites required for successful
seed germination as well as seedling establishment.

Profile 2
Profile 1

Legend

@ Purine (O Organic acids
(O Carbohydrate derivative @ Polyamine
(© Carbohydrate (OPhosphate

(© Amino acids

Figure 4. Metabolite profile networks, in which metabolites display significantly higher
connectivity to each other. Each edge in the networks indicates a source-target correlation.

To delineate the biochemical pathways of each profile, we performed
biochemical pathway enrichment analysis using the MetaboAnalyst3.0 website tool
(Table 1).

Profile 1 was significantly (p < 0.01) enriched for biochemical pathways
such as aminoacyl-tRNA biosynthesis, nitrogen metabolism, alanine, asparagine
and glutamate metabolism, and carbon fixation in photosynthetic organisms.
Profile 2 was enriched for alanine, aspartate and glutamate metabolism, TCA
cycle, aminoacyl-tRNA biosynthesis, galactose metabolism, and valine, leucine
and isoleucine biosynthesis (Table 1). These dominant profiles and their pathway
enrichments suggest that seed germination and seedling establishment are associated
with initial activation of important metabolic processes (profile 2). It is also likely
that seed germination is associated with a follow up of additional metabolites (profile
1), which appear later during germination.
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Tablel. Significantly enriched pathways for profiles 1 and 2.

Pathway Name Total Hits P -log(p) Holmp FDR
Profile 1

Aminoacyl-tRNA biosynthesis 67 7  6E-09 2E+01 5E-07 S5E-07
Nitrogen metabolism 15 3 7E-05 1E+01 6E-03 3E-03
Alanine, aspartate and glutamate metabolism 22 3 2E-04 8E+00 2E-02 7E-03
Carbon fixation in photosynthetic organisms 21 2 7E-03 5E+00 6E-01 1E-01
Profile 2

Alanine, aspartate and glutamate metabolism 22 4  4E-04 8E+00 3E-02 3E-02
Citrate cycle (TCA cycle) 20 3 4E-03 SE+00 4E-01 1E-01
Aminoacyl-tRNA biosynthesis 67 5 4E-03 5E+00 4E-01 1E-01
Galactose metabolism 26 3 9E-03 S5E+00 7E-01 2E-01
Valine, leucine and isoleucine biosynthesis 26 3 9E-03 5E+00 7E-01 2E-01

Summary of the metabolites in each profile ranked by their P values. Total is the total number of
compounds in the pathway; Hits is the actually matched number from each profile; Holm p is the P
value adjusted by Holm-Bonferroni method and FDR is the P value adjusted using the False Discovery
Rate adjustment method. * Significant pathways with p<0.01

COMPREHENSIVE METABOLIC PATHWAYS

To understand the regulation of the biochemical pathways that operate during the
seed-to-seedling transition, we correlated the metabolite changes to transcriptional
changes. Hereto, we used the transcriptome data of the same seven successive
developmental stages that are described in Chapter 2. This transcriptome dataset
provides a comprehensive description of gene expression during the seed-to-seedling
transition. We mapped 146 representative transcripts associated with energy and
amino acid metabolism on the seven stages (Figure 5). Displaying the transcripts
and metabolites in this way revealed that changes in transcript abundance preluded
the later changes in metabolite contents. Importantly, 42 out of 146 transcripts were
involved in the metabolism of eight carbohydrates and their derivatives (sucrose,
glucose, fructose, fructose 6-phosphate, glucose 6-phosphate, threhalose, xylose,
myo-inositol and galactinol), whereas 34 were involved in the metabolism of six
organic acids (pyruvate, citrate, a-ketoglutarate, succinate, fumarate and malate).
Furthermore, metabolic pathways involving 17 amino acids (glycine, serine,
phenylalanine, tyrosine, tryptophan, alanine, valine, asparagine, aspartate, lysine,
threonine, isoleucine, methionine, glutamate, GABA, glutamine and NAcGlu)
were associated with 72 transcripts. To facilitate the identification of patterns of
transcriptional changes in pathways associated with metabolite levels, we determined
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the Pearson correlation between the levels of identified metabolites and transcripts
of the corresponding metabolic pathway enzymes (Dataset S3). We focussed on
the changes in gene expression and metabolite levels associated with carbohydrate,
organic acid, and amino acid metabolism (Figure 5). Fifteen transcripts associated
with carbohydrate metabolism were positively correlated with the corresponding
metabolite levels (Figure 5A). Sucrose levels were best correlated with transcript
abundance of INVERTASE B (A/N-INVB ), which encodes an enzyme involved in the
hydrolysis of sucrose. Expression of SUCROSE SYNTHASE 1 (SUST) and SUCROSE
SYNTHASE 2 (SUS2) were best correlated with fructose and sucrose, respectively
(Figure 5A). Sucrose synthase catalyzes the conversion of glucose and fructose
to sucrose and vice versa. Glucose is also associated with a biochemical reaction
involving hexokinase, in which hexokinase phosphorylates glucose to glucose-6-
phosphate. The expression of two isoforms of hexokinase, HEXOKINASE 1 (HXKI)
and HEXOKINASE 3 (HXK3) was best correlated with glucose-6-phosphate levels
(Figure 5A). Glucose-6-phosphate, besides the above biochemical reactions, is also
involved in an important step of glycolysis, the conversion of glucose-6-phosphate
to fructose-6-phosphate. This conversion is mediated by phosphoglucose isomerase
and, indeed, PHOSPHOGLUCOSE ISOMERASE 1 (PGI1) was well correlated with
glucose-6-phosphate content (Figure 5A). Another important biochemical reaction
that incorporates fructose-6-phosphate into glycolysis involves fructokinases
which indirectly convert fructose to fructose-6-phosphate. The expression of
PHOSPHOFRUCTOKINASE 1 (PFK1)and PHOSPHOFRUCTOKINASE 5 (PFKY)
correlated best with fructose content (Figure 5A). Glucose-6-phosphate is also a
precursor for the biosynthesis of trehalose. The expression of four genes encoding
trehalose-phosphate synthases was best correlated with trehalose and glucose-6-
phosphate; the expression of TREHALOSE-6-PHOSPHATE PHOSPHATASE E
(TPPE) and TREHALOSE-6-PHOSPHATE PHOSPHATASE I (TPPI) had the highest
correlation with trehalose. Glucose-6-phosphate, however, was best correlating
with TREHALOSE-6-PHOSPHATASE SYNTHASE S5 (TPS5) and TREHALOSE-6-
PHOSPHATE PHOSPHATASE A (TPPA) transcript levels. Xylose and galactinol
levels showed good correlation with transcript levels of enzymes associated with
their biosynthesis. Xylose level correlated well with the expression of UDP-D-
XYLOSE SYNTHASE 2 (AXS2) and UDP-XYLOSE SYNTHASE 4 (UXS4). Galactinol
levels correlated well with GALACTINOL SYNTHASE 1 (GOLSI) expression
(Figure 5A). The number of transcripts correlating with organic acid metabolism
was lower than for carbohydrate metabolism. Four transcripts were positively
correlated with the three organic acids, pyruvate, succinate and a-ketoglutarate.
Pyruvate is involved in two important pathways, glycolysis and the TCA cycle
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(Figure 5) . Levels of pyruvate correlated well with the expression of PYRUVATE
KINASE (At3g52990) (Figure SA) and PYRUVATE DEHYDROGENASE E1A-LIKE
SUBUNIT (IAR4) (Figure 5B). Pyruvate kinase transfers the phosphate group from
phosphoenolpyruvate (PEP) to ADP, resulting in pyruvate, after which pyruvate
dehydrogenase transforms pyruvate into acetyl-CoA, which is incorporated into the
TCA cycle. The expression of the gene encoding isocitrate dehydrogenase (IDH)
correlated well with a-ketoglutarate levels. This enzyme catalyzes the conversion of
isocitrate into a-ketoglutarate. The expression of CYTOSOLIC NADP*-DEPENDENT
ISOCITRATE DEHYDROGENASE (CICDH) correlates with a-ketoglutarate
levels. Succinate correlated well with transcript levels of one isoform of succinate
dehydrogenase, which is an enzyme that catalyses the conversion of succinate to
fumarate. SUCCINATE DEHYDROGENASE 1-2 (SDH1-2) seems to be the isoform
that catalyses the conversion of isocitrate to a-ketoglutarate (Figure 5B).
Abundance of 13 transcripts associated with amino acid metabolism was
positively correlated with levels of eight amino acids. Aspartate correlated well
with the expression of ASPARTATE AMINOTRANSFERASE 2 (AAT2) (Figure 5B).
Since aspartate is a precursor of asparagine through asparagine synthetase, we
checked the correlation of isoforms of this enzyme, but none of the transcript levels
correlated well with aspartate. However, ASPARAGINE SYNTHETASE 2 (ASN2)
and ASPARAGINE SYNTHETASE 3 (ASN3) transcript levels did correlate with
asparagine content. Another amino acid, methionine, was found to correlate very well
with the transcript level of three isoforms of methionine synthetase, METHIONINE
SYNTHASE 1 (MS1), METHIONINE SYNTHASE 2 (MS2) and HOMOCYSTEINE
S-METHYLTRANSFERASE (HMT-1). Glutamate decarboxylase (GAD) is the
enzyme responsible for decarboxylation of glutamate to GABA. The expression of
two GAD isoforms identified during the seed-to-seedling transition correlated well
with glutamate and GABA content. GLUTAMATE DECARBOXYLASE 1 (GADI)
correlated with glutamate and GABA, whereas GLUTAMATE DECARBOXYLASE
2 (GAD2) showed correlation only with glutamate. Glutamate is converted
to N-acetylglutamate, a reaction catalysed by N-acetylglutamate synthase;
however, glutamate did not correlate appreciably with isoforms of this enzyme.
N-acetylglutamate levels did correlate with N-ACETYL-L-GLUTAMATE SYNTHASE
1 (NAGSI) (Figure 5B). Glutamate is also precursor in the formation of glutamine, a
reaction catalysed by glutamine synthetase. Glutamate, as well as glutamine, showed
very good correlation with transcript levels of two isoforms of glutamine synthetase,
GLUTAMINE SYNTHASE 1;1 (GLNI;1) and GLUTAMINE SYNTHETASE 2 (GS2),
suggesting that these two isoforms play a role in the conversion of glutamate into
glutamine during germination and early seedling establishment. Phenylalanine
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correlated well with AROGENATE DEHYDRATASE 1 (ADTI), which is involved
in phenylalanine biosynthesis. Of the three isoforms of genes involved in serine
biosynthesis only the expression of PHOSPHOSERINE AMINOTRANSFERASE 2
(PSAT?2) correlated with the serine level (Figure 5B). Taken together, each correlation
between gene expression and metabolite content involved in the metabolism of
primary metabolites associated with key genes highlights their potential requirement
for the seed-to-seedling transition in Arabidopsis.
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DiscussioN

This study focused on metabolic changes during the seed-to-seedling transition in
Arabidopsis thaliana. To determine how the advancement of growth is associated
with certain metabolite profiles. This transition involves several developmental
stages ranging from DS (mature dry seed) to OC (opening of cotyledons, i.e. the last
stage of early seedling establishment). The seed-to-seedling transition is a complex
process that has not received much attention in terms of metabolite profiling. In this
study we performed a detailed metabolite profiling analysis, using morphological
markers of development. We precisely selected individual seeds and seedlings at
seven developmental stages.

Radicle protrusion (RP) was considered the morphological marker defining
the transition between completion of germination and commencement of seedling
development (Bewley et al, 2013). Three stages prior to RP and three stages
thereafter were selected for metabolite profiling. A previous study employing
metabolite profiling in developing seedlings was targeted at heterosis of two
Arabidopsis genotypes (Col-0 and C24) (Meyer et al., 2012). Moreover, in that
study samples were selected based on temporal markers rather than morphological
markers. For example, samples collected 48h after imbibition were analysed, but
these samples consisted of a mixture of three developmental stages: TR, RP, and
RH because of biological variation in the germination speed of individual seeds of
the population (Meyer et al., 2012). Despite the fact that metabolite profiling has
been studied in seed germination (Fait et al., 2006; Shu et al., 2008; Angelovici
et al., 2011; Joosen et al., 2013), many questions regarding the regulation of the
seed-to-seedling transition remain open, due to the lack of a comprehensive analysis
of changes in metabolism by combining expression analysis and metabolite levels.
We compared metabolite profiles of seven seed-to-seedling developmental stages
and revealed significant variation among them, not only in metabolite levels but also
in metabolite-metabolite network correlations. In combination with transcriptomics
data, we constructed a metabolic map. Thus, this study presents a broader and more
precise metabolic analysis as compared to previous studies (Fait et al., 2006; Meyer
etal,2012).

Metabolic changes during the seed-to-seedling transition were first visualized
in a PCA plot. This resulted in the observation of major shifts in metabolite profiles
between three phases of this transition: (1) initial stages of germination (DS and
6h); (2) stages of early seedling growth (TR, RP and RH), and (3) the final stages of
seedling development (GC and OC) in which the seedling becomes photoautotrophic.
Metabolic shifts are represented by the increasing distance between these different
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phases, i.e. galactinol, sucrose and NAcGlu, show markedly higher levels at DS
and 6H, which, thus, separates them from other stages. In the early-seedling phase
tyrosine, allantoin and urea are prominent metabolites, suggesting a role at this
phase. The most significant metabolites that contribute to separation of the last phase
are amino acids.

The detected carbohydrates and their derivatives such as glucose, fructose,
sorbose, xylose, trehalose, fructose-6-phosphate and glucose-6-phosphate displayed
high levels at OC, which implies that the carbon status was relatively high at the
seedling stage, as compared to the previous stages. Additionally, amino acids with
high contents at the GC and OC stages, such as glutamate, glutamine, asparagine
and aspartate were variable among the developmental stages. It indicates a high
variability of nitrogen status, despite the fact that these amino acids are known to be
important for monitoring the C/N balance in plants (Zheng, 2009). Since amino acids
are important forms of N storage for seeds (Lohaus and Moellers, 2000; Sanders et
al., 2009), our results suggest that, at the metabolomic level, N status in amino acids
represented by profile 1 plays an important role in balancing C and N in the transition
of the initial phase of germination to the early-seedling stage. Furthermore, these
amino acids show outgoing edges to pyruvate within the metabolite-metabolite
network. It is known that aminotransferase performs a reversible reaction converting
these amino acids into pyruvate and vice versa (Orzechowski et al., 1999; Pinto et
al.,2014; McAllister and Good, 2015). Additionally, amino acids present in profile 1
participate substantially in nitrogen transport (Orzechowski et al., 1999; Yoo et al.,
2013; Pinto et al., 2014; McAllister and Good, 2015).

Different from profile 1, profile 2 shows a constant increase in metabolites
with highest levels at the final stages of seedling establishment. This pattern
represents the metabolic shift from the early-seedling stage to the last phase of
seedling development. Furthermore, the metabolic network of profile 2 shows a high
number of incoming edges for glycolytic and TCA intermediates, which confirms
the strong relationship between regulation of glycolysis and the TCA cycle. Amino
acids present in profile 2, such as GABA, isoleucine, aspartate, serine, threonine and
valine may also influence the C/N balance. For example, GABA is associated with
succinate in the TCA cycle, which may provide high levels of succinate during the
seed-to-seedling transition. This could be related to the established role of GABA
in regulating the C/N ratio when carbon supply is limited (Michaeli et al., 2011).
Besides carbohydrates, amino acids and organic acids, starch also displayed a steady
increase across the seed-to-seedling transition. This result corroborates a previous
study in Arabidopsis (Matsoukas et al., 2013) in which starch metabolism was
associated with the juvenile-to-adult plant phase transition during normal growth and
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development. It was suggested that plants in the juvenile phase may require starch
accumulation to reach a threshold level in order to sustain a steady supply of maltose
and/or sucrose during the juvenile-to-adult phase transition (Matsoukas et al., 2013).
This observation may, thus, extend to the seed-to-seedling phase transition, where
sucrose and starch levels showed an opposite trend indicating that starch may be
produced from sucrose degradation.

