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Abstract

Abstract
Seed dormancy is a mechanism with great importance in plant fitness and it
inhibits seed germination until is broken and seeds can germinate under optimal
environmental conditions favorable for successful reproduction. Primary
dormancy is contingent to the environment that seeds and the mother plant
experience. Temperature is a major factor participating in the regulation of this
complex trait. High and low levels of dormancy are induced during seed
maturation by cold and warm temperatures respectively but the mechanism at
the basis of temperature signaling in seeds is not well understood. Climate
change and increased weather variability threaten the constant supply of high
quality seeds into the market hence agriculture productivity. Therefore,
understanding and taking control of the molecular mechanism behind the
regulation of seed dormancy and germination will help to control and predict
seed behavior in the field.

Here I describe and discuss a forward genetic screen for the selection of mutant
seed lines with altered seed dormancy in response to cool temperature during
seed set. Putative mutant seed lines designated awake1 to awake52, were
preliminarily characterized. Eleven awake lines were selected for further
analysis and one was investigated in more detail. It was revealed that awake1
seeds shares common phenotype with seeds of a suberin deficient mutant
which were previously reported to display increased dormancy but, here, I show
they also display a reduction of seed dormancy. Segregation analysis suggests
that the reduced dormancy phenotype is maternally inherited as the suberin
deficient mutants. Also, transcriptomic analysis shows that many suberin
associated genes are temperature-regulated. I conclude that control of suberin
deposition may play a role in the regulation of dormancy in response to cool
temperature.
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Chapter 1: Introduction

1. Introduction
1.1. Seed dormancy and germination
A seed represents a stage of the life cycle of plants which evolved to preserve
the embryo from harsh conditions. The Arabidopsis seed is composed by the
embryo, the endosperm and the seed coat. The fertilisation of the female
gametophyte results in 1) the diploid embryo, which originates from the
fertilisation of the haploid egg cell with one sperm cell of male pollen; 2) the
triploid endosperm which originates from the fusion of one sperm cell with the
two polar nuclei of the central cell; and 3) the seed coat which derives from the
ovule integuments therefore of maternal origin. During late maturation phase
the seed coat cell layer dies and the endosperm and embryo are the only two
active tissues (Bradford, 2007).

Once seeds have detached from the mother plant they disperse and they can
travel short to long distances before they can germinate or become part of the
soil seed bank. The time when seeds shed and establish themselves in one
location is crucial for the survival of the progeny. Germination of the seeds in a
suboptimal period can lead the progeny to confront unfavourable conditions
and, subsequently, to fail in seedling establishment (Bewley, 2013). Seed
dormancy helps to survive natural catastrophes, to decrease competition
between individuals and to synchronise development with the seasons
(Finkelstein et al., 2008). The seeds of the model plant Arabidopsis thaliana
display physiological dormancy. Different definitions of seed dormancy have
been proposed, and, in this thesis it is described as the incapability of a viable
seed to germinate under favourable conditions (Bewley, 1997; Finch-Savage &
Leubner-Metzger, 2006). Dormancy can be distinguished in 1) coat imposed
dormancy when the embryo is fully capable to germinate but it is restrained by
the seed coat and 2) the dormancy of the embryo where the embryo is dormant
(Bewley, 1997). Primary dormancy will be referred as dormancy throughout the
thesis. Seeds can germinate or enter the seed bank to assure a long term
survival strategy of the species. Once the seeds enter the seed bank, seeds
can display secondary dormancy which is seasonally controlled and occurs
when imbibed non-dormant seeds experience prolonged exposure of warm or
cold temperature in the dark (Cone & Spruit, 1983; Finch-Savage et al., 2007;
1
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Penfield & Springthorpe, 2012). In the seed bank, seed dormancy cycles with
the passing of the season and seeds gain and loss of dormancy for a number of
cycle till seeds eventually germinate or die (Footitt et al., 2011).

Germination of the seeds is triphasic: it starts with water uptake from the
surrounding environment and all cellular components will hydrate. This phase is
followed by a metabolically active lag phase where imbibition is temporarily
arrested and it resumes in the last step where the cells of the embryonic axis
elongate, testa is broken and subsequently radicle protrude through the
endosperm. Germination is defined as the emergence of the radicle from the
surrounding structure (Bewley, 1997; Baskin & Baskin, 2004; Finch-Savage &
Leubner-Metzger, 2006). Germination is often referred as a binary event where
a seed can either be germinated or not, whereas dormancy of a seed lot can
assume all the value from nil to one hundred per cent germination.