In addition to providing potential targets for the engineering of seed-to-seedling
transition metabolism, this study also allows a general assessment of transcriptional
regulation during this transition. Previous studies have suggested that regulation
of metabolism occurs at the post-translational level (Jiao and Chollet, 1991; Kolbe
et al., 2006; Lea et al., 2006; Bates et al., 2014; Pisithkul et al., 2015). However,
we identified several linear correlations between gene expression and metabolite
levels. For example, high correlations of carbohydrates and their derivatives with
transcripts associated with glycolysis, suggest that metabolism is also regulated
transcriptionally. For example, sucrose levels correlated well with transcript levels
of sucrose synthase (SUCROSE SYNTHASE 2 - SUS2) and invertase (INVERTASE
B - INVB). Several studies have shown the importance of these enzymes for normal
development (Cheng et al., 1996; Yau and Simon, 2003; Barratt et al., 2009). Our
results suggest that /NVB and SUS2 may be the key enzymes essential for sucrose
metabolism in support of a normal seedling establishment. This corroborates previous
reports which demonstrated an important role for /NVI in root cell development
and reproduction in rice (Jia et al, 2008) and for whole plant development in
Lotus japonicus (Welham et al., 2009). It is not clear whether /NVB and SUS2
have regulatory properties that allow flux of C out of sucrose via this pathway in
coordination with energy demands by the cells, or whether SUCROSE SYNTHASE 1
(SUSI), which is well correlated with fructose content, could compensate for the
lack of sucrose to maintain fuelling of energy-demanding processes. Two isoforms
of hexokinase (HEXOKINASE 1 - HXKI] and HEXOKINASE 3 - HXK3) correlate
well with glucose-6-phosphate levels. Hexokinase is an enzyme in the glycolysis
pathway and its main substrate is glucose, which also has a function in the control
of plant development and expression of different classes of genes (Renz and Stitt,
1993; Dai et al., 1999; Claeyssen and Rivoal, 2007). A previous study has shown
that the C flux through hexokinase activity exhibits a high control over glucose
during normal root growth (Claeyssen et al., 2013). This suggests that the HXK1
and HXK3 encoded enzymes control a step in glycolysis during the seed-to-seedling
transition. Besides the hexokinase reaction (phosphorylation of glucose to form
glucose-6-phospate), glucose-6-phosphate is precursor for the formation of fructose-
6-phosphate through phosphoglucose isomerase (PGI). PGII transcript abundance
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was well correlated with glucose-6-phosphate levels. It has been shown that PGI1
plays a role in the transition to flowering in Arabidopsis. The pgil-1 mutant flowers
earlier than wild type (Yu et al., 2000). However, the phenotype could be reverted to
the wild type by the addition of sugars (glucose, fructose and sucrose), suggesting
that it is an important enzyme for a developmental phase transition. Our results show
that PGII may be a key enzyme for the supply of C to glycolysis through glucose-
6-phosphate during seed-to-seedling transition. The second phosphorylation step
in glycolysis is the conversion of fructose-6-phosphate to fructose 1,6-biphosphate
via phosphofructokinase (Hellinga and Evans, 1987; Mustroph et al., 2013). This
reaction is catalysed by an ATP-dependent phosphofructokinase (PFK). Our results
show that PFKI and PFK)5 transcript abundance correlates well with fructose-6-
phosphate content. This is particularly interesting given the fact that PFK isoforms
have been characterized for a role in rice during oxygen depletion (Mustroph et al.,
2013). It was suggested that PFK regulates candidate rice genes for adaptation to
anoxic stress. Taken our results into consideration, this suggests that PKF'/ and PKF'5
can be readily utilized as a means of identifying candidate genes for biotechnological
modification of the seed-to-seedling transition.

Organic acid levels also showed good -correlations with transcripts
associated with their biosynthesis. The last step of glycolysis is the conversion
of phosphoenolpyruvate to pyruvate via pyruvate kinase (PKP) towards the TCA
cycle. Our results show that expression of a putative pyruvate kinase (At3g52990)
correlates well with pyruvate levels. Several studies have shown the importance
of pyruvate kinase (PKP) in seed germination (Baud et al., 2007) and in seedling
establishment (Andre and Benning, 2007) in Arabidopsis. These studies have shown
that pkp mutants exhibit delayed germination (Baud et a/., 2007) and that PKP plays
an important role in catabolizing storage compounds in germinating Arabidopsis
seeds (Andre and Benning, 2007). The correlation of At3g52990 with pyruvate levels,
suggests that also this putative pyruvate kinase isoform plays a role during seedling
establishment, although this gene has not been described before in this particular
context. Pyruvate is also related to another key reaction via pyruvate dehydrogenase,
an enzyme that catalyzes the oxidative decarboxylation of pyruvate, yielding CO,,
acetyl-CoA and NADH (Reed, 1974). Interestingly, our results show pyruvate levels
correlate well with expression of the pyruvate dehydrogenase E1a-like (IAR4), which
is 81% identical to a previously characterized Arabidopsis mitochondrial PDH Ela-
subunit (AT-E1 ALPHA - At1g59900) (Quint et al., 2009). However, AT-E1 ALPHA
transcript abundance showed a negative correlation with pyruvate levels. The
importance of pyruvate dehydrogenase has been demonstrated clearly by a mutation
in the E2 subunit, which reduced plant organ size and increased accumulation of
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pyruvate (Yu et al., 2012). Our results suggest that JAR4 is the gene controlling the
entry of C, through acetyl-CoA, into the TCA cycle for energy production during the
seed-to-seedling transition. In the TCA cycle, CYTOSOLIC NADP+-DEPENDENT
ISOCITRATE DEHYDROGENASE (CICDH) is well correlated with citrate levels
and this corroborates the observation that citrate accumulated in three independent
knock-out mutants (icdh-1, icdh-2, and icdh-3) of Arabidopsis under normal growth
conditions (Mhamdi et al., 2010).

Ourresults also show that amino acids such as aspartate, methionine, glutamate,
NAcGlu, glutamine, phenylalanine, and serine correlate well and positively with
transcripts related to their biosynthesis. Amino acids are the major transport form of
N in plants (Tegeder and Ward, 2012; Tegeder, 2014) and growth is dependent on
N supply, assimilation and utilization (Stitt and Krapp, 1999). Aspartate, glutamate
and glutamine are involved in transamination processes and N assimilation (Zheng,
2009). These amino acids show a continuous increase in content during the seed-to-
seedling transition and correlated with transcripts associated with their biosynthesis,
such as asparagine synthetase (ASN2 and ASN3), glutamate decarboxylase (GAD1
and GAD?2) and glutamine synthetase (GLNI; 1 and GS2), which suggests that there
is N assimilation. N assimilation may lead to the synthesis of other amino acids,
such as lysine, phenylalanine, valine and methionine at the final stages of seedling
establishment, when growth rate is relatively high.

Taken together, our results enable us to draw important conclusions concerning
metabolism during the seed-to-seedling transition in Arabidopsis. We demonstrate
that primary metabolism is co-ordinately regulated during the seed-to-seedling
transition, displaying two major shifts that separate three groups of developmental
stages (Figure 6). The first metabolic shift from the initial stages of germination (DS
and 6H) to the early-seedling stages (TR, RP and RH) is represented by profile 1,
in which seven amino acids and pyruvate are present. The second metabolic shift
occurs between early-seedling and the last stages of seedling establishment and is
reflected by profile 2 in which amino acids, organic acids, carbohydrates and their
derivatives are present. We also demonstrated that transcriptional changes not always
equate to a proportional metabolic response. Detailed correlation analysis, however,
enabled us to identify transcripts that do seem to directly influence the flux through
metabolic pathways during the seed-to-seedling transition. Our study provides a
detailed overview of the transcriptional and metabolic changes during the seed-to-
seedling transition in Arabidopsis and opens new perspectives for understanding the
complex regulatory mechanism underlying this transition.
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Figure 6. Metabolic shifts during the seed-to-seedling transition in Arabidopsis. The transition from
Phase I to Phase II is characterized by levels of metabolites present in profile 1. Immediately preceding
Phase III, seedling establishment is prepared with a boost of metabolites present in profile 2. Dashed
lines distinguish metabolite profile 1 (black) and metabolite profile 2 (red).
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Chapter 4

SUMMARY

Desiccation tolerance (DT) is the ability of organisms to survive extreme water losses
without accumulation of lethal damage. This trait was, in evolutionary sense, critical
to conquer land. DT is present in all taxa including bacteria, fungi, roundworms
and plants. In flowering plants, DT only occasionally occurs in vegetative tissues,
in so-called resurrection plants, yet the vast majority of plant species produce seeds
that tolerate desiccation and long-term dry storage. DT is acquired during seed
development and subsequently lost upon germination. However, within a limited
developmental window germinated seeds tolerate desiccation provided that they
are pre-conditioned by mild osmotic stress before desiccation. The artificial re-
induction of DT in germinating seeds, using an osmotic treatment has proven to be a
powerful experimental approach to study multiple aspects of DT in seeds, including
the genes involved, the role of hormones and the accompanying transcriptome.
The re-induction of DT relies on a mild osmotic stress which is often applied using
polyethylene glycol (PEG) treatment. However, PEG or any other osmoticum can
cause undesirable side-effects. Furthermore, the use of PEG involves thorough
cleaning to remove any remnants of PEG off the treated seeds and is therefore labour
intensive. For these reasons, we developed an alternative protocol that we coined
Mild Air Drying Treatment (MADT), to induce and evaluate DT in Arabidopsis
seeds. In a benchmark study using a range of abscisic acid (ABA) deficient and
ABA insensitive genotypes we conclude that MADT is easier, faster, robust and
less labour intensive than the conventional PEG-based protocol. The new protocol
for example allowed us to proof that enhanced ABA accumulation is part of the DT
response.

INTRODUCTION

Desiccation tolerance (DT) is defined as the ability of organisms to deal with extreme
water loss to levels below 0.1g H,O per gram dry weight as well as with subsequent
re-hydration without accumulation of lethal damage (Alpert, 2005; Oliver et al.,
2005; Leprince and Buitink, 2010). DT is an intriguing phenomenon since desiccation
stress involves a multitude of aspects including cell shrinkage, denaturation of large
molecules, loss of enzyme activity, formation of molecular aggregates, and damage
caused by reactive oxygen species (Farrant, 2000; Scoffoni et al., 2014). The ability
to tolerate desiccation involves the activation of a series of protective measures
collectively referred to as the ‘desiccome’ (Leprince and Buitink, 2010), as well as
entering a state of quiescence and metabolic inactivity (Alpert, 2005).
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In flowering plants, DT is rare in whole plants and only some 330 resurrection
plant species (<0.15% of the total number of vascular plant species) are known that
tolerate desiccation of their vegetative tissues (Proctor and Pence, 2002). Despite
that DT is rare in vegetative organs of angiosperms, it is present in seeds of most
plants species, which are then called orthodox seeds (Bewley et al., 2013; Gaff and
Oliver, 2013). DT is usually established just before the drying phase during seed
maturation and subsequently lost during germination (Bewley et al., 2013). Several
studies have shown that rapid drying of seeds at distinct stages during germination
killed seeds already before or quickly after visible germination, due to lack of DT
(Vertucci and Farrant, 1995; Lin ef al., 1998; Buitink et al., 2003; Daws et al., 2007;
Maia et al., 2011). However, even after germinated seeds can survive such drying
treatment when pre-conditioned using a mild osmotic stress before desiccation and
this has been demonstrated for a number of species including Arabidopsis (Dekkers
et al., 2015). Thus, it can be concluded that the application of mild osmotic stress
re-induces DT in germinated seeds. Nevertheless, this ability is strictly dependent
on the developmental stage and after a certain time interval, germinated seeds
completely lose the ability to tolerate extreme drying and become sensitive to
desiccation (Leprince et al., 2000; Buitink et al., 2003; Vieira et al., 2010; Maia et
al., 2011; Dekkers et al., 2015).

As described above the ability to tolerate this extreme form of water loss
is limited to a small developmental time window, the ‘DT window’ (Buitink et
al., 2003; Dekkers et al., 2015). Interestingly, the DT window overlapped with a
developmental window of abscisic acid (ABA) sensitivity (Maia ef al., 2014), which
was identified by Lopez-Molina et al. (2001). These authors proposed that during
this phase, the young seedlings monitor their environmental osmotic status and can
undergo a developmental arrest, protecting them from, potentially lethal, water loss
(Lopez-Molina et al., 2001; Lopez-Molina et al., 2002). The re-induction of DT by
a mild osmotic treatment depends on the plant hormone ABA. Evidence for this
was obtained by the use of the ABA-biosynthesis inhibitor fluridone on Medicago
truncatula radicles and the use of the Arabidopsis ABA deficient mutant aba2-1,
which in both cases impaired the re-induction of DT (Buitink et al., 2003; Maia et
al., 2014). Interestingly, an ABA treatment alone is enough to re-induce DT, as has
been shown in Cucumis sativus, Medicago and Arabidopsis (Lin ef al., 1998; Buitink
et al., 2003; Maia et al., 2014; Costa et al., 2015).

Gene regulatory network analysis identified transcription factors that were
highly connected with DT regulated genes (Verdier e al., 2013). These included three
well known regulators in ABA signalling, i.e. the B3 class transcription factor ABA
INSENSITIVE (ABI) 3 (Koornneef et al., 1984; McCarty et al., 1989; Giraudat et
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al., 1992), the AP2 domain-containing transcription factor ABI4 (Finkelstein, 1994;
Finkelstein et al., 1998) and the bZIP class transcription factor ABIS (Finkelstein,
1994; Finkelstein and Lynch, 2000; Lopez-Molina and Chua, 2000) which are
therefore good candidates for regulators of DT. Indeed, several of these abi mutants
were compromised for re-induction of DT in germinated seeds, both in Arabidopsis
and in Medicago (Terrasson et al., 2013; Maia et al., 2014). However, the genetic
interaction of these transcription factors during the induction of DT has not been
studied yet.

The re-induction of DT relies on a mild osmotic stress before desiccation. This
has been accomplished using a polyethylene glycol (PEG) treatment, for example
in Cedrela fissilis Vell, Impatiens walleriana, Medicago, Tabebuia impetiginosa
and Arabidopsis (Bruggink and van der Toorn, 1995; Buitink et al., 2003; Vieira
et al., 2010; Maia et al., 2011; Maia et al., 2014; Masetto et al., 2014). PEG is
used in experiments to apply an osmotic stress and is used in seed treatments like
priming (Copeland and McDonald, 1995). In the past, possible toxic effects of PEG
have been reported including toxicity related to contaminants, blocking of water
movement in plants and a reduced solubility and transport of oxygen (Lagerwerff
et al., 1961; Lawlor, 1970; Mexal et al., 1975). Thus PEG treatments can cause
undesirable side-effects. Furthermore, the induction of desiccation tolerance in seeds
by PEG involves thorough cleaning to remove any remnants of PEG of the treated
seeds and is, because of that, labour intensive. Therefore, we developed an easier,
faster and less labour intensive protocol to induce and evaluate DT in Arabidopsis
seeds and we demonstrate the robustness of this system. In a benchmark study we
observed similar phenotypes for a range of ABA-related mutants between our new
and the PEG-based protocol. Using the new protocol we could show that enhanced
ABA accumulation is an essential part of the DT response. Interestingly, we found
that ABA also accumulated in seeds upon drying beyond the DT window indicating
that a factor downstream of ABA accumulation is lacking, such that DT cannot be
induced in that developmental stage anymore.

EXPERIMENTAL PROCEDURES
PLANT GROWTH CONDITIONS

Seeds of all genotypes were sown on paper. Seedlings were transferred and grown on
Rockwool® cubes in a climate room (20°C day; 18°C night) with a photoperiod of
16h light and 8h dark. Each Rockwool® cube was watered with Hyponex® solution
(1g/1) twice a week. Matured seeds were harvested in four replicates from at least
three plants.
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InpucTION OF DT IN GERMINATED ARABIDOPSIS SEEDS BY MADT anp PEG-
BASED PROTOCOLS

Arabidopsis thaliana seeds, accession Col-0 (N60000), were cold-stratified for 72
hours at 4 °C in Petri dishes with two layers of wet filter paper (Anchor paper Co.).
After stratification, germination was performed under continuous light at 22 °C.
During germination seeds were selected at four different developmental stages, using
a stereo microscope, to assess the ability to re-induce DT. The four developmental
stages include seeds at testa rupture (TR), radicle protrusion (RP), appearance of
the first root hairs (RH) and when cotyledons are turned green (GC) which occur
in Col-0 around 20, 26, 33 and 44 hours after stratification, respectively. For each
developmental stage three or four biological replicates were sampled each containing
between 25 to 200 seeds. The samples were transferred to a 47 mm cellulose black
membrane (Whatman®) which was placed on a blue filter paper moistened with
25 ml of demi water in a plastic tray (15 cm x 21 cm) and placed in an incubator
(Van Den Berg Klimaattechniek, Reeuwijk, Netherlands) with air flow, set at 22 °C
and relative humidity of 32%. Under these conditions seeds were fully dehydrated
over a period of six hours. After the dehydration treatment the seed samples were
rehydrated on a Copenhagen table with a photoperiod of 12/12 hours at 22 °C. Seeds
that resumed their developmental program and turned into seedlings were scored as
being DT. The induction of DT over these four stages was also performed using a
PEG treatment as described by Maia et al. (2011).

DEHYDRATION CURVES

The dehydration curves were made for all four developmental stages (TR, RP, RH
and GC) in four biological replicate of 150 seeds each. The seed water content was
determined at nine time points over a period of three days according the method
described by Maia et al. (2011).

CONSTRUCTION OF ABI DOUBLE AND TRIPLE MUTANT COMBINATIONS

Crosses were made between abi3, abi4 and abi5 mutants to obtain the double and
triple mutant combinations. The mutant alleles used were abi3-9, abi3-10, abi4-3
and abi5-7 which were originally reported by Nambara et al. (2002). To analyse
the crosses, the F2 plants were genotyped using (d)CAPS markers which were
developed using dCAPS Finder 2.0 (http://helix.wustl.edu/dcaps/dcaps.html) (Neff
et al., 2002). The following markers were used:
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Abi3-9 dCAPS marker: For: CAACTAAAGAGGCAAGAAAGCAA Rev:
CCATCACTGGCGGTAATTG, restriction with BsrDI digests the mutant fragment.

Abi3-10 CAPS marker: For: ACTCCGTTTGTGTTCCTCAG Rev:
CCATCACTGGCGGTAATTG, restriction with FoklI digests the WT fragment.

Abi4-3 CAPS marker: For: CAACTCCAAGTTCCGTTACC Rev:
GGAGGTGGAAGGAGAAGAAG, restriction with Ddel digests the mutant
fragment.