1.1.1. Agronomical and economical importance of
environmental fluctuation on dormancy and
germination
Seed dormancy and germination are very important traits for agriculture
productivity to deliver high quality seeds into the market, but environmental
fluctuations are increasing the variability in the quality of seeds for sale. Also, it
is hard to predict seed behaviour when they are produced in different locations
around the globe under different environmental conditions. Hence
understanding how to control and predict dormancy and germination behaviour
would be a great advance for agriculture. Crop domestication and selection
have minimised the dormancy level in seeds to obtain a uniform germination
and a synchronous growth of all the plants in the field to maximise crop yield
(Bewley, 2013). However, reduced dormancy in cereals can lead to quality
deterioration of grains due to a precocious germination on the mother plant.
Pre-harvest sprouting (PHS) is a major problem for the cultivation of cereals in
countries with very moist and wet weather during seed maturation before
harvest. PHS leads to precocious release of alpha amylase from the
endosperms and the embryo, and the initiation of starch digestion which can be
deleterious for high quality baking (Lunn et al., 2002). Eventually, seedlings can
2
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develop when they are still attached to the mother plant leading to a substantial
grain quality loss. On the other hand, barley seeds that do not germinate rapidly
and uniformly lead to extra costs for after ripening or dormancy breaking
process (Gubler et al., 2005). This is a substantial extra cost for malting industry
which requires a rapid and synchronous germination.

1.2. Hormonal regulation of seed dormancy and germination
More than sixty years ago, the framework of the hormonal theory of seed
dormancy and germination was hypothesised based on the effect of growth
promoting and inhibiting substances on apple seeds (Luckwill, 1952). Different
studies with the model organism Arabidopsis thaliana have supported this
theory with the discovery that the abscisic acid (ABA)-deficient mutants are not
able to enter into seed dormancy and gibberellic acid (GA)-deficient mutants do
not germinate without either the application of exogenous GA or lack of
endogenous ABA (Koornneef & van der Veen, 1980; Koornneef et al., 1982a;
Koornneef et al., 1982b; Karssen et al., 1983; Koorneef et al., 1985; Karssen &
Laçka, 1986). It is now well established that the antagonistic role of the two
phytohormones ABA (Dormancy induction) and GA (Germination promotion) is
important in the mechanism which regulates the promotion of seed dormancy
and germination. The absolute content of ABA and GA in seeds appeared to be
less important than the ABA:GA ratio for dormancy status and germination
potential of seeds (Finch-Savage & Leubner-Metzger, 2006) (Figure 1.2.1).

3
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Figure 1.2.1 ABA and GA regulation of seed dormancy and germination in response to
the environment. In this model, environmental factors affect ABA:GA ratio to determine
different level of seed dormancy. During seed maturation ABA synthesis and signalling regulate
seed dormancy level whereas during dormancy breaking GA synthesis and signalling dominate
this state. Changes in dormancy state alter the environmental requirement for germination; nondormant seeds become more sensitive to GA than dormant seeds which are more sensitive to
ABA. Dry storage and chilling during seed imbibition reduce the quiescent state of the seeds,
ABA catabolism and GA synthesis leads the transition to endosperm rupture (germination).
Adapted from Finch-Savage et al. (2006) and Graeber et al. (2012).

1.2.1. Abscisic acid
ABA is a plant hormone which is involved in various aspects of plant physiology,
development and stress response. ABA derives from carotenoid precursors and
its synthesis is described in detail by Nambara & Marion-Poll (2005) (Figure
1.2.2).