Abi5-7 dCAPS marker: For: CGTCAGAGCGAGAAGTAGAG Rev:
GCGGGGCGGGGGCACGGGGGGGATTGTTATTATTCTCCTCTGCGAT,
restriction with Dpnll digests the WT fragment.

DNA was isolated using a protocol described by Cheung et al. (1993) and
fragments were amplified by PCR using a 15 pl reaction volume using the Firepol
DNA polymerase enzyme according to manufacturer’s instruction. The PCR
programme consisted of an initial heating to 95 °C of 4 minutes followed by 40
cycles of 15 seconds at 95 °C, 20 seconds at 57 °C and 30 seconds at 68 °C. To
discriminate the WT and mutant alleles 5 pl of the PCR product was digested with the
indicated restrictions enzymes (New England Biolabs) according to manufacturer’s
instructions and the fragment sizes were analysed on a 2.5% agarose gel.

GERMINATION ASSAY TO SCREEN FOR ABA SENSITIVITY

Germination assays were performed in plastic (15 cm x 21 cm) trays containing two
layers of blue filter paper (Anchor paper Co) supplemented with 50 ml of 10mM
2-N-morpholino ethanesulfonic acid buffer or MES containing ABA solutions. Per
genotype four biological replicates of 100—150 seeds were sown. The germination
was scored using the Germinator package as described previously (Joosen et al.,
2010).

ABA EXTRACTION AND MEASUREMENT

For ABA analysis, samples of 5-7 mg of dry weight of germinated seeds at RP
were frozen in liquid nitrogen and ground in a dismembrator (Plate Shaker MM 400,
MO BIO Laboratories Inc.) for 2 min with stainless steel balls. ABA was extracted
with 1.5 ml of ice cold 10% methanol/H,O (v/v) containing 5 pmol of [*H J-(+)-
cis,trans-ABA as an internal standard. Tubes were vortexed and sonicated for 3 min
in an ultrasonic bath (Branson 3510, Danbury, CT, USA). Samples were incubated
while shaking for 25 min at 4 °C and subsequently centrifuged (5 min, 14000 rpm,
4 °C). The supernatant was carefully transferred to a 4 ml glass vial. The pellets
were re-extracted once more with 1 ml 10% methanol without the internal standard,
after which tubes were vortexed and centrifuged again for 5 min. Both supernatants
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were combined and further purified using Strata™-X polymeric reversed phase
columns (30mg/3ml, Phenomenex Inc., Torrance, CA ) according to Flokova et al.
(2014) with modifications. Sorbent of column was equilibrated with 1ml of 100%
MeOH and 1ml of MQ water. After samples were loaded onto column, highly
polar compounds were removed by wash with 1ml of extraction solvent and pre-
concentrated analyte was eluted with 3ml of 80% MeOH. The samples were dried
in a SpeedVac centrifuge (SPD121P; Thermo Scientific, Tewksbury, MA, USA) and
pellet was dissolved in 50 pl 15% acetonitrile: 85% 15 mM HCOOH (v/v). Purified
samples were further analyzed by the ultra-high performace liquid chromatography —
tandem mass spectrometry with electrospray interphase, consisting of the ACQUITY
UPLC System (Waters, Milford, MA, USA) coupled to Xevo™ TQ-S (Waters MS
Technologies, Manchester, UK) triple quadrupole mass spectrometer. The mixture
of 15mM HCOOH (A) and acetnitrile (B) was used as a mobile phase. The samples
were injected onto ACQUITY UPLC CSH™ C . column (100x2.1 mm, 1.7 pm;
Waters, Milford, MA, USA) and eluted with following binary gradient at flow rate
0.4ml/min and 40°C: isocratic elution at 15% B (from 0 to 1 min), linear increase to
60% B (1-7 min), linear increase to 80% B (7-9 min), logarithmic increase to 100%
B (9-10 min). Finally the column was equilibrated for initial conditions for 2 min.
The effluent was introduced into the electrospray ion source of mass spectrometer.
ABA and [*H,]-(+)-cis,trans-ABA were quantified by multiple ion monitoring mode
(MRM). MS/MS conditions were optimized to increase sensitivity of diagnostic
transitions (ABA: 263.15 > 153.10; [*'H ]-ABA: 269.15 > 159.10): the source block/
desolvation temperature 120°C/ 550°C, capillary voltage 3kV, cone voltage 25V and
collision energy 10eV. Nitrogen was used as both desolvation (650 1.h!") and cone
gas (150 1.h"). Quantification was achieved by standard isotope dilution method. The
MassLynx™ software (version 4.1, Waters, Milford, MA, USA) was used to operate
the instrument, acquire and process the MS data.

REsuLTS

MiLb AIR DRYING TREATMENT (MADT): A NOVEL PROTOCOL TO INDUCE DT
IN GERMINATED ARABIDOPSIS SEEDS.

Germinating Arabidopsis seeds are sensitive to a fast drying treatment, for example
when seeds are placed on dry filter paper and dried under a relative humidity of 32%
(Maia et al.,2011). Drying under these conditions is very fast and seeds may not have
enough time to deploy their protective mechanisms to cope with desiccation. Therefore
we developed a method with a slower seed dehydration that would hopefully allow
induction of DT. This was achieved by placing seeds on a wetted (instead of a dry)
filter paper before drying at a low relative humidity. We named this Mild Air Drying
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Treatment, or short, the MADT protocol. For this study we germinated Arabidopsis
seeds and isolated seeds at four developmental stages along the germination time
curve to assess the ability to re-induce DT. The four developmental stages were
seeds at testa rupture (TR), radicle protrusion (RP), appearance of the first root hairs
(RH) and when cotyledons turned green (GC) (Figure 1A).

) Q
Testa rupture Radicle protrusion Root hair Green cotyledons
(TR) (RP) (RH) (GO)
B

Cellulose membrane

1. Picking seeds along with seed samples

the germination time

curve and incubate them /
on a moistened filter paper.

2. Move the tray to an
incubator for drying at

22 °C and 32% RH for
72h.

& & & & & &
g —J

3. After the drying treatment i i
the membrane containing the light light
seeds are switched to a wetted

filter paper for rehydration. DT
is scored by assessment of

seedling establishment after the

dessication treatment after 7d.
Figure 1. Re-establishment of DT using mild air drying treatment (MADT) A. Arabidopsis
seeds at different developmental stages. B. Summarizing scheme of the MADT for the re-
establishment of desiccation tolerance (DT) in germinated Arabidopsis seeds.
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The MADT is initiated by transferring the germinated seeds to a cellulose
membrane placed on a 14 x 19.5 cm blue filter paper that is moistened with 25 ml
of demi water in a plastic tray (15 x 21 cm) (Figure 1B). To dry the seeds the tray is
placed in an incubator, set at 22°C and relative humidity of 32% with a forced air flow.
After the dehydration treatment of three days the desiccated seeds are rehydrated in
H,O at 22°C on a Copenhagen Table under a 12/12 h dark/light regime, and seeds
that resume their developmental program and turn into seedlings are scored as being
DT.

To obtain an impression of the seed water loss under these conditions we
determined the seed water contents at nine time points over a period of three days
for all four developmental stages. The dehydration curves revealed that the seed
water content decreased steadily over the first six hours and seeds were desiccated
(seed water content <0.1gr H,O gr dry weight) after 10-24 hours depending on the
stage (Figure 2A). Interestingly, seeds submitted to MADT had a temporal water
content which is comparable to the water content obtained in Arabidopsis seeds using
a -2.5 MPa PEG treatment (Maia ef al., 2011) (Figure 2B). Compared to fast drying,
which results in a very quick drop in seed water content over the first two hours
(Maia et al., 2011)(Figure 2B), the dehydration by the MADT protocol is delayed
by approximately 4 hours. This delay is enough to re-induce DT in germinated seeds
as we observed that seeds at TR and RP stages were able to survive desiccation with
this protocol in contrast to the fast drying protocol (Figure 3) (Maia et al., 2011).

The ability to induce DT drops to ~20% at the RH stage while at the GC
stage no DT was induced at all and these results are in agreement with the results
obtained using the PEG-based protocol by Maia et al. (2011) (Figure 3A). The new
protocol was used to induced DT in germinated Col-0 WT seeds in five independent
experiments for the RP and RH stages and the obtained results were very similar
showing the robustness of the MADT protocol (Figure 3B).

Thus, our novel MADT protocol shows that a reduced rate of water loss,
compared with the fast drying treatment, is enough to allow induction of DT in
germinated seeds just as with the PEG-based protocol. The results obtained with the
new protocol are robust and reproducible and the protocol is less labour intensive as
the PEG-based protocol. We employed our new protocol to examine the role of ABA
in the re-establishment of DT and to study the genetic interactions between three
transcription factors that are involved in the induction of DT.
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ABA CONTENT INCREASES IN DESICCATING GERMINATED SEEDS

Earlier studies already indicated a role for ABA in desiccation tolerance. For
example, DT induction in germinated seeds of the Arabidopsis ABA deficient mutant
aba2-1 was less efficient (Maia et al., 2014). Here we compared the phenotypes
of germinating seeds upon desiccation and rehydration of two ABA deficient
mutants, aba2-1 and aba3-1, using the MADT and PEG-based protocols. Seeds
were germinated and RP seeds were used for a DT induction experiment. After the
drying treatment the seeds were rehydrated and DT was assessed by looking at the
percentage of normal developing seedlings. With both protocols the ABA deficient
mutants showed a reduced induction of DT showing that DT induction by the MADT
protocol also depends on ABA and, again, that the MADT protocol gives very similar
results as the more labour intensive PEG-based protocol (Figure 4).

100y B b

_ EMADT
S 801 OPEG
S
S 604
g A
[=]
[=] a
2 40 2 a T
< T
1
£ 20

(L

Col-0 aha2-1 aba3-1

Figure 4. Comparison between mild air drying treatment (MADT) and polyethylene glycol (PEG)
protocol with the re-establishment of ABA-deficient mutants. Different upper and lower case letters
above bars represent differences between samples by Tukey’s HSD (p<0.05). Upper case: MADT
protocol and lower case: PEG protocol. Colours of bars refer to the protocol used.

Next, we investigated whether ABA accumulation takes place during the
induction of desiccation tolerance using the MADT protocol. ABA content was
determined at five time points; before drying, at three time points during drying (2, 6
and 72 hours) and 24 hours after rehydration. At 6 and 72 hours after drying higher
seed ABA content was observed which declined upon rehydration to a similar level
as observed before drying (Figure 5). The seed ABA content was also measured at
the RH stage. Seeds in this stage show a severely reduced capacity to induce DT. We
questioned whether this reduced ability is caused by the lack of ABA accumulation
at this stage upon drying. Surprisingly, we observed similar ABA contents in the RP
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and RH samples over the five time points (Figure 5). Thus, although many seeds at
the RH stage do not display DT, these seeds do accumulate ABA to a similar level as
compared to the RP stage. This indicates that the difference in the ability to induce
DT is not linked to a reduced ability to accumulate ABA at the RH stage.
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Figure 5. ABA content of Arabidopsis seeds at RP and RH developmental stages, and in
different time points during mild air drying treatment (MADT) protocol. Bars represent the
average of four independent replicates. Different lower case letters above bars represent
differences between samples by Tukey’s HSD (p<0.05). Colours of bars refer to developmental
stages. RP — radicle protrusion and RH — root hair stage.

GENETIC INTERACTIONS BETWEEN ABI3 ) ABI4 AND ABI5S DURING THE
ESTABLISHMENT OF DT IN GERMINATED SEEDS.

Earlier work showed that the transcription factors ABI3, ABI4 and ABI5 are involved
in the acquisition of DT in germinated seeds (Terrasson et al., 2013; Maia et al.,
2014). However, the genetic interactions between the three transcription factors
during the induction of DT have not been studied. Here we used abi3-9, abi3-10,
abi4-3 and abi5-7 single mutants and constructed double and triple mutants between
them to investigate their genetic relationships. Including the Col-0 WT, this resulted
in twelve different genotypes which were confirmed by genotyping using (derived)
Cleaved Amplified Polymorphic Sequence ((d)CAPS) markers (Figure 6).

First, we investigated the response of the different genotypes to ABA in a
germination-based screen using a dose response curve ranging from 0 to 30 uM of
ABA. The abi3-9 and abi3-10 alleles showed a slightly higher ABA insensitivity
than abi4-3 and abi5-7 (Figure 7A). The double mutants abi3-9 abi4-3, abi3-9 abi5-
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7, abi3-10 abi4-3, abi3-10 abi5-7 and abi4-3 abi5-7 all showed a strongly increased
insensitivity to ABA compared to the single mutants and thus reveal genetic
interaction effects between all ABI genes which are of a synergistic nature (Figure 7).
Moreover, the triple mutants abi3-9 abi4-3 abi5-7 and abi3-10 abi4-3 abi5-7 again
perform better on ABA compared to the double mutants and are highly insensitive
even to the higher concentrations of 20-30 uM of ABA used in our assay (Figure 7).

dCAPS

abi3-9 4250 bp

CAPS <4250 bp

abi3-10

CAPS <«

abid-3 150 bp
dCAPS

abis-7 <4250 bp

Figure 6. Genotyping of the double and triple mutants among abi3, abi4 and abis.

Next, we investigated the responses of these genotypes upon DT induction,
both using the PEG-based and our new MADT protocol. This enables us to see
whether the responses and the genetic interactions that they reveal are affected by the
protocol used. We found that the response of the different mutants is similar for the
PEG-based and the MADT protocol confirming our observations described above
(Figure 8). In this experiment we used the RP stage for all genotypes. As expected the
abi mutants were affected in the induction of DT, except abi5-7 which did not show
a phenotype at the RP stage but only at one stage later when the radicle has a length
between 0.3 and 0.5 mm (Maia ef al., 2014). The fact that abi5-7 does not show a
phenotype while the abi3-9 single mutant has a strong phenotype may impede the
analysis of the genetic interactions. Nevertheless, the double mutants abi4-3 abi5-7,
abi3-9 abi4-3 and abi3-10 abi4-3 showed a significantly reduced acquisition of DT
compared with the single mutants. The results of this experiment suggest synergistic
interactions between ABI3 and ABI4 and between ABI4 and ABI5 similarly to what
we found for the germination response on ABA (Figure 7).

Interestingly, the re-establishment of DT in the double mutants of abi3-9 abi5-7
and abi3-10 abi5-7 resembles that of abi3-9 and abi3-10 single mutants, respectively
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(Figure 8). This may either indicate that 4BI3 acts epistatically over ABI5 in the
DT response or that ABI3 and ABI5 act additively. However, since abi5-7 lacks a
DT phenotype at the RP stage we cannot differentiate between both possibilities.
Moreover, no difference in the re-establishment DT was observed between the
double mutant abi3-9 abi4-3 and the abi3-9 abi4-3 abi5-7 triple mutant and between
the double mutant abi3-10 abi4-3 and the triple mutant abi3-10 abi4-3 abi5-7.
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Figure 7. Dose response curve for ABA sensitivity of seed germination of single, double and triple abi
mutant. ABA concentration from 0 pM to 30 pM.
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Figure 8. Comparison between mild air drying treatment (MADT) and 2.5 MPa polyethylene
glycol (PEG) of the DT re-establishment in Arabidopsis seeds at radicle protrusion (RP)
stage in several abi mutants. Bars represent the average of four independent replicates.

Different lower case letters above bars represent differences between samples by Tukey’s
HSD (P<0.05)

Col-0 abi3-10 abi4-3 abi5-7 abi3-10 abi3-10 abi4-3 abi3-10
abi4-3  abi5-7 abi5-7 abi4-3
abi5-7

DiscussioN

The induction of desiccation tolerance in germinated seeds provides an excellent
system to understand different aspects of DT at the physiological and molecular
level. It, for example, provides a system to evaluate the acquisition of DT in mutants
to investigate gene function. Here we report a new, efficient and robust method,
MADT, to induce and study DT in the model plant Arabidopsis. Using Col-0 WT
and a range of mutant genotypes, our experiments demonstrate that the results
obtained with our method are similar to results obtained with the conventional PEG-
based DT re-induction method. Our new protocol is less labour intensive. Using
PEG as an osmoticum involves thorough cleaning of the treated seeds to remove
any remnants of PEG which makes this method more labour intensive. In our new
protocol the seeds are sown on a cellulose membrane for the drying treatment which
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is simply switched to a wetted filter paper for rehydration and subsequent scoring of
the seedling phenotypes. Furthermore, the protocol is faster. The total time for the
PEG-based protocol is 17 days, (three days stratification, about one day germination,
three days PEG treatment, three days desiccation treatment followed by 7 days of
rehydration and seedling scoring). Since the three day PEG treatment and three
days of desiccation are replaced by a three day desiccation treatment on moistened
filter paper our new protocol is three days faster. Thus, compared to the PEG-based
protocol our new method delivers similar results although it is easier, less labour
intensive and faster and therefore provides a more efficient alternative.

Despite the fact that the results are similar the two methods differ in two ways.
The first concerns the accumulation of ABA in drying germinated seeds. The two
ABA-deficient mutants tested in this study (aba2-1 and aba3-1) displayed reduced
re-establishment of DT, in both methods, confirming that ABA plays a critical role in
the re-induction of DT (Buitink ez al., 2003; Maia et al., 2014). For this reason, Maia
et al. (2014) studied gene expression upon PEG treatment of genes related to ABA
biosynthesis and ABA catabolism and observed that ABA biosynthesis genes were
enhanced in expression while ABA catabolism genes were down-regulated. Thus,
according to this gene expression analysis it was expected that the ABA level would
increase upon PEG treatment. Surprisingly, two independent measurements of ABA
content in PEG-treated seeds revealed no differences in ABA content between non-
treated and treated seeds (Maia et al., 2014). In contrast, we observed a clear increase
in seed ABA content when seeds were desiccated using our new MADT protocol.
ABA leakage from premature embryos of wheat imbibed in water appeared to be one
of the important factors causing their premature germination (Suzuki et al., 2000).
Therefore, the striking difference in seed ABA content between both protocols, may
be caused by the leaching or washing out of ABA during the 3-day PEG treatment.