4
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Figure 1.2.2 ABA biosynthetic pathway from zeaxanthin. ABA1 encodes a zeaxanthin
epoxidase (ZEP) which catalysed two epoxidation steps to obtain all-trans-violaxanthin through
antheraxanthin as intermediate. The neoxanthin synthase (NSY, ABA4) cleaves the epoxi group
of violaxanthin to create all-trans-neoxanthin. Nambara (2005) suggest that cis-isomers of
neoxanthin and violaxanthin are created by unknown isomerases. Cleavage of xanthophylls
(violanxanthin and neoxanthin) is catalysed by 9-cis-epoxycarotenoid dioxigenases (NCED).
Abscisic aldehyde is created by a short-chain alcohol dehydrogenase (ADH, ABA2) which
catalysed the conversion from xanthoin. A final oxidation step is required to generate Abscisic
acid with a reaction involving abscisic aldehyde oxidase (ABAO, aao3). The catabolic pathway
starts with the addition of a hydroxyl group to the oxo-cyclo-hex-enyl-group of ABA by
hydroxilases (ABA8ox, CYP707a). Adapted from Nambara (2005).

Briefly, ABA derives from geranyl-geranyl diphosphate (GGDP) and
biosynthesis follows the carotenoid pathway until the first specific step for ABA
biosynthesis which starts with the conversion of cis-isomers of violaxanthin and
neoxanthin to xanthoin by 9-cis-epoxycarotenoid dioxigenases (NCEDs)
whereas the last step is catalysed by abscisic aldehyde oxidase (AAO). Instead,
the first enzymes in ABA catabolic pathway are the 8’-hydroxylases encoded by
the Cytochrome P450 707a (CYP707a) (Figure 1.2.2) (Saito et al., 2004). ABA
is a positive regulator of dormancy during seed maturation and it is also
synthesised de novo during imbibition to maintain seeds in a dormant state
(Kucera et al., 2005). In seeds ABA content is low in the early and late phase of
seed development and peaks at mid-maturation when seed dormancy is
5
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induced. The ABA content of seeds can have different origins and reciprocal
crosses have shown that ABA derives from both maternal and embryonic tissue
(Karssen et al., 1983). The maternal ABA is thought to be the major source of
ABA required in the early phase of seed development. In Nicotiana
plumbaginifolia ABA produced in the vegetative tissue is also transported to
developing seeds and it is required for proper embryo development (Frey et al.,
2004) suggesting that ABA transport occurs from the mother plant. At later
stage, ABA is synthesised in the embryo and it is responsible for dormancy
induction in seeds (Karssen et al., 1983). ABA synthesised in the endosperm
has been also proposed to contribute to seed dormancy (Lefebvre et al., 2006).
The NCED gene family are composed by nine genes along the Arabidopsis
genome and only five have been cloned and characterised. The spatio-temporal
expression of NCED genes reported that only NCED5, NCED6, NCED9 are
localised in developing seeds and they are shown to participate in the regulation
of dormancy (Tan et al., 2003; Lefebvre et al., 2006; Frey et al., 2012). NCED6
is expressed in the endosperm and nced6-1 mutant seeds have a fifty percent
reduction in ABA content in contrast to wild type. NCED5 expression is localised
in the endosperm and embryo whereas NCED9 only in the zygotic tissue
(Lefebvre et al., 2006; Frey et al., 2012). The nced6-1 seeds are dormant and
only nced6/nced9 double mutant showed a reduction of seed dormancy
(Lefebvre et al., 2006). The dormancy level of nced5/nced6/nced9 triple mutant
seeds is higher than single or double mutant seeds suggesting functional
redundancy among these genes based on dormancy phenotype (Frey et al.,
2012).

Many mutants of genes involved in the ABA biosynthesis or signalling have
been associated with the reduction of dormancy. ABA1, ABA2, ABA3 and ABA4
are required for ABA biosynthesis and they were identified in different studies.
The aba1 mutant was discovered in a genetic screen aimed to revert the nongerminating phenotype of ga-1 mutant deficient in GA biosynthesis (Koornneef
et al., 1982b), whereas aba2, aba3, aba4 mutants were isolated through a
forward genetic screen to select mutants capable to germinate on paclobutrazol
(PAC) a germination inhibitor which suppress GA biosynthesis
(LeonKloosterziel et al., 1996; North et al., 2007). ABA biosynthetic mutant
seeds were also shown to germinate under high salt concentration and high
6
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water stress. ABA biosynthesis is important to induce dormancy in seeds, on
the contrary, catabolic enzymes such as CYP707a1 and CYP707a2 are
required to remove ABA at mid maturation and during imbibition to start
germination. Mutant seeds of these two catabolic genes are hyper-dormant
(Kushiro et al., 2004; Okamoto et al., 2006). During seed development in situ
hybridisation has localised the expression of CYP707a2 in the embryo and the
endosperm (Okamoto et al., 2006) suggesting that ABA removal from both
tissue is important for seed development.