Secondly, both methods differ in the time that is needed to induce DT. The
induction of DT in a -2.5MPa PEG solution is relatively slow and an incubation
period of three days is needed for maximal effect (Maia et al., 2011). Fast drying
of seeds (on a dry filter paper at 32% relative humidity) results in a drop of water
content from 2.6 to 0.2 gram of H,O per gram dry weight within 2 hours, and such
harsh treatment is detrimental for germinated seeds. Using our new protocol, seeds
were dried on moistened filter paper and a similar drop in water content now required
six hours and resulted in DT seeds. This means that this delay is enough to employ
the ‘desiccome® in germinated seeds (and hence induce DT) and much faster than
the three days that are needed when using a PEG treatment. This relatively slow
response of DT induction in PEG may indicate that PEG has some negative effects
on the treated seeds. Perhaps the PEG solution reduces the availability of oxygen

102



Mild air drying treatment - MADT

as has been suggested before by Mexal ef al. (1975), in the seeds slowing down
their metabolism and hence the induction of DT. Alternatively this difference in time
needed to induce DT might be attributed to the lower levels of ABA accumulating
upon drying, thus decreasing the speed of DT induction of the PEG-based protocol.
Since there is such a difference in the speed in which DT is induced, it may suggest
that our new protocol mimics ‘natural’ drying in the soil better, as compared to the
PEG-based protocol.

GENETIC INTERACTIONS BETWEEN ABI3, ABI4 AND ABI5 UNCOVERED BY
DOUBLE AND TRIPLE MUTANTS THAT DIFFER IN ABA SENSITIVITY AND DT RE-
ESTABLISHMENT

Mutants in abi3, abi4 and abi5 were identified using ABA-based germination
assays (Koornneef et al., 1984; Finkelstein, 1994; Lopez-Molina and Chua, 2000).
ABI3, ABI4 and ABI5 encode transcription factors of the B3, AP2 and bZIP class,
respectively (McCarty et al., 1989; Giraudat et al., 1992; Finkelstein et al., 1998;
Finkelstein and Lynch, 2000; Lopez-Molina and Chua, 2000). They play a pivotal
role in ABA, nutrient and stress signalling during seed maturation and seedling
establishment (Finkelstein, 2013). The relationships between the ABI genes in
ABA signalling are complex and not fully understood. Transcriptome analysis
indicated that target genes of ABI3, ABI4 and ABIS partly overlap (Reeves ef al.,
2011; Finkelstein, 2013). Furthermore, there is cross regulation among the three AB/
genes (Soderman et al., 2000; Suzuki et al., 2003). Here we investigated the genetic
interactions between these three transcription factors during ABA signalling as well
as the induction of DT by analysis of double and triple mutants.

ABI3 is an important regulator of seed maturation and severe mutations in this
gene such as abi3-5 and abi3-6, show a severely disturbed seed development (Santos-
Mendoza et al., 2008). These mutants produce seeds that are green, non-dormant,
impaired in storage protein accumulation, sensitive to desiccation and displaying
strongly reduced longevity (Ooms et al., 1993; Nambara et al., 1995; Delmas ef al.,
2013). These severe mutants are also very insensitive to ABA and due to the strong
nature of the ABA insensitivity the use of such mutants may hide genetic interactions
present between two genes. Therefore we used weaker alleles of abi3 that are ABA
insensitive but show a relatively normal seed development as demonstrated by their
brown seeds, which are desiccation tolerant and storable for a considerable period of
time(Ooms et al., 1993; Nambara et al., 2002; Clerkx et al., 2004).

Comparisons between the single mutants and double mutants showed
that 4BI4 interacts genetically in a synergistic fashion with AB/3 and ABI5 both
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during ABA signalling (based on ABA inhibition of seed germination) as well as
the induction of DT, indicating that AB/4 acts in part redundantly with AB/3 and
ABIS5 to regulate both responses. The strong ABA insensitive response of the abi4-3
abi5-7 double mutant compared to the single mutants are in agreement with those
observed for the abi4-1 abi5-1 double mutant reported by Reeves et al. (2011).
Also ABI5 showed synergistic interaction with ABI3 alleles during ABA signalling.
However, such synergistic interaction was not detected during the re-induction of
DT. Instead our results either indicate that ABI3 acts epistatically over ABI5 in the
DT response or that ABI3 and ABI5 act genetically in an additive manner. However,
since abi5-7 lacks a DT phenotype at the RP stage we cannot differentiate between
both possibilities. We could investigate the genetic relationship between ABI3
and ABI5 during the re-establishment of DT at stage three (when the radicle has
a length between 0.3 and 0.5 mm, Maia ef al. 2011). At this stage abi5-7 shows a
DT phenotype and would allow to obtain a more conclusive answer regarding this
genetic interaction. Interestingly in this respect, is the fact that ABI3 and ABIS have
been reported to interact physically (Nakamura ef al., 2001). Furthermore, Lopez-
Molina et al. (2002) studied the genetic relationship between ABI3 and ABI5 and
their results suggested that ABI5 acts down-stream of ABI3 to arrest early seedling
development. These observations suggest that ABI3 and ABIS act, at least in part, in
a similar signalling pathway to regulate ABA responses which is in agreement with
the genetic interaction that we uncovered during the re-establishment of DT. The
different genetic interactions between ABI3 and ABI5 that we observed between ABA
signalling and the induction of DT could be explained by the fact that we scored ABA
signalling by germination (radicle protrusion) which is a different response from the
induction of DT, suggesting that multiple different genetic interactions may exist
among the ABI genes during various ABA-regulated processes. The genotypes used
here, could also be screened in other processes like germination at high temperature,
or under osmotic or salt stress as well as several sugar responses which are all known
to be ABA-regulated. This would aid to increase our insights concerning the genetic
interactions among the ABI genes in a variety of ABA-regulated responses.
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SUMMARY

Seeds are capable of surviving extremely low cellular water levels for remarkable
periods of time. It is the result of an adaptation that limits cellular damage and is
commonly known as ‘desiccation tolerance’ (DT). DT is gradually lost during seed
germination but can be fully re-established at the stage of radicle protrusion (RP) but
not at the root hair (RH) developmental stage. Re-establishment of DT requires the
plant hormone abscisic acid (ABA). To delineate this role, we explored five ABA
INSENSITIVE (4B1) mutant lines, abi3-8, abi3-9, abi3-10, abi4-3 and abi5-7, for
their ability to re-establish DT by a Mild Air Drying Treatment (MADT). The abi3-
9 mutant appeared to be more sensitive to dehydration than Col-0 and the other
abi mutants at the RP stage. Thus, to decipher the molecular mechanisms involved
in the re-establishment of DT upon dehydration, we executed a comprehensive
transcriptomic analysis of the response of desiccation tolerant (RP of Col-0) and
desiccation sensitive (RP of abi3-9 and RH of Col-0) germinated seeds. The results
indicate that a common set of genes is coordinately up-regulated (DP1 and DP2) or
down-regulated (DP6), when DT is acquired, independently of developmental stage
or ABI3. These DT-specific gene sets seem to promote adaptation to stress of Col-0 at
RP and may be partly responsible for survival in the dry state. Finally, we identified
a sub-network in the DT gene co-expression network, that connects DT-specific gene
sets to the ABI3 regulon. A predictive transcriptional module of this sub-network
suggests that the re-establishment of DT in Arabidopsis is controlled by crosstalk
between ABA-dependent and ABA-independent pathways.

INTRODUCTION

Seed is an important dispersal unit in the plant’s life cycle and for its survival as
a species. Seeds are capable of surviving extremely low cellular water levels for
remarkable periods of time (Meurs ef al., 1992; Potts, 2001). The ability to survive
such a desiccated state, at water contents below 0.1 gram H,O per gram dry weight,
is the result of an adaptation that limits cellular damage during this period (Koster,
1991), which is commonly known as ‘desiccation tolerance’ (DT). Although the DT
mechanism is present in most seeds, there are approximately 120 higher plants that
can also survive desiccation of their vegetative tissues; these are called resurrection
plants (Bartels and Hussain, 2011). In a recently study of the resurrection plant Boea
hygrometrica (Xiao et al., 2015), it was shown that the changes in the regulation
of gene expression in this species under dehydration involve alternative splicing
of transcripts and the plant hormone abscisic acid (ABA). The DT mechanism of
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resurrection plants most likely resembles the pre-existing DT mechanism of seeds
(Gaff and Oliver, 2013; Xiao et al., 2015). DT has been studied widely in seed
development and in relation with its re-establishment during germination, and has
been shown to be controlled by ABA in seeds (Meurs et al., 1992; Buitink et al.,
2003; Maia et al., 2011; Terrasson et al., 2013; Verdier et al., 2013; Dekkers et al.,
2015).

DT is gradually lost during seed germination, but it can be fully re-established
within a developmental time window between radicle protrusion (RP) and the root
hair (RH) stage in Arabidopsis thaliana (Maia et al., 2011). Re-establishment of
DT in germinated seeds has also been observed in other species such as Medicago
truncatula (Buitink et al., 2003), Tabebuia impetiginosa (Vieira et al., 2010) and
Cedrela fissilis Vell (Masetto et al., 2014). Several abi mutants of Arabidopsis (abi3-
8, abi3-9, abi4-3 and abi5-7) have been shown to fail to fully re-establish DT in
germinated seeds at the RP stage, except for abi’-7 (Maia et al., 2014). Thus although
ABA is clearly important in the re-establishment of DT there are indications that
ABA-signalling is not the sole signal-transduction pathway involved. A desiccation-
induced homeodomain-leucine zipper protein CPHB-1, of which expression is
induced early in the drying process applied to the resurrection plant Craterostigma
plantagineum, is not induced by ABA (Frank et al., 1998).

The ability of germinated seeds to tolerate low water levels is limited to a
short developmental time window (Buitink et al., 2003; Maia et al., 2011), during
which plants monitor the environmental osmotic status before initiating vegetative
growth (Lopez-Molina et al., 2001). Considering that an osmotic- or ABA treatment
can re-establish DT in germinated seeds (Buitink et al., 2003; Maia et al., 2011;
Maia et al., 2014), together with the observation that ABA is commonly synthesized
upon dehydration stress (Nakashima and Yamaguchi-Shinozaki, 2013; Virlouvet et
al., 2014), we investigated whether there is cross-talk between the ABA-signalling
pathway and pathways induced by dehydration, independently of ABA, to re-
establish DT.

To study the re-establishment of DT in germinated Arabidopsis seeds, we
developed a novel method called ‘Mild Air Drying Treatment (MADT)’, which is
able to re-establish DT in germinated seeds at the RP stage without the need for an
osmotic treatment or application of ABA (Chapter 4). This new method better mimics
the ‘natural” drying conditions that can be experienced in the soil, as compared to
treatment with an osmoticum, such as the often used polyethylene glycol (PEG).
To assess the molecular mechanisms involved in re-establishment of DT upon
dehydration, we used transcriptome analysis on desiccation tolerant and desiccation
sensitive seeds upon dehydration in time. The gene expression patterns confirm that

113



Chapter 5

ABA is essential for the re-establishment of DT in germinated Arabidopsis seeds.
However, also non-ABA-dependent genes seem to play a role in the acquisition of
DT. We identified a putative regulatory circuit involving DT-responsive transcription
factors, some of which are ABA-dependent while others are not.

EXPERIMENTAL PROCEDURES
PHENOTYPIC ANALYSIS

Five ABA INSENSITIVE (ABI) mutant lines, abi3-8, abi3-9, abi3-10, abi4-3 and
abi5-7 (Nambara et al., 2002), were used to determine their ability to re-establish
DT. Seeds of the mutants together with corresponding wild-type seeds (Col-0
[N60000]) were sown until germinated and seedlings were grown on Rockwool®
cubes in a climate room (20°C day; 18°C night) with a photoperiod of 16h light and
8h dark. Each Rockwool® cube was watered with Hyponex® solution (1g/L) twice
a week. Matured seeds were harvested in four replicates from at least three plants.
For germination, seeds were cold stratified for 72h at 4°C in a 9-cm Petri dishes with
two moistened blue filter paper sheets (Anchor paper Co.) in 10 mL of demi-water
to remove residual dormancy. Thereafter, seeds were transferred to a germination
cabinet at 22°C with constant white light. Re-establishment of DT in germinated
seeds was performed as described before (Chapter 4).

PLANT MATERIAL, SAMPLE PREPARATION AND RN A EXTRACTION

Each sample used for RNA extraction was determined according to rate of seedling
survival during the dehydration procedure (Chapter 4). Four time-points were
selected during dehydration of germinated seeds at the RP stage: zero hours (OHAD)
as a control and two hours (2HAD), six hours (6HAD) and 72 hours (72HAD).
Additionally, a sample was taken of seeds at the RP stage that had been dried for
72 hours in an incubator under controlled conditions and that were rehydrated
for 24 hours on a Copenhagen table (24HAR).To determine the transcriptomic
characteristics of failing re-establishment of DT in the abi3-9 mutant at RP and in
Col-0 at RH, three intervals were selected: OHAD, 2HAD and 6HAD. Only these
three time-points were selected to avoid sampling of dead tissues, because seedling
survival rate after eight hours of dehydration is already down to 75% for these seeds.
RNA was extracted, using a slightly modified hot-borate protocol (Maia et al., 2011).
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MICROARRAY HYBRIDIZATION AND DATA ANALYSIS

Quality control, RNA labeling, hybridization and data extraction were performed at
ServiceXS B.V. (Leiden, The Netherlands). Labelled ss-cDNA was synthesized using
the Affymetrix NuGEN Ovation PicoSL WTA v2 kit and Biotin Module using 50 ng
of total RNA as template. The fragmented ss-cDNA was utilized for hybridization on
an Affymetrix ARAGene 1.1ST array plate. The Affymetrix HWS Kit was used for
the hybridization, washing and staining of the plate. Scanning of the array plates was
performed using the Affymetrix GeneTitan scanner. All procedures were performed
according to the instructions of the manufacturers (nugen.com and affymetrix.com).
The resulting data were analyzed using the R statistical programming environment
and the Bioconductor packages (Gentleman et al., 2005). The data was normalized
using the RMA algorithm (Irizarry ef al., 2003) with the TAIRG v17 cdf file (http://
brainarray.mbni.med.umich.edu). Expression data are in Supplemental Table S1.
Validation of the microarray data set was performed by comparison with a gene
expression analysis using RT-qPCR of ten genes (Supplemental Table S1). RT-qPCR
was performed as described by Dekkers et al. (2013).

IDENTIFICATION OF CO-EXPRESSION GENE SETS

Dominant expression patterns. Dominant expression patterns (DPs) were
identified as previously described by Belostotsky et al. (2009). DPs were identified
of the 50% most variant genes, corresponding to 13.918 mRNAs. The R function
FANNY (http://cran.r-project.org/web/packages/cluster/cluster.pdf) with a minimum
Pearson correlation of 0.85 was used to evaluate the number of cluster (K) choices
from 1 to 50 with a cut-off for cluster membership of 0.4. The K choice that yielded
the greatest number of transcriptional modules was seven.

Dehydration-inducible gene set. We used the Limma package (Gentleman
et al., 2005) for selection of differentially expressed transcripts induced upon
dehydration for 6HAD and 72HAD relative to all others in a given stage and time-
point. Differentially expressed transcripts specific to 6HAD and 72HAD in Col-0 at
the RP stage were selected based on differential expression at a significance with P <
0.01 and an expression two-fold or higher compared to the other samples.

CO-EXPRESSION NETWORK AND TRANSCRIPTIONAL MODULE ANALYSIS

Co-expression network. Pearson correlation coefficients were calculated for each pair
of genes. The threshold for correlation coefficient values was determined according
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to Freeman et al. (2007). Edge adjacency threshold was set at 0.94, resulting in
a network consisting of 2.332 nodes with 33.476 edges. Correlation coefficient
values were imported into Cytoscape v.2.8.2 (Smoot et al., 2011) and the network
visualization was done with the organic layout method.

Transcriptional modules. Transcriptional modules were produced by the
ChipEnrich software package developed by Brady et al. (2007) and modified by
Belmonte et al. (2013). ChipeEnrich determines the significance of GO terms,
metabolic processes, DNA motifs and transcription factors (TFs) using P values
calculated from their hypergeometric distribution (Belostotsky ez al., 2009; Belmonte
et al., 2013). For the hypergeometric distribution, lists of GO terms, metabolic
processes, DNA motifs and TFs were used based on the Arabidopsis Gene Regulatory
Information Server — AGRIS (http://arabidopsis.med.ohio-state.edu/AtTFDB/). An
optimized ChipEnrich by Belmonte et al. (2013) was used to identify significantly
enriched DNA motifs associated with TFs and GO terms. Tables generated by
ChipEnrich were imported into Cytoscape (version 2.8.2) and the transcriptional
module networks were constructed using the yFiles Organic layout.

RESULTS

A MUTATION IN ABI3 MARKEDLY REDUCES THE ABILITY TO RE-ESTABLISH DT

_ o 100% a d
All abi mutant plants grew similarly to -
the Col-0 plants and produced DT seeds. £ 80% 1
To determine whether the mutations in the g 0% ¢
ABI genes allowed re-establishment of E be be
DT in germinated seeds at the RP stage, ‘§ 40% 1 b
we compared the differences in seedling 'z 0., | a
formation rate after 72h of dehydration = [ H ’_}‘
followed by 5 days of rehydration (Figure 0% s o N 5 A s
1). Seedling formation for abi3-8, abi3-9, & & sgle" sé*b‘ gé“" S &
abi3-10 and abi4-3, but not for abi5-7, RP RH

was significantly compromised compared
with Col-0 seeds (Figure 1) with the most
severe phenotype for abi3-9. The seedling
formation rate of abi3-9 at RP after 72h
of dehydration and rehydration was
comparable with seedling formation rate
of Col-0 at RH.

Figure 1: Re-establishment of desiccation
tolerance in germinated seeds of wild-type
(Col-0) and abi mutants of Arabidop-
sis thaliana. Different lower case letters
above bars represent differences between
samples by Tukey’s HSD (P<0.05). Devel-
opmental stages : RP- radicle protrusion
and RH-root hair stage.
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GENES DIFFERENTIALLY REGULATED BY EARLY- AND LATE-RESPONSES SUSTAIN
THE RE-ESTABLISHMENT OF DESICCATION TOLERANCE IN GERMINATED SEEDS OF
Cor-0

To examine the role of AB/3 in the transcriptional network in response to dehydration
and re-establishment of DT in germinated seeds, we used a microarray approach.
Considering that in Arabidopsis Col-0, DT at RH stage is only re-established in
about 20% of the seeds and at RP in about 100% (Figure 1), these seeds were used
in an across dehydration intervals in a further attempt to unravel the mechanism
of re-establishment of DT. However, when employing only Col-0 seeds at RP and
RH stages, only genes associated with the germination program rather than the
program of re-establishment of DT are showing up. To exclude that, the abi3-9
mutant was used at the RP stage, in which DT is re-established only in about 15%
of the seeds (Figure 1). Also, to determine which mechanism are re-activated after
dehydration Col-0 at RP stages after rehydration were used. The complete results
derived from the microarray analysis are represented in Supporting Information
Table S1. Principal component analysis (PCA) revealed the distribution among the
different samples (Figure 2), and demonstrated that the two most important factors
separating the different samples were developmental stage (RP and RH) and the
treatment condition (duration of dehydration and rehydration).

abi3-9 RP OHAD

= ®7 85P24HAR RHO.HAD _

s ° Figure 2: PCA plot of transcript abundance
] abi3-9 RPZHAD.’%;PZHAD of dehydration time-points in wild-type
§ T N (Col-0) seeds at the stages RP and RH

and in abi3-9 mutant seeds at the RP
stage. Developmental stages: RP - radicle

abi3-9 RP 6HAD© i > :
) protrusion and RH -root hair. Time points:

od---F-----"-"-"------

o
< ] o R GHAD OHAD- 0 hours after dehydration; 2HAD-
RPGHAIQRP HAD 2 hours after dehydration; 6HAD-6 hours
after dehydration; 72HAD-72 hours after
1 T T dehydration and 24HAR-24 hours after
-100 50 50

PC1(35.8 %) rehydration.
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When considering the time component, considerable variation could be
observed (Figure 3). At RP without dehydration stress (OHAD) 39 genes were
up-regulated and 11 down-regulated in Col-0 seeds as compared to abi3-9 seeds,
showing that at the stage of radicle protrusion there is little difference between the
transcriptomes of abi3-9 and Col-0. The number of transcripts changing between the
RP and RH stages in Col-0, demonstrates the differences among these developmental
stages, and shows that for the RP stage 202 genes were up-regulated and 714 down-
regulated as compared to seeds at RH. To better understand the role of 4813 and
other genes in the re-establishment of DT, we hereafter focused on differences in
gene expression induced by dehydration between abi3-9 (RP) and Col-0 (RP and
RH).
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Figure 3: Overview of the comparisons made among the different samples. Arrows in
black represent the number of up-regulated genes, whereas red represent the number of
down-regulated genes. Dashed arrows indicated how the comparisons were performed.
Developmental stages: RP - radicle protrusion and RH -root hair. Time points: OHAD- 0
hours after dehydration; 2HAD-2 hours after dehydration; 6HAD-6 hours after dehydration;
72HAD-72 hours after dehydration and 24HAR-24 hours after rehydration.

Early response. After 2h of dehydration five comparisons were made, of
which three were between two time-points (OHAD and 2HAD) in the same genetic
background and developmental stage (Figure 3). At 2HAD of the RP stage in Col-0
167 genes were up-regulated. The number of transcripts accumulating in abi3-9 after
2HAD from the RP and Col-0 at the RH stage was 165 and 242, respectively. Besides
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the comparison between OHAD and 2HAD in the same genetic background and in
the same developmental stage, we also made comparisons between samples at the
same early interval (2HAD). The number of differentially expressed genes upon
2h of dehydration between Col-0 and abi3-9 at RP was 35 up-regulated in Col-0
and 12 up-regulated in abi3-9 seeds. When the comparison was made between the
RP and RH stage in Col-0, the number of genes changing in expression was 713
up-regulated at RH and 289 up-regulated for RP. To better understand the similarity
in early responses with respect to the transcriptomes, we examined the overlap of
transcripts which accumulated upon 2HAD in Col-0 at RP and RH, and in abi3-9
at RP (Figure 4A). Of the genes up-regulated upon 2HAD, 107 were up-regulated
both in Col-0 and abi3-9 at RP, and 67 were up-regulated in Col-0 at both RP and
RH. Of these, 57 genes were shared between all three samples; Col-0 at RP and
RH and abi3-9 at RP. Taken together, these results suggest that the 50 genes up-
regulated exclusively in Col-0 at RP play a crucial role in the re-establishment of DT
in response to dehydration in germinated Arabidopsis seeds.

A B
Early-response Later-response
(2HAD) (6HAD)
Genes up-regulated  Genes up-regulated Genes up-regulated Genes up-regulated
Col-0 (RH) Col-0 (RP) Col-0 (RP) abi3-9 (RP)

Genes up-regulated
abi3-9 (RP)

Figure 4: Venn diagram of genes in early-response (A) and late-response data sets (B).
Developmental stages: RP - radicle protrusion and RH -root hair. Time points: 2HAD-2 hours
after dehydration and 6HAD-6 hours after dehydration.

Late response. Also for later responses to dehydration (6HAD) five
comparisons were made in a similar way as for 2HAD; three were between two
intervals (2HAD and 6HAD) in the same genetic background and developmental
stage. Among these comparisons, the number of up-regulated genes (276) upon 6h
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of dehydration was considerably higher than the number of down-regulated genes
(65) in Col-0 at RP (Figure 3). The number of transcripts accumulating for abi3-9
at RP after 6h of dehydration was 47, whereas in Col-0 at RH, expression of only
one gene had changed. Comparing Col-0 with abi3-9 after 6h of dehydration, we
observed 131 genes up-regulated in Col-0 and 16 up-regulated in abi3-9 (Figure
3). Comparing the RP and RH stages in Col-0, the number of transcripts changing
in abundance was 780 up-regulated genes at RH and 434 at RP. We checked for
overlap between transcripts which were up-regulated upon 6HAD in Col-0 and in
abi3-9 at RP (Figure 4B). Col-0 at RH stage was not included in this analysis since
it only had one differentially expressed gene. Different from what was found for
the early response, the majority of genes up-regulated in abi3-9 during this late
response overlapped with up-regulated genes found in Col-0. But the number of
genes differentially expressed in Col-0 at RP (241) was substantially higher than in
abi3-9 (12). The 241 up-regulated genes that are unique for Col-0 (Figure 4B) may
be the ones responsible for the late response to dehydration that is required for the
re-establishment of DT.

To assess whether prolonging the dehydration time would result in additional
differences in gene expression, we measured gene expression in Col-0 at RP after 72h
of dehydration. Interestingly, no differences in transcript abundance were observed
at 72HAD, as compared with 6HAD (Figure 3). However, when comparing 24h of
rehydration (24HAR) with 72HAD, a large number of transcripts was differentially
expressed: 1.646 up-regulated in 72HAD and 854 up-regulated in 24HAR (Figure
3). These results are in agreement with the PCA (Figure 2), in which 6HAD and
72HAD were close to each other and at considerable distance from 24HAR.

SETS OF CO-EXPRESSED GENES UNDERLINE PRINCIPAL MECHANISMS OF DT

To determine how transcript abundance changed over dehydration time, we clustered
genes from all intervals and stages to identify seven dominant expression patterns
(DPs) (Figure 5A; Supplemental Table S2), using the Fuzzy K-Means clustering
method (Belostotsky et al., 2009). Three out of seven of these DPs consisted of
genes commonly up- or downregulated by dehydration (DP1, DP2, and DP6)
showing similar trends, either for stages or genetic background. DP1 and DP2
displayed an increase and DP6 a decrease in transcript abundance upon dehydration.
Gene expression levels of respective stages in Col-0 (RP and RH), and genetic
background (Col-0 and abi3-9 at RP) were rather similar. In addition to the trend of
decreasing gene expression upon dehydration, DP6 showed a slight increase in gene
expression after rehydration, suggestive of a re-activation of the (seed germination)
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developmental genetic program. In contrast, four DPs consisted of genes with
high expression at each time-point and stage (DP3, DP4, DPS5, and DP7) with no
difference among intervals across the dehydration period. However, these four
DPs showed differences at 24HAR; DP3 and DP7 displayed increased transcript
abundance whereas DP4 and DP5 showed a decrease. These variations in transcript
abundance across dehydration time-points (DP1, DP2 and DP6), and between stages
(DP3 and DP5) illustrate the complexity of the gene regulatory networks that operate
during dehydration in germinated seeds.
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Figure 5: Dominant patterns of gene expression across dehydration time-points. Seven
DPs were found using Fuzzy K-means clustering of the 50% most variant transcripts. Bar
graphs represent averages of expression levels of transcripts (left to right, black — Col-0 at
RH, white — Col-0 at RP, and dashed — abi3-9 at RP).Developmental stages: RP - radicle
protrusion and RH -root hair. Time points: OHAD- 0 hours after dehydration; 2HAD-2 hours
after dehydration; 6HAD-6 hours after dehydration; 72HAD-72 hours after dehydration and
24HAR-24 hours after rehydration.

Because in abi3-9 DT is hardly re-established in germinated seeds just as
for Col-0 at RH (Figure 1), we identified transcripts that were specifically highly
expressed upon dehydration in Col-0 at RP (Figure 5B) since these seeds show
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full re-establishment of DT. We identified two sets of DT-specific transcripts
with statistically significant (P <0.01), two-fold or higher levels of expression at
6HAD, 72HAD, and/or 24HAR relative to all others at the same time-point (Figure
5B). These data sets consist of relatively few genes with DT-specific expression,
later during dehydration. Only 15 genes were highly expressed at 6HAD and 72
HAD (DT1), and 36 were highly expressed at 6HAD, 72HAD and 24HAR (DT2)
compared with seeds in which DT could not be re-established. Many of these DT-
specific genes were present in DP1 or DP2 (Figure S1). This suggests that a common
set of genes is coordinately up-regulated (DP1 and DP2) or down-regulated (DP6)
during dehydration and that these promote adaptation to the desiccation stress and
are responsible for survival in the dry state.

FUNCTIONAL GROUPS OF DESICCATION-INDUCIBLE GENES

To understand the functional implication of the desiccation responsive genes, we
identified significantly enriched (P < 0.001, hypergeometric distribution) GO terms,
DNA binding motifs, and (P < 0.05) metabolic pathways for early and late responses,
DPs that showed patterns of gene expression induced by dehydration (DP1, DP2, and
DP6), as well as the DT-specific gene sets (Supplemental Table S2). This analysis
revealed that many genes with associated GO terms for abscisic acid and water
deprivation response were among the commonly up-regulated genes in DP1 and
DP2 (Figure 6A). In fact, all enriched GO terms for all analysed gene sets were
somehow associated with dehydration stress. Although ten DNA binding motifs were
identified in these data sets (Supplemental Table S2), we could not separate data
sets based on specific DNA binding motifs but we observed that all DNA binding
motifs enriched in these data sets have been associated previously with abiotic stress
inducible genes such as the ABRE-, ABF-, and CBF- binding motifs (Fujita et al.,
2013; Vysotskii et al., 2013). To investigate whether these data sets would possibly
differ in other aspects, a metabolic pathway analysis was performed (Figure 6B).
Interestingly, metabolite pathways such as trehalose and sucrose biosynthesis were
enriched in DP1, whereas abscisic acid and carotenoid biosynthesis, and methionine
degradation were enriched in DP2. Furthermore, sucrose biosynthesis was also
enriched in the early response data set. The late-response data set was highly enriched
for abscisic acid biosynthesis. These results suggest that ABA starts to plays a role
only at later stages of the re-establishment of DT. It corroborates with high peak of
ABA accumulation at 6HAD (Chapter 4).
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Figure 6: Heat map showing the P value significance of enrichment of (A) GO terms and
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of genes induced by dehydration (DP1, DP2, and DP6), and DT-specific DPs (Supplemental
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GENE CO-EXPRESSION NETWORKS AND TRANSCRIPTIONAL MODULES REVEAL
REGULATORY GENES POSSIBLY CONTROLLING THE RE-ESTABLISHMENT OF DT

Gene co-expression networks have been used to identify gene interactions relevant to
specific biological processes, such as the acquisition of DT in Medicago truncatula
during seed development (Verdier et al., 2013) and the transition from dormancy to
germination in Arabidopsis (Bassel ez al.,2011). Thus, to identify regulatory processes
that are controlling the re-establishment of DT, we built a gene co-expression
network for this process in germinated Arabidopsis seeds. An unweighted gene
co-expression network was constructed using Cytoscape® 2.8.2. Edge adjacency
threshold was set at 0.94 as described by Villa-Vialaneix et al. (2013), resulting in
a network consisting of 2.332 genes represented as nodes, which are connected by
33.476 edges. Each of the data sets induced (either up- or down-regulated genes) by
dehydration in germinated seeds of Col-0 and abi3-9, could be identified on the DT
co-expression network (Figure 7).

e Dehydration-related genes e Early-response genes

o Stage-related genes e Late-response genes

Figure 7: DT gene co-expression network. Nodes are coloured according to (A) genes associated with
dehydration (red) and developmental stages (blue) and (B) according to genes associated with early-
response (green) and late-response transcripts (red).

Two distinct regions of the network were found to correspond with genes responding
to dehydration and developmental stages, respectively (Figure 7A). These two
regions are also related to the seven observed DPs (Figure SA and Figure S2). Genes
related to dehydration stress are present in DP1 and DP2 (Figure S2), whereas genes
which are associated with developmental stage are present in DP3, DP4, DPS5,
and DP7. Genes of DP1 clustered clearly separately from the developmental stage
cluster, whereas genes in DP2 were adjacent to it (Figure S2). Besides DPs, we
also highlighted early- and late-response genes on the network (Figure 7B). The few
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genes present in the early-response data set were clustered close to each other in the
DP2 region (Figure 7B and Figure S2), but the late-response genes were spread over
the whole network region of the dehydration-related genes (DP1 and DP2).

ABI3 is an essential component of the regulatory network controlling the
maturation of Arabidopsis seeds (Mdnke et al., 2012), which is the developmental
stage at which DT is acquired. We projected on the network the members of the
previously identified ABI3 regulon activated by VP1, FUS3 and LEC2 (Monke et
al., 2012). The ABI3 regulon members are present in the DP2 cluster region rather
than in the DP1 cluster region within the network region of the dehydration-related
genes (Figure 8A). To better visualize the regulatory network of the ABI3 regulon
on our network, we separated the ABI3 regulon and genes connected with its
members, creating a DT sub-network with 238 genes (nodes) connected by 2.932
edges (Figure 8B). Since we were interested in identifying regulators that control the
re-establishment of DT in germinated seeds, we combined the physiological process
with the transcriptome data. Considering that the ability of germinated Arabidopsis
seeds to survive the dry state was restricted to Col-0 at the RP stage, as compared
with Col-0 at RH and abi3-9 at RP (Figure 1), we projected the DT-specific data
sets on the DT gene co-expression network, as well as on the sub-network. We also
plotted genes up-regulated in abi3-9 at RP upon dehydration on the network and
on the DT sub-network. DT-specific genes, as well as abi3-9 up-regulated genes
were present on the dehydration-related gene region on the network (Figure S3).
However, when these genes were plotted on the DT sub-network, none of the abi3-9
up-regulated genes were found (Figure 8B) implying that these genes are not playing
arole in the re-establishment of DT.