ABA perception and response are also crucial for the induction of seed
dormancy and germination. Many abscisic acid insensitive (abi) mutants have
been identified for their capability to germinate on ABA (Finkelstein et al., 2002).
Abi1 and abi2 are two dominant negative mutations responsible for reduced
seed dormancy phenotype (Koorneef et al., 1985). ABI1 and ABI2 encode two
protein phosphatases 2C (PP2C) which act as negative regulator of ABA
signalling (Gosti et al., 1999). Briefly, It is proposed that in the presence of ABA,
the ABA receptor PYRABACTIN RESISTANCE 1 (PYR1) binds to the PP2Cs
which lift their inhibition on SNF1-related protein kinase subfamily2 (SnRK2).
SnRK2 are positive regulator of ABA signalling and the triple mutant
snrk2.2/snrk2.3/snrk2.6 is ABA-insensitive and shows precocious germination in
humid environments (Nakashima et al., 2009). ABA responses are induced
following phosphorylation by SnRK2 of target proteins such as ABA
RESPONSIVE ELEMENTS (ABRE) BINDING FACTOR (ABF) (Ma et al., 2009;
Park et al., 2009) (Figure 1.2.3).

7
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Figure 1.2.3 Proposed mechanism of ABA signalling.
Adapted from Bewley et al. (2013) and Park et al. (2009)

ABI3, ABI4 and ABI5 encode transcription factors (TFs) of different families
which regulate partially overlapping set of genes in seeds (Parcy et al., 1994;
Reeves et al., 2011). ABI3 encodes a TF with a B3-binding domain which
recognise the CATGCA (TG) motif (RY-cis-elements) to activate RY-mediated
transcription (Ezcurra et al., 1999; Reidt et al., 2000; Monke et al., 2004). The
RY elements are found in association of ABRE boxes which mediate the
expression of ABA inducible gene (Dickinson et al., 1988; Suzuki et al., 2001).
ABI3 binds to RY elements and physically interact with ABI5 a basic leucine
zipper (bZIP) protein belonging to the ABI5/AREB/ABF family, which binds
ABRE motifs (Hobo et al., 1999; Nakamura et al., 2001; Nakabayashi et al.,
2005; Holdsworth et al., 2008). This suggests a synergistic activation of gene
expression of ABA inducible genes.

A functional ABI3 protein is required to induce seed dormancy and loss of
function mutant seeds showed normal seed morphology however seeds have a
green colouration due to lack of chlorophyll degradation and they are also
desiccation intolerant (Giraudat et al., 1992; Nambara et al., 1992). Its
orthologue in maize is the VIVIPAROUS1 (VP1) which is required to inhibit
precocious germination of grains suggesting conserved ABI3 function. ABI4
encodes a Transcription factor (TF) and together with ABI5 are express during
seed imbibition to inhibit germination by ABA, however mutant seeds display

8
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wild type (WT) dormancy (Finkelstein et al., 1998; Finkelstein & Lynch, 2000;
Lopez-Molina & Chua, 2000).

1.2.2. Gibberellins
GA is a plant growth regulator which has a big impact on vegetative growth and
plant reproduction (Yamaguchi, 2008). GA molecules are distinguished by their
biological activity. Briefly, GA biosynthesis starts with GGDP, the same
precursor used for ABA, which in this case is converted to ent-kaurane by
coparyl diphosphate synthase (CPS). Ent-Kaurane is then oxidase by Kaurene
oxidase. This step is finally blocked by the exogenous application of PAC during
imbibition leading to block GA biosynthesis. The ent-kaurenonic acid is then
converted to different inactive form of GA before GA12 is converted to GA9 by
GA 20-oxidase (GA20ox) (Figure 1.2.4). In Arabidopsis, GA9 is converted in the
active form GA4, the conversion is the rate-limiting step catalysed by GA 3oxidase. The active form is eventually converted to the inactive form GA 34 by
GA 2-oxidase (Yamaguchi, 2008).