A P . B

©® ABI3 regulon genes

@ DT-specific genes

Figure 8: (A) DT gene co-expression network and (B) sub-network created from the ABI3 regulon
presented in the gene co-expression network and genes connected with its members. Nodes are coloured
in red for ABI3 regulon members in the DT gene co-expression network and in the sub-network, and in
blue for genes of DT-specific data sets in the sub-network.
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To identify the most important regulators for re-establishment of DT, we built
transcriptional modules according to Belmonte et al. (2013) for genes present in
the DT sub-network. These transcriptional modules consist of desiccation-inducible
genes containing ABRE, ABF, DPBF1&2, G-box, and CBF sequence motifs and
putative transcription factors involved in DT, such as ABIS (Verdier ef al., 2013)
and the ABA-gene regulator INDUCER OF CBF EXPRESSION 1 (A) (Liang
and Yang, 2015) (Figure 9). Besides these motifs, we found 14 genes with an
RY-repeat promoter motif (Supplemental Table S2). The RY element is crucial for
transactivation through ABI3 (Ezcurra et al., 2000). Taken together, this approach
identified important regulators of the establishment of DT.

BF?2 binding
motif

I \\ 5 binding site
G-b|

OX promo okt
motif

I ABRE binding

‘ Transcription factors

GO terms

DNA binding motifs

Figure 9: Transcriptional module predicted to regulate the re-establishment of DT in
Arabidopsis germinated seeds. DNA motifs (light-blue rectangles) and GO terms (light-yellow
octagons) that are significantly overrepresented (P<0.001) within the sub-network gene sets
(ellipse) together with co-expressed transcription factors (red diamonds). Transcriptional
modules were predicted for early-response, late-response, DP1 and DP2 and DT-specific
(Figure S4).
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DiscussION

Desiccation tolerance (DT) is defined as the ability of an organisms to survive
water levels as low as 0.1 gram of H,O per gram of dry weight and subsequent
re-hydration without lethal damage (Hoekstra et al., 2001; Dekkers et al., 2015).
To cope with environmental stresses, such as (severe) dehydration, plants employ
a signal transduction network in which diverse transcription factors control the
expression of large numbers of genes (Yamaguchi-Shinozaki and Shinozaki, 2006;
Verdier et al., 2013). Moreover, stress responses include transcriptional regulation
of gene expression and this depends on the interaction of transcription factors with
cis-regulatory sequences (Maruyama et al., 2012). The cis-elements of dehydration-
and ABA-responsive genes have been widely studied (Narusaka et al., 2003; Kim
et al., 2004; Nakashima et al., 2006). ABA-dependent pathways are mediated by
gene expression through ABA-responsive elements (ABREs) and b-zip transcription
factors (Busk and Pages, 1998; Kagaya et al., 2002). One of these b-zip transcription
factors is ABA INSENSITIVE 5 (ABIS), which is involved in ABA signalling
during seed maturation and germination and in the regulation of stress responses
(Bensmihen et al., 2002). ABIS is a transcriptional activator that binds to G-box and
ABRESs and the gene encoding ABIS is strongly expressed in desiccation tolerant
tissues in Arabidopsis (Drea et al., 2006). Additionally, in a gene co-expression
network during seed maturation of Medicago truncatula, also ABI3 and ABI4 are
highly connected to DT-associated genes (Verdier et al., 2013). Given that these
three transcription factors are important for DT, but not sufficient, we predicted that
other transcription factors may be involved in the re-establishment of DT in Col-0
at the RP stage.

We found that a mutation in ABI3 (abi3-9) (Nambara et al., 2002) clearly
reduced the re-establishment of DT in germinated seeds at RP. This result corroborates
with a previous study of re-establishment of DT in germinated seeds governed by
osmotic stress (Maia ef al., 2014). Our results with the abi mutants show that re-
establishment of DT in germinated seeds is largely mediated by ABA signalling
pathways. However, the role of AB/3 in the re-establishment of DT remains elusive.
Using a genome-wide transcriptome data set for Col-0 at RP and RH, and abi3-9
at RP across a range of dehydration levels, we provide the most comprehensive
description of gene activity, so far, during the re-establishment of DT in Arabidopsis.

Although DT cannot be re-established in the abi3-9 mutant at RP and Col-0 at
RH, our data show that they share many of the transcripts that are induced in Col-0 at
RP by dehydration, and which does result in DT (DP1, DP2 and DP6). However, the
functional differentiation among samples occurs through at least four distinct sets
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of processes (early- and late- responses, and two DT-specific data sets). First, genes
expressed specifically in Col-0 at RP (early-response) appear to play a role in events
which may promote the initial protection to dehydration stress. The transcriptional
module for the early-response shows the transcription factor ABSCISIC ACID
RESPONSIVE ELEMENT-BINDING FACTOR 1 (4BF1)to be connected to ABRE,
ABF and G-box binding motifs. This hypothesis of initial protection is supported by
studies on drought, in which the addition of a mutation in ABFI to the cis-regulatory
clements of AREB/ABF triple mutant arebl areb2 abf3, resulted in a quadruple
mutant (arebl areb2 abf3 abfT) which displayed increased sensitivity to drought and
decreased sensitivity to ABA, as compared with the triple mutant (Yoshida et al.,
2015). Second, genes expressed specifically in Col-0 at RP (late-term) are associated
with GO terms such as desiccation response and DNA binding motifs such as ABFs,
ABRESs, DREs and GBFs. Besides the DNA binding motifs, this set of genes also
included TFs such as CIRCADIAN 1 (CIRI), ALTERED SEED GERMINATION
4 (ASG4), POPEYE (PYE) and ABA-RESPONSIVE KINASE SUBSTRATE 1
(ASK1). These TFs are known to function in growth regulation (4SG4 and PYE)
(Martinez-Trujillo ef al., 2014), light signalling pathways (4SK/) (Takahashi et al.,
2013), and the circadian clock (CIR). Taken together, it suggests that the regulators
of the late-response may play a role in the ability of germinated seeds to adapt
to changes in water dynamics in a coordinated response with the circadian clock
(Takase et al., 2011). It corroborates a study which showed that clock genes may
control the expression of stress-responsive genes (Habte et al. 2014). Moreover,
the late-response data set shows genes such as RESPONSIVE TO DESSICATION
29A (RD29A4) and LATE EMBRYOGENESIS ABUNDANT 14 (LEA14) which are
present in the GO term response to desiccation. A transcriptome data analysis of the
arebl areb2 abf3 triple mutant demonstrated that LEAs and group-Ab PP2Cs genes
were down regulated in response to water stress (Yoshida et al., 2010). Additionally,
the role of LEAs during further dehydration suggested that they may provide a layer
of hydroxylated residues to interact with the surface groups of other proteins, acting
as replacement of water (Shewry ef al., 1999) or even contribute to the formation of
cytoplasmic glass to protect the cells (Hoekstra et al., 2001). Thus, we conclude that
the late-response genes promote adaptation to the desiccated state.

The two dominant patterns, DP1 and DP2, include genes commonly induced
by dehydration. However, we identified within these DPs 15 genes up-regulated at
6HAD and 72HAD and 36 up-regulated at 6HAD, 72HAD and 24HAR, suggesting
that these gene sets are specific for the re-establishment of DT in germinated Col-0
seeds. For example, consistent with this is that the transcriptional module for DT-
specific genes is enriched with DNA binding motifs known to interact with genes
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induced by water stress such as ABF, ABRE and CBF binding motifs (Narusaka et
al., 2003; Yoshida et al., 2010; Fujita et al., 2013; Vysotskii et al., 2013).

A central argument that emerges from this comprehensive profiling of transcript
populations is that there is overlap in the gene expression programs that characterize
drought-tolerance and acquisition of desiccation tolerance during seed development.
Although Col-0 at RP and RH, and abi3-9 at RP express transcripts that accumulate in
each sample and interval, a global comparison demonstrated unexpected similarities
between abi3-9 and Col-0. These similarities result, at least in part, from the large
number of dehydration-inducible genes in abi3-9 that are co-expressed with Col-0.
Contradictory with these common responses in gene activity, is that the DT-specific
set is exclusively expressed in Col-0 at RP. This suggests substantial coordination of
re-establishment of DT in Col-0 at RP through this DT-specific gene set.

The re-establishment of DT in germinated seeds seems to be comparable with
the natural acquisition of desiccation tolerance during seed development (Maia et al.,
2011; Terrasson et al., 2013). Therefore, to address the control of re-establishment
of DT we used the ABI3 regulon data set derived from seed developmental studies
(Monke et al., 2012). ABI3, FUS3 and LEC2 are B3 transcription factors which
interact with each other to control seed developmental processes such as storage
reserve accumulation, as well as the acquisition of dormancy and DT (To et al., 2006;
Santos-Mendoza et al., 2008). Mutations in these TFs, such as fus3-3 (Tiedemann
et al., 2008) and abi3 (Ooms et al., 1993) result in desiccation sensitive seeds. A
recent study on the re-establishment of DT in germinated seeds of Arabidopsis has
shown that germinated abi3-9 seeds lack the possibility to re-establish DT and that
they remain desiccation sensitive after an osmotic treatment (Maia et al., 2014). Our
results show that on the DT gene co-expression network, genes of the ABI3 regulon
are highly connected with our DT-specific data sets. Nevertheless, the transcriptional
module for the DT sub-network genes includes TFs that are both ABA-dependent
(4BI5 and AT1G19490) and ABA—independent (CRY2-INTERACTING BHLH 4
(CIB4) and ICET). Taken together with the DT-phenotype of abi5-7 (Figure 1), it
suggests that the other TFs present in the regulatory system for the re-establishment
of DT act redundantly to ABI5. The ABA-independent ICE1 and CIB4, together with
the ABA-dependent Atlg19490 are good candidates to interact with ABIS. ICE1 was
initially identified as a transcription factor that directly controls the transcription of
CBF3 (Chinnusamy et al., 2007). The constitutive expression of CBF3/DREB1A
in rice enhanced tolerance to drought (Oh et al., 2005). Moreover, the expression
of many CRY-regulated genes, to which the ABA-independent CIB4 belongs,
are regulated by other signaling pathways. These pathways are those related to
phytochromes and phytohormones, which suggests that the CRY-dependent genes

129



Chapter 5

are intimately integrated with the general regulatory networks that control plant
development (Liu ef al., 2011). This result may extend to C/B4 induction, which
could increase the signals of phytochromes and phytohormones, thus promoting the
arrest of seed germination at the RP stage.

Furthermore, ABI3 and ABI4 were highly expressed in the icel/-2 mutant
as compared with wild type, in response to ABA, suggesting that /CE] acts as a
negative regulator of ABA-dependent responses (Liang and Yang, 2015).

Taken together, this has led to a model with the possible role of these TFs in
the ABA-dependent and -independent pathways, controlling the re-establishment of
DT in germinated seeds (Figure 10). We demonstrate that the data set can be used to
identify sets of genes involved in the re-establishment of DT in germinated seeds.
ABI3, ABI4 and ABI5 play an important role in the establishment of DT during
seed development (Verdier et al., 2013). We demonstrate that, to a significant extent,
they may also play similar important roles in the re-establishment of DT. Under
dehydration stress, the transcriptional profiles of abi3-9, were useful to filter out the
genes that are not the main regulators of DT. A transcriptional module with ABA-
dependent and —independent transcription factors was identified and may serve as
a convergence point in the crosstalk between these two pathways during the re-
establishment of DT in Arabidopsis. It is clear that ABA exerts a profound influence
on the re-establishment of DT via ABI3, ABI4 and ABI5, but our data also suggests
the existence of an ABA-independent pathway — with extensive cross-talk with the
ABA-dependent pathway - via ICEI and CIB4.
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SUPPORTING INFORMATION

If not displayed bellow, supplementary information can be downloaded from : http://
www.wageningenseedlab.nl/thesis/atsilva/Sl/

DT2 DP1

Figure S1: Venn diagram of common genes among DT-specific, DP1 and DP2 data sets.
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®DP1
eDP2

Figure S2: DT gene co-expression network. Nodes are coloured according to genes present
in DP1 (green) and DP2 (orange).
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Figure S3: (A) DT gene co-expression network and (B) sub-network created from the ABI3 regulon
presented in the gene co-expression network and genes connected with its members. Nodes are coloured
in red for genes up-regulated in abi3-9 (6HAD) and in blue for DT-specific data sets.
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Supplementary material

Figure S4: Transcriptional modules predicted for (A) DP1, (B) DP2, (C) DT-specific 1, (D)
DT-specific 2, (E) early-response and (F) late-response gene data sets. DNA motifs (light-
blue rectangles) and GO terms (light-yellow octagons) that are significantly overrepresented
(P<0.001) within the sub-network gene sets (ellipse) together with co-expressed transcription
factors (red diamonds).

Table S1: Expression data are and validation of the microarray data

Table S2: Dominant patterns, early-response, late-response and DT-specific data
sets, and their associated enriched GO terms, DNA motifs, and metabolic pathways.
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Chapter 6

INTRODUCTION

Plants undergo a series of phase transitions during their life cycle, transforming
from the juvenile to the adult and from the vegetative to the reproductive phase.
During these phase transitions plants pass through several changes that are often
discernible by morphological characteristics. Arguably, the most critical phase
change of the plant’s life cycle is the transition from a seed to an established
seedling that is dependent on developmental genetic programs that are triggered and
modulated by environmental and endogenous stimuli. This transition is controlled
by the endogenous balance and the signalling pathways of plant hormones, such as
ethylene, auxin, abscisic acid (ABA), and gibberellins (GAs). Progression through
stages across this transition is accompanied by reserve mobilization, chlorophyll
synthesis and by the gradual loss of desiccation tolerance (DT). With the advent of
postgenomics technologies, high-throughput analysis on a molecular basis, such as
at RNA and metabolite profiling, have been widely implemented to reveal specific
aspects of the seed germination process. A study encompassing seed germination of
Arabidopsis thaliana has resulted in a genome-wide network (SeedNet) describing
its transcriptional interactions (Bassel et al., 2011). This network has shown to be
accurate in defining regulators that behave as activators or inhibitors of germination.

In spite of the importance of the seed-to-seedling transition for crop
establishment and yield, similar studies as those on germination are largely lacking
for this process. In an attempt to make up for that, the research presented in my
thesis focuses on four aspects of the seed-to-seedling phase transition: in Chapter
2 I analysed the transcriptomic regulation of this phase transition; in Chapter 3 1
describe the metabolic shifts that occur during this transition; Chapter 4 addresses
the response of several distinct seed-to-seedling developmental stages to a novel
mild air drying treatment (MADT); Chapter 5 describes the transcriptomic control
of the re-establishment of DT in germinated seeds.

THE SEED-TO-SEEDLING DEVELOPMENTAL PHASE TRANSITION IN ARABIDOPSIS
THALIANA

The phase transition from seed (heterotrophic) to seedling (photo-autotrophic) is
characterized by organ development and maturation of the chloroplasts with the
onset of photosynthesis, to support the new life cycle of the plant (Lourens Poorter,
2007). I divided the seed-to-seedling transition into several (morphological) stages:
mature dry seed (DS); seeds imbibed for 6h with germination-related initiation of
metabolic activity (6H); embryo swelling and testa rupture (TR); protrusion of the
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radicle through the endosperm (RP), primarily through cell elongation, followed by
further embryonic root extension and beginning of root hair formation (RH) and
succeeded by the appearance of greening cotyledons (GC) and cotyledons that are
fully opened (OC). Progression through these stages is accompanied by reserve
mobilization and by the loss of desiccation tolerance (DT) (Bewley ef al., 2013).

The regulation of the seed-to-seedling phase transition occurs through
modification of gene expression, including of transcription factors, and chromatin
remodelling or (other) epigenetic modifications (Bouyer et al., 2011; Jia et al., 2014;
Van Zanten et al., 2014). For example, it was shown that the polycomb repressive
complex 2 (PRC2), which catalyses the trimethylation of Lysine 27 on histone
H3 (H3K27me3) (Schwartz and Pirrotta, 2008), is vital for the reprogramming of
developmental fates mediating the switch from the embryonic state to the growing
seedling (Bouyer et al., 2011). Moreover, the seed-to-seedling phase transition
is regulated by the activation of many genes controlling the stage changes and,
simultaneously, the repression of genes controlling the preceding stage (Van Zanten
et al., 2014). The transition is highly regulated by hormones such as ABA, GA,
auxin, cytokinin, ethylene, and brassinosteroids via their biosynthetic- and signalling
pathways. For example, LEAFY COTYLEDON 1 (LEC1) was found to be involved
in the regulation of hypocotyl elongation-related functions by targeting genes in
auxin-, brassinosteroid- and light signalling networks in Arabidopsis (Junker et al.,
2012).

The control of seedling establishment is governed by many pathways and
their crosstalk. Thus, to answer the question of what are the molecular mechanisms
necessary for a vigorous seedling establishment, the molecular basis of the
developmental stages encompassing the seed-to-seedling transition needs to be
assessed at the highest resolution, using strategies that minimize experimental noise.
The highly curated genome of Arabidopsis thaliana and the vast information on gene
expression, metabolic- and protein profiles available in public databases such as ‘The
Arabidopsis Information Recourse’ (TAIR) has enabled large-scale comparative
studies. Therefore, I combined these advantages of the model plant Arabidopsis with
the accurate morphological and physiological selection of developmental stages
across the seed-to-seedling transition to try to unravel the mechanisms underlying
the seed-to-seedling transition and the loss and re-acquisition of DT.

The molecular ‘signatures’ of the transition from a seed to a photo-autotrophic
seedling, expressed in seven developmental stages across this phase transition were
identified in Chapters 2 and 3. In Chapter 2 [ propose a signal transduction pathway
that regulates seedling establishment. In this chapter [ identified seven stage-specific-
and ten dominant gene expression patterns (DPs), differentially expressed across
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these seven stages. In the same chapter | built a gene co-expression network for
the seed-to-seedling transition. With this network I showed that particularly DP7
harbours important regulators that control the seed-to-seedling transition. With a list
of approximately 1.700 genes in DP7 I built a putative transcriptional module, and
with this transcriptional module I could narrow down to a list of candidate regulators
controlling the seed-to-seedling transition. One of the identified key regulators, the
homeodomain leucine zipper I transcription factor ATHBI13, is expressed during
germination, but affects late seedling development. A recent study with ATHBI3
revealed a crucial role for this transcription factor in the juvenile-to-adult, and in the
reproductive phase transitions of Arabidopsis (Ribone et al., 2015).

HOMEODOMAIN LEUCINE ZIPPER I AND PLANT PHASE TRANSITIONS

The homeodomain leucine zipper (HD-Zip) group is unique to plants and is
divided into four subgroups, named [-IV of which HD-Zip I is the largest subgroup
with seventeen members (Schena and Davis, 1992; Ariel et al., 2007). The first
characterised member of this subgroup, ATHB1, acts as a mediator of leaf cell fate
determination (Aoyama et al., 1995), whereas another member, ATHBS, is involved
in ABA-responses of developing seedlings (Johannesson et al., 2003). It underlines
the wide range of signalling pathways in which members of this subgroup act. In a few
cases, members of HD-Zip I have been related to morphological and phase transition
events (Saddic et al., 2006; Son et al., 2010). ATHB12 has been suggested to play
a role in stem development through the control of GA-related genes in Arabidopsis
(Son et al., 2010). These authors demonstrated that a high level of transcripts of
gibberellin 20-oxidase 1 (GA200x1), a key enzyme in the synthesis of gibberellins,
was detected in athb 12 mutant stems, while transgenic lines overexpressing ATHB12
had a reduced level of GA200x1. LMI1, also a member of the HD-Zip I subgroup,
has been related to flowering phase transitions (Saddic et al., 2006). This gene acts
in regulating meristem identity by targeting LEAFY (LFY), affecting leaf shape and
bract formation. Although this member of HD-Zip I has been described with a role in
phase transitions, none of the members of the HD-Zip I family have been related to
the seed-to-seedling transition up to now. ATHB13, which was found to be associated
with seedling establishment (Chapter 2), appears to be a very interesting candidate.
Evaluation of athbl3-1 mutant plants during seedling establishment showed that
the primary root was significantly longer than wild type roots. This faster growth of
the primary root may be associated with the rate of cell division. This corroborates
a recent study in which the athbl3-1 mutant plants showed longer stems than the
corresponding wild type (Ribone ef al., 2015). These authors suggested that this is
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due to cell division rate, as the cell sizes of mutant and wild type stems did not differ.
In the same study, a double mutant was generated: athbl3 athb23. ATHBI3 and
ATHB23 have been described as paralogues (Arce et al., 2011). Indeed, ATHB23
appears to play a role, together with ATHB13, in stem elongation, whereas ATHB13
alone plays a role in the reproductive phase transition (Ribone et al., 2015). The
transcriptional module for the seed-to-seedling transition presented in Chapter 2,
included not only ATHB13 and ATHB23, but also ATHB20. Although the ATHBI13
and ATHB23 genes act redundantly in stem elongation in Arabidopsis, I hypothesize
that this may not be the case for root growth during seedling establishment, because
in the seed-to-seedling co-expression network ATHB23 is not highly correlated with
ATHBI13. However, ATHB20 could be a good candidate to interact with ATHB13
in seedling establishment as they are highly correlated. Furthermore, I showed
that in the seed-to-seedling network, ATHBI13 and ATHB20 are connected to five
genes related with root development, seven with photosynthesis and one with
auxin signalling. With this data follow-up research may be proposed combining the
athbl3-1 mutant and auxin-responsive reporters such as DII-VENUS and/or DR5
(Brunoud et al., 2012). A cross between athbi3-1 and plants with these reporters
could reveal how the auxin response in the root development of athbl3-1 differs
from wild type root development and highlight important aspects of a role of auxin
in seedling establishment, as the hormone regulates cell division, cell elongation, cell
differentiation and patterning in roots (Ljung ef al., 2005). The auxin signalling gene
that correlated with ATHB13 in the seed-to-seedling network is INDOLE-3-ACETIC
ACID 17 (IAA17), an auxin response repressor (Ding and Friml, 2010). It has been
demonstrated that /4417 is essential for the maintenance of auxin gradients and cell
differentiation in the root tip (Kim et al., 2006; Tian et al., 2014). Another follow-up
to the data of Chapter 2 could be an in-depth study of the athbi3-1 athb20-1 double
mutant since these transcription factors correlated not only with root development,
but also with genes in photosynthetic pathways. Interestingly, ATHB13 was shown
to be involved in the regulation of cotyledon and leaf development in response to
carbon availability during seedling establishment (Hanson et al., 2001). Building
on this notion that the balance of carbon (C) and nitrogen (N) is very important for
seedling establishment (Ribeiro et al., 2014), I investigated the primary metabolite
profiles during the same seven developmental stages across the seed-to-seedling
transition in Chapter 3.
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METABOLIC SHIFTS OF THE SEED-TO-SEEDLING PHASE TRANSITION

The initial step of C acquisition by non-photosynthetic tissues occurs through
carbohydrate partitioning, whereas amino acids are used for transport of N to
dependent tissues (Yadav et al., 2015). Metabolites found at high levels during the
seed-to-seedling transition in Chapter 3 are in agreement with the metabolites found
to increase during germination (Fait ef al. 2006). However, the metabolic analysis of
Chapter 3 identified methionine as an important amino acid for seedling establishment
but this amino acid was not found by (Fait et al., 2006) in their germination study.
This suggests that such other metabolites may be fundamental for vigorous seedling
establishment in Arabidopsis and much less for germination. The majority of the
metabolites identified in Chapter 3 were highly accumulated in the seedling stages
GC and OC. These metabolites are likely involved in the tight coordination of the C/N
balance. For example, CO, is assimilated through photosynthesis (at seedling stages)
and, through conversion of sucrose and glucose in glycolysis and the tricarboxylic
acid cycle (TCA) to a-ketoglutarate. This metabolite serves as a C skeleton for the
synthesis of glutamate by incorporating photorespiratory NH4*, which results in
the production of glutamate and glutamine to donate NH4* for the synthesis of all
other amino acids (Zheng, 2009). Taken together, it explains the high abundance of
metabolites such as glucose, a-ketoglutarate and amino acids at seedling stages. In
Chapter 3 [ used correlation analysis on the metabolites to investigate the interaction
of metabolites that are more or less connected during early seedling establishment.
The metabolite levels were shown to fall in two metabolite profiles. Profile 1 included
seven amino acids (alanine, glutamine, glycine, lysine, phenylalanine, proline, and
methionine) and pyruvate, whereas profile 2 was comprised of six amino acids
(asparagine, GABA, isoleucine, serine, threonine, and valine), five carbohydrates
(fructose, glucose, sorbose, xylose and trehalose), five organic acids (malate,
a-ketoglutarate, succinate, ascorbate and glycerate), three carbohydrate derivatives
(myo-inositol, fructose-6-phosphate and glucose-6-phosphate), adenosine, putrescine
and phosphate. These profiles reflect the timing of metabolite changes, principally in
profile 1, in which metabolites show a transient increase from the RP to the RH stage.
Methionine a fundamental metabolite in its function of building blocks for protein
synthesis (Ravanel et al., 1998), is present in profile 1. Methionine is an important
precursor of glucosinolates which are associated with pathways that control plant
growth and development (Grubb and Abel, 2006). RNAi-inhibited expression of
CYTOCHROME P450 79F1(CYP79F1) and CYP79F2 in Arabidopsis resulted in a
significant accumulation of methionine during plant development (Chen et al., 2012).
This is because CYP79F1 and CYP79F2 catalyze the biosynthesis of short-chain
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and long-chain aliphatic glucosinolates using chain-elongated methionine substrates
(Grubb and Abel, 2006). Another study with a cyp79fImutant, and co-suppression of
CYP79F1 and CYP79F?2 yielded plants with strong phenotypes such as dwarf, bushy,
and semi-sterile (Reintanz et al., 2001). Targeting different pathways, a study using
a proteomic approach showed the importance of methionine for seed germination
and, consequently, for seedling development (Gallardo et al., 2002). These authors
demonstrated that methionine synthase increased strongly during the first 24 hours
after imbibition (HAI), prior to radicle protrusion, but the level of this enzyme did
not increase further at 48 HAI, which coincided with radicle protrusion. However,
another enzyme (S-adenosylmethionine (AdoMet)) accumulated at the radicle
protrusion stage. Consistent with an important role of methionine during the seed-to-
seedling transition, a specific inhibitor of methionine (DL-propargylglycine) delayed
seed germination and blocked seedling establishment; however, the phenotypes were
recuperated after transfer to a medium supplemented with methionine (Gallardo
et al., 2002). In conclusion, methionine is an important amino acid for seedling
development, likely as a key precursor of glucosinolate pathways, influencing this
process. It is also interesting to speculate that the metabolites present in profile 2
represent a shift in the nutritional state preceding seedling establishment while the
amino acids in profile 1 participate substantially in nitrogen transport (Orzechowski
etal., 1999; Yoo et al., 2013; Pinto et al., 2014; McAllister and Good, 2015).
Likely, metabolic regulation of the heterotrophic to autotrophic transition
extends beyond primary metabolism. However, it is possible to identify primary
metabolites involved in gene expression events, by examining their pattern in
relation with the expression of specific genes (Gibon et al., 2006). Therefore,
in order to identify putative regulators of metabolite levels during the seed-to-
seedling transition, I determined linear correlations between the gene expression
data of Chapter 2 and metabolite contents of Chapter 3. These correlations may
indicate potential genes controlling primary metabolite levels during the seed-to-
seedling transition. For example, the expression of genes encoding three isoforms
of methionine synthetase, METHIONINE SYNTHASE 1 (MSI), METHIONINE
SYNTHASE 2 (MS2) and HOMOCYSTEINE S-METHYLTRANSFERASE (HMT-1)
was highly correlated with methionine levels. Although the expression of many
genes correlated strongly with metabolite contents, it does not reveal how genes
affect metabolite levels or vice versa. To determine whether the observed correlation
between gene and metabolite plays a role during seedling establishment, further
experiments are required, including, for example by gene expression measurements
in a controlled metabolite feeding experiment, or by metabolite profiling of the
relevant mutants. Although my results provide a view of the correlations of transcript
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abundance and metabolite contents, I have only considered correlations between
single entities (metabolite vs. transcript) due to inherent difficulties in the complexity
of data-sets integration in larger networks (Reed ez al., 2014). Looking at Chapter
2 and 3 together, it is interesting to speculate that a shift in the state of metabolites
important for seedling establishment such as methionine (Gallardo et al., 2002),
precedes the major regulatory pattern in transcriptional state (DP7) from germination
to seedling establishment. This may indicate that an appropriated metabolic state
prior to seedling establishment is necessary for the onset of the transcriptional
program (DP7) for a vigorous seedling establishment. This new hypothesis on the
regulation of the seed-to-seedling transition in Arabidopsis opens new perspectives
for understanding the complex regulatory mechanism underlying this transition.

After addressing the molecular basis of the seed-to-seedling phase transition
in Chapters 2 and 3, I focused on an important physiological feature occurring
during this transition, namely desiccation tolerance (DT) in Chapters 4 and 5. DT
is an extremely important trait that plants, such as Arabidopsis, acquire naturally
during seed development (Meurs et al., 1992; Gutierrez et al., 2007) and which is
lost during the seed-to-seedling transition (Maia et al., 2011).

THE SEED-TO-SEEDLING TRANSITION AND DESICCATION TOLERANCE

DT is acquired during the phase of seed development when embryo growth ceases
and storage products accumulate (Gutierrez et al., 2007). The seed-to-seedling phase
transition is a mirror image of seed development when DT is lost and storage products
mobilized. It is interesting to note that a gene set associated with the re-establishment
of DT in Chapter 5 (DP1) included genes with a role in lipid storage, suggesting
the re-activation of the seed maturation program. Seed lipid bodies are organelles
for the long term storage of neutral lipids accumulated during seed development and
maturation, and eventually mobilised after the completion of germination (Bewley et
al., 2013). The accumulation of lipids during seed development (Siloto et al., 2006)
and during dehydration (Chapter 5), appears to be an alternative carbon source for
the synthesis of sucrose or trehalose, providing osmoprotection to the cells because
DP1 was also enriched for metabolic processes such as trehalose and sucrose
biosynthesis. Several studies on anhydrobiosis have emphasized the importance of
the non-reducing disaccharides trehalose and sucrose, one or other of these sugars
being present at high concentrations during desiccation of anhydrobiotic nematodes,
brine shrimp cysts, bakers’ yeast, resurrection plants and plant seeds (Tunnacliffe
and Lapinski, 2003).

Embryo growth and seed maturation are controlled by master regulators such
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as LEAFY COTYLEDON 1 (LEC1), LECI-LIKE (L1L), transcription factors with
B3 domain LEAFY COTYLEDON 2 (LEC2), FUSCA 3 (FUS3) and ABSCISIC
ACID INSENSITIVE 3 (ABI3) (Gutierrez et al., 2007; Santos-Mendoza et al.,
2008; Verdier et al., 2013). These master regulators which share a common B3
domain are directly involved in the production of seed reserves during development,
of which FUS3 is the transcription factor controlling lipid content (Roscoe et al.,
2015). These authors showed that lipid storage is high compromised during seed
development in the triple mutant fus3lec2abi3. However, overexpression of one of
these master regulators could complement the seed maturation trait, such as lipid
storage. Moreover, a gene co-expression network of seed development in Medicago
truncatula revealed that the master regulator AB/3 was highly correlated with AB/4
and ABI5 in the DT gene cluster (Verdier et al., 2013). These authors suggested that
these ABI genes play an important role in ABA-signalling to ensure survival of the
seed in a dry state. Germinated seeds can also survive the dry state after proper pre-
conditioning, using a mild osmotic stress before desiccation. This has been shown
for a number of species including Arabidopsis (Dekkers ef al., 2015). Although
re-establishment of DT can be induced by an osmotic treatment with polyethylene
glycol (PEG) (Maia et al., 2011), there may be undesirable adverse effects during the
treatment, including toxicity, blocking of water movement and a reduced transport
of oxygen (Lagerwerff et al., 1961; Lawlor, 1970). For these reasons I developed,
in Chapter 4, the Mild Air Drying Treatment (MADT), an easier, faster, robust and
less labour intensive protocol to re-induce and evaluate DT in Arabidopsis seeds.
Germinated Arabidopsis seeds are sensitive to a fast drying treatment. It has been
shown by Maia et al. (2011) that seeds transferred to a dry filter paper and dried
for 72 hours under a relative humidity of 32%, were unable to continue with their
developmental program after rehydration. It is likely that fast drying prevents the
activation of protective mechanisms required to cope with desiccation in germinated
seeds. However, in Chapter 4 [ showed that Arabidopsis seeds at the radicle protrusion
stage are able to become DT if a slow drying method is applied. Interestingly, seeds
submitted to MADT attained within 2 hours a water content comparable to the water
content obtained in Arabidopsis seeds using a 3-day -2.5 MPa PEG treatment (Maia
etal.,2011). This demonstrates that to re-establish DT at the radicle protrusion stage,
2 hours in MADT is enough, whereas in PEG this takes 72 hours. By using the
aba2-1 and aba3-1 mutants, I showed that the capacity of seeds of these mutants at
the radicle protrusion stage to re-induce DT was also compromised in the MADT
protocol, similarly to the osmotic treatment, as previously illustrated (Maia et al.,
2014). Therefore, in order to confirm whether ABA biosynthesis is restricted to the
stages in which DT can be re-induced, I measured the ABA contents of germinated
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seeds with the competence to induce DT (at radicle protrusion) and in seeds at the
root hair stage, which are clearly incompetent. Although the root hair stage seeds
were not able to re-establish DT, ABA content after 72 hours of dehydration was
comparable with seeds at radicle protrusion. Thus, I also confirmed that an enhanced
ABA accumulation is part of the DT response induced by MADT.