Figure 1.2.4 Schematic representation of GA biosynthesis in Arabidopsis.
Adapted from Bewley et al. (2013) and Yamaguchi et al. (2007).

The ga1 mutant was the first GA deficient mutant characterised and seeds were
not capable to germinate in the absence of GA, suggesting that GA is required
9
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for germination (Koornneef & van der Veen, 1980). Mutants deficient in GA
cannot germinate unless the seed coat is removed, therefore suggesting that
GA is required to overcome coat or endosperm imposed dormancy (Debeaujon
& Koornneef, 2000; Bethke et al., 2007). GA3ox1 and GA3ox2 gene expression
is localised in the hypocotyl transition zone of the embryonic axis (Mitchum et
al., 2006). The ga3ox1/ga3ox2 double mutant seeds do not germinate, similar
to the ga-1 mutant which lacks CPS, suggesting that both GA3ox isoforms
redundantly control germination.

The GA signal transduction pathway is also important for germination. DELLA
proteins belong to the GRAS family composed of five members such as, RGL1,
RGL2, RGL3, GAI and RGA containing a DELLA motif. DELLAs are localised in
the nucleus and act as repressor of GA-inducible genes (Yamaguchi, 2008).
They are thought to inhibit transcription through the sequestration of TFs
(Stamm et al., 2012). It was shown that DELLA can inhibit the function of bHLH
proteins such as PHYTOCHROME INTERACTING FACTOR 3 (PIF3) and PIF4
(de Lucas et al., 2008; Feng et al., 2008). Also, a yeast two hybrid approach
supported this results and revealed additional interactions with other members
of the bHLH proteins among which PIF3-like 5 (PIL5), PIL2 and SPATULA
(SPT) (Gallego-Bartolomé et al., 2010). DELLAs are degraded in the presence
of GA and, in this condition, they interact with the GA receptor, GAINSENSITIVE DWARF (GID1). Then, they are subsequently ubiquitinated by
SLEEPY1 (SLY1), an E3 ubiquitin ligase, and degraded (Yamaguchi, 2008).

RGL2 is the major regulator of seed germination among DELLAs (Lee et al.,
2002; Tyler et al., 2004). It has been shown that rgl2-1 mutant seeds show less
sensitivity to PAC and reduced dormancy phenotype (Lee et al., 2002; Carrera
et al., 2007). Also, the rgl2-1 mutation can rescues the ga1-3 non-germinating
phenotype suggesting that RGL2 reduces germination potential in absence of
GA. Della mutants shows reduced dormancy level correlated with increased
cotyledon size supporting the role of cotyledon for seed coat rupture and
suggesting that GA also important for the induction of dormancy (Penfield et al.,
2006).

10
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1.2.3. ABA and GA crosstalk
Different evidence supports the importance of ABA and GA crosstalk in
determining germination potential and dormancy status (Seo et al., 2009).
GA3ox1 and GA3ox2 are upregulated in aba2-2 developing and imbibed seed
deficient for ABA suggesting that ABA participate in the regulation of GA
biosynthesis in seed development and during germination. Also, in the same
mutant seeds, the GA2ox, which is required to inactivate GA, shows reduced
expression, suggesting that ABA is involve in GA deactivation (Seo et al.,
2006). RGL2 was reported by Lee et al. (2010) to maintain the ABA release
from the endosperm, hence to repress germination. Piskurewicz et al. (2008)
show that RGL2 stimulates ABA biosynthesis which in turn stimulates ABI5
activity and germination is inhibited. ABA is also responsible for an increase of
RGL2 expression suggesting the presence of a positive feedback loop
regulating RGL2 expression (Piskurewicz et al., 2008). RGL2 has been shown
to regulate ABA levels. RGL2 upregulates XERICO, RING-2H protein,
promoting ABA accumulation in imbibed seeds (Ko et al., 2006; Zentella et al.,
2007; Piskurewicz et al., 2008). XERICO is sufficient and necessary to
accumulate ABA in seeds (Zentella et al., 2007). These results suggest that
DELLA regulation of XERICO could be an important node for the ABA-GA
crosstalk. To further support the roles of RGL2 in ABA synthesis, ga1-3 mutant
seeds shows transcript accumulation of DELLA genes and an increase in ABA
content (Oh