Taken into consideration that ABA is a master regulator of DT acquisition
during seed development (Gutierrez et al., 2007; Verdier et al., 2013) and during its
re-establishment (Chapter 4; Maia et al., 2014) the role of ABI genes was studied
during the re-establishment of DT in germinated Arabidopsis seeds by -2.5 MPa
PEG (Maia et al., 2014). Interestingly, the ABA-insensitive abi3-9, abi3-10, abi4-3
and abi5-7 mutants produced desiccation tolerant seeds whereas the same mutants
were compromised in their capacity to re-establish DT at radicle protrusion (Maia
et al., 2014). In spite of the importance of these genes in the re-establishment of
DT, their genetic interactions have not been extensively studied yet. Using a yeast
one-hybrid approach a molecular interaction between ABI4 and ABI5 was shown
to be synergistic (Reeves et al., 2011). In Chapter 4 1 showed that by comparing
the single and double mutants, ABI4 interacts also genetically in a synergistic
manner with ABI5 and ABI3 during the re-establishment of DT. However, a similar
synergistic effect could not be detected between ABI3 and ABI5. With this data I
hypothesized that either ABI3 acts epistatically over ABI5 or they interact genetically
in an additive manner. A study of a genetic relationship between ABI3 and ABI5
showed that ABI5 acts downstream of ABI3 to arrest early seedling growth (Lopez-
Molina et al., 2002). Although the relationship between AB/3 and ABI5 is clear, it
could be interesting to investigate whether overexpression lines of AB/5 and ABI3
would extend the developmental window in which DT can still be re-established. The
observation that ABI5 acts downstream from 4B/3 is confirmed in Chapter 5. In this
study, employing a more in-depth analysis, | used the ¢bi3-9 mutant at the radicle
protrusion stage (which has an 85% reduced ability to re-induce DT) and compared
it with Col-0 at the same stage (with a 100% ability to re-induce DT). With this
approach I found that AB/5 is also one of the main regulators of DT re-establishment.
These observations suggest that AB/3 and ABI5 act in a similar signalling pathway to
regulate the ABA response during re-establishment of DT. The role of the ABI genes
during the re-establishment of DT extended also to ABI4 and ABI5. 1 showed that
ABI4 and ABI5 interact synergistically during the re-establishment of DT (Chapter
4). However, it is interesting to speculate whether an overexpression line of 4BI5
in abi4-3 would rescue the abi4-3 phenotype during the re-establishment of DT. It
is clear that ABA plays a role during re-establishment of DT (Chapter 4). Next, |
checked whether there is cross-talk between ABA-dependent and ABA-independent
genes (Chapter 5).
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CONTROL OF RE-ESTABLISHMENT OF DT THROUGH ABA-DEPENDENT AND ABA-
INDEPENDENT GENES

In order to acquire DT during seed development, plants employ a signal transduction
network in which diverse transcription factors control the expression of many
genes (Gutierrez et al., 2007; Verdier et al., 2013; Dekkers et al., 2015). Moreover,
transcripts of the re-establishment of DT in Arabidopsis have been associated with
transcripts of the seed development program (Maia et al., 2011). A recent study of
the re-induction of DT in germinated Arabidopsis seeds, mediated by ABA, showed
that both drought and desiccation stress responses are largely mediated through ABA
signalling pathways (Costa et al.,2015). However, the role of ABA-independent genes
in DT remains elusive. The best understood regulatory network of DT, however, is in
Medicago seed development, and it is known to be ABA-dependent rather than ABA-
independent (Verdier et al., 2013). However, cross-talk between ABA-dependent
and ABA-independent pathways is likely because stress-responsive genes, including
DEHYDRATION-RESPONSIVE ELEMENT-BINDING PROTEIN 24 (DREB24),
are regulated by both dependent- and independent pathways (Yoshida et al., 2014).
Considering that in Arabidopsis Col-0, DT at the root hair stage is only re-established
in about 20% of the seeds and at radicle protrusion in about 100% (Chapter 4 and
Chapter 5), I used these seeds across dehydration intervals in a further attempt to
unravel the mechanism of re-establishment of DT. However, when employing only
Col-0 seeds at radicle protrusion and root hair stages, only genes associated with the
germination program rather than the program of re-establishment of DT are showing
up. To exclude that, I used the abi3-9 mutant at the radicle protrusion stage, in which
DT is re-established only in about 15% of the seeds (Maia et. al. 2014; Chapter
4 and Chapter 5). Thus, in Chapter 5, I found a putative transcriptional module
of re-establishment of DT in germinated Arabidopsis seeds, clearly suggesting a
cross-talk between ABA-dependent and ABA-independent signalling pathways. In
this study, two putative ABA-independent transcription factors INDUCER OF CBF
EXPRESSION 1 (ICEI) and CRY2-INTERACTING BHLH 4 (CIB4), and two ABA-
dependent ones, 4BI5 and At1g949 were found. A recent study also showed that
ICE] is important in embryo development (Denay et al., 2014), possibly through
regulation of one of these ABI genes. Moreover, /CEI has been suggested to act
as a negative regulator of the ABA-dependent pathway (Liang and Yang, 2015).
These authors demonstrated that expression of AB/3 and ABI4 is high in the icel-2
mutant upon ABA treatment. This treatment with ABA also arrested seedling growth
of icel-2, and the high expression of 4B/ genes may have contributed to this arrest.
Arrest of seedling growth has also been associated with the interaction between ABI3
and ABI5 (Lopez-Molina et al. (2002). They showed that ABI3 acts upstream from
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ABI5 which corroborates my result of Chapter 5, in which I identified the ABI5
DT sub-network by using the abi3 mutant. Considering that 4BI5 is downstream
of ABI3 (Lopez-Molina et al., 2002) and that 4BI5 plays a role during acquisition
of DT in Medicago truncatula seed development (Verdier et al., 2013), I expected
to find ABI5 in the DT sub-network in Chapter 5. However, the abi5 mutant is
able to re-establish DT, comparable to the wild type (Chapter 5), which suggests
that genes found in the transcriptional module may act redundantly to ABI5 in the
re-establishment of DT.

FURTHER CONSIDERATIONS

In my thesis I made considerable progress made in understanding the seed-to-seedling
transition and the re-establishment of DT during this phase transition. In Chapters
2 and 3 the transcript and metabolic profiles of the seed-to-seedling transition
highlight new perspectives to understand this complex phenomenon. In Chapter
2 the putative novel regulators of the transition provide a new dimension to the
transcriptional regulation of the seed-to-seedling transition. The results of Chapter
2 can be extended to crop species in which controlled expression of these regulators
of seedling development can help to improve this phase transition in crops. Crop
transformations may be considered for species with a great economic importance
such as soybean and maize. Besides the identification of an important gene expression
pattern for seedling establishment, I also correlated transcripts with metabolites in
Chapter 3. With this I narrowed down the list of putative genes that control energy
metabolism during the phase transition. It will be interesting to see whether these
metabolic profiles extend to the seed-to-seedling transition in crops, and, if this is the
case, the genes that were tightly correlated with the metabolites in Arabidopsis could
be used as starting point to study this phase transition in crops (particularly in crops
for which extensive microarray or RNAseq data is not available). The transition from
seed to plant is a hallmark of the plant’s life cycle. In general, it is advantageous for a
species to keep the period of seedling establishment as short as possible since young
seedlings are highly sensitive to biotic and abiotic stresses (Pandey et al., 2012;
Zhang et al., 2014). Within the context of the molecular basis of the seed-to-seedling
transition, as described in Chapters 2 and 3, the stress-inducible genes involved in
the transition where assessed in Chapter 5 by using a novel approach to re-establish
DT under mild air drying treatment (MADT) (Chapter 4). With this approach I
have generated a reliable system to study DT. In a more detailed study (Chapter
5) I propose that re-establishment of DT is mediated through a cross-talk between
ABA-dependent and ABA-independent genes. Further studies in Arabidopsis are

152



General Discussion

needed to confirm this hypothesis. Overexpression of the putative key regulators of
the DT mechanism may be feasible to maintain the seed’s stress tolerance well into
the seedling stage.
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One of the most important developmental processes in the life-cycle of higher plants
is the transition from seed to plant, from a generative to a vegetative developmental
program. The major hallmark or end-point of the transition from seed to plant is the
onset of photosynthesis and the concomitant shift from heterotrophy to autotrophy.
It is advantageous for a species to keep the period of seedling establishment as short
as possible since young seedlings are highly sensitive to biotic and abiotic stresses,
since they have lost the extreme stress tolerance that seeds have, to for example
desiccation, upon germination. If the regulatory principles of the seed-to-seedling
transition are better understood it may become feasible to maintain the seed’s stress
tolerance well into the seedling stage.

Despite the profound impact of seedling performance on crop establishment
and yield, the seed-to-seedling transition has hardly been studied at the molecular
level. This thesis therefore aimed at deciphering and understanding the molecular
processes that govern this transition in Arabidopsis thaliana. A high-resolution study
of the molecular events that occur during these successive transitional stages may
provide clues as to the regulatory principles that drive this transition. It may also
yield information about the factors that are critical for the maintenance and loss of
desiccation tolerance and other stress responses.

In Chapter 1 I describe important processes involved in germination and
seedling development as well as in dehydration tolerance such as abscisic acid
signalling and their regulation and I discuss in what way the seed-to-seedling
transition may have links to a trait such as desiccation tolerance. [ present an overview
of the current knowledge of the seed-to-seedling phase transition and the existence
of a point-of-no-return that can be manipulated by osmotic treatment and by abscisic
acid which results in the re-establishment of desiccation tolerance, suggesting the
re-activation of the seed maturation program.

In Chapter 2 the regulation of gene expression in the seed-to-seedling transition
is studied by a detailed transcriptional analysis across seven developmental stages. It
describes the inference of a gene co-expression network and several transcriptional
modules. We show that such an approach highlights important molecular processes
during seedling development, which would not likely be derived from comparative
transcript profiling. Moreover, we show that a putative key regulator in one of the
transcriptional modules affects late seedling establishment.

In Chapter 3 we show how the seed-to-seedling phase transition is reflected
in the primary metabolite profiles and how the latter correlate with gene expression.
Metabolite-metabolite correlation analysis suggests two different profiles occur,
which point at the metabolic preparation of seed germination and of vigorous seedling
establishment, respectively. Furthermore, a linear correlation between metabolite
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contents and transcript abundance provides a global view of the transcriptional and
metabolic changes during the seed-to-seedling transition. It creates new perspectives
for the identification of the regulatory complexes underlying the seed-to-seedling
transition.

Chapter 4 describes a novel method to study the re-establishment of
desiccation tolerance during the seed-to-seedling transition without adverse effects
such as those caused by an osmotic treatment with polyethylene glycol. By using
this method, named ‘Mild Air Drying Treatment’ (MADT), we show that desiccation
tolerant seeds (germinated seeds at radicle protrusion) and desiccation sensitive
seeds (germinated seeds at root hair stage) accumulated the same amount of ABA.
We conclude that the re-establishment of desiccation tolerance is not linked to a
reduced ability to accumulate ABA in the desiccation sensitive seeds. I also present
a genetic interaction study of ABSCISIC ACID INSENSITIVE (ABI) genes in their
response to the re-establishment of desiccation tolerance using the MADT. The
interaction between ABI3 and ABI4, and between ABI4 and ABI5 act synergistically
in the re-establishment of DT.

In a more in depth study in Chapter 5 I carried out transcriptome analysis
to infer possible mechanisms of the re-establishment of desiccation tolerance.
Using the MADT protocol, possible mechanisms underlying the re-establishment
of desiccation tolerance were inferred by employing a time-series comparison of
germinated desiccation tolerant and -sensitive seeds. Early-response genes of the
re-establishment of desiccation tolerance may play a role in events that promote the
initial protection to dehydration stress, whereas the late-response genes may play a
role in events that help seeds to respond to the changes in water dynamics. Moreover,
using a gene co-expression network and transcriptional module I concluded that
crosstalk between ABA-dependent and ABA-independent transcription factors
regulates the re-establishment of desiccation tolerance.

In Chapter 6 I discuss how the results presented in this thesis contribute
to our knowledge of the molecular basis of the seed-to-seedling transition and the
re-establishment of desiccation tolerance during its phase changes. Finally, new
possibilities for further research are discussed, as well as the further use of the data
sets to delineate the mechanisms underlying the seed-to-seedling transition and
desiccation tolerance. Possible applications of the results for crop improvement are
addressed
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Eén van de belangrijkste ontwikkelingsprocessen in de levenscyclus van de hogere
plant is de transitie van zaad naar plant, ofwel van een generatief naar een vegetatief
ontwikkelingsprogramma. Het belangrijkste kenmerk, of eindpunt, van de transitie
van zaad naar plant is het op gang komen van de fotosynthese en de gelijktijdige
overgang van heterotrofie naar autotrofie. Het is voor een soort voordelig om de
periode van vestiging van de zaailing zo kort mogelijk te houden omdat jonge
zaailingen erg gevoelig zijn voor biotische en abiotische stress. Dit omdat zij de
extreme stresstolerantie voor o.a. uitdroging, die zaden bezitten, verloren hebben.
Als de regulerende principes van de transitie van zaad naar zaailing beter kunnen
worden begrepen, ontstaat wellicht de mogelijkheid om de stresstolerantie van het
zaad te behouden tot in het zaailingstadium.

Ondanks de enorme impact van zaailingeigenschappen op vestiging en
opbrengst van het gewas, is de zaad naar zaailing transitie nog nauwelijks bestudeerd
op moleculair niveau. Daarom richt dit proefschrift op het ontrafelen en begrijpen van
de moleculaire processen die deze transitie reguleren in Arabidopsis thaliana. Een
hoge-resolutie studie van de moleculaire gebeurtenissen die zich voordoen tijdens
de opeenvolgende overgangsstadia kan aanwijzingen opleveren ten aanzien van de
regulerende principes die aanzetten tot de transitie. De studie kan ook informatie
opleveren over de factoren die kritisch zijn voor het handhaven en verliezen van
uitdroogtolerantie en andere stressresponsen.

In Hoofdstuk 1 beschrijf ik belangrijke processen die betrokken zijn
bij kieming en zaailingontwikkeling en bij dehydratietolerantie, waaronder
abscicinezuur (ABA) signalering, en regulatie van deze processen. Ik behandel de
wijze waarop de zaad-zaailing transitie gerelateerd kan zijn aan een eigenschap zoals
uitdroogtolerantie. Ik presenteer een overzicht van de huidige kennis omtrent de
zaad-zaailing transitie en het bestaan van een ‘point-of-no-return’ die gemanipuleerd
kan worden door een osmotische behandeling en door abscisinezuur resulterend in
de herinductie van uitdroogtolerantie en daarmee mogelijk ook een reactivatie van
het zaadafrijpingsprogramma.

In Hoofdstuk 2 wordt de regulatie van genexpressie in de zaad-zaailing
transitie bestudeerd door middel van een gedetailleerde transcriptionele analyse
van de zeven ontwikkelingsstadia. Het hoofdstuk beschrijft tevens de afleiding van
een gen coexpressie netwerk en verscheidene transcriptionele modules. We laten
zien dat een dergelijke benadering belangrijke moleculaire processen tijdens de
zaadontwikkeling aan het licht kan brengen die waarschijnlijk niet afgeleid zou
kunnen worden uit een vergelijkende transcriptionele profilering. Bovendien laten
wij zien dat een vermeende sleutelregulator in één van de transcriptionele modules
latere zaailingvestiging kan beinvloeden.

In Hoofdstuk 3 laten wij zien hoe de transitie van zaad tot zaailing wordt
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weergegeven in de primaire metabolietprofielen en hoe deze correleren met
genexpressie. Metaboliet-metaboliet correlaticanalyse suggereren het bestaan van
twee verschillende profielen die, respectievelijk, verwijzen naar de metabolische
voorbereiding tot kieming en tot een krachtige vestiging van de zaailing. Bovendien
verschaft lineaire correlatie tussen metaboliet- en transcripthoeveelheden en een
globaal inzicht in de transcriptionele en metabolische veranderingen tijdens de
transitie.

Hoofdstuk 4 beschrijft een nieuwe methode om de herinductie van
uitdroogtolerantie te bestuderen tijdens de transitie van zaad naar zaailing, zonder
nadelige effecten zoals die kunnen worden veroorzaakt door een osmotische
behandeling met polyethyleen glycol. Door gebruik van deze methode, ‘Mild Air
Drying Treatment’ (MADT) genaamd, laten wij zien dat uitdroogtolerante zaden
(gekiemde zaden in het stadium van worteldoorbraak) en uitdrooggevoelige
zaden (in het wortelhaarstadium) vergelijkbare hoeveelheden ABA accumuleren.
Wij concluderen dat de herinductie van uitdroogtolerantie niet gerelateerd is aan
het afgenomen vermogen van uitdrooggevoelige zaden om ABA te accumuleren.
Gebruik makend van het MADT systeem presenteer ik ook een genetische studie van
de interactie van ABSCISIC ACID INSENSITIVE (ABI) genen in hun respons op de
herinductie van uitdroogtolerantie. De interactie tussen ABI3 en ABI4 en tussen ABI4
en ABI5 is synergistisch in de herinductie van uitdroogtolerantie.

In een meer diepgaande studie in Hoofdstuk 5 heb ik een transcriptoomanalyse
uitgevoerd om daaruit mogelijke mechanismen van de herinductie van
uitdroogtolerantie te kunnen afleiden. Met gebruik van het MADT protocol werden
mogelijke onderliggende mechanismen van uitdroogtolerantie afgeleid door het
toepassen van een tijdathankelijke vergelijking van gekiemde uitdroogtolerante en
—gevoelige zaden. Vroege-respons genen in de herinductie van uitdroogtolerantie
spelen mogelijk een rol in gebeurtenissen die de initi€le bescherming tegen
dehydratatiestress bevorderen terwijl de late-respons genen een rol kunnen spelen in
processen die het zaad ondersteunen in de reactie op veranderingen in waterdynamica.
Door het gebruik van een gen-coexpressie netwerk en een transcriptionele module
concludeer ik bovendien dat de ‘crosstalk’ tussen ABA-afhankelijke en ABA-
onafthankelijke transcriptiefactoren de herinductie van uitdroogtolerantie reguleert.

In Hoofdstuk 6 bespreek ik hoe de in dit proefschrift gepresenteerde resultaten
bijdragen aan onze kennis over de moleculaire basis van de transitie van zaad naar
zaailing en de herinductie van uitdroogtolerantie tijdens de faseveranderingen.
Tenslotte worden nicuwe mogelijkheden voor de toekomst besproken alsmede het
verdere gebruik van de datasets om de mechanismen te ontrafelen die ten grondslag
liggen aan de transitie van zaad naar zaailing en uitdroogtolerantie. Ook worden
mogelijke toepassingen voor gewasverbetering besproken.
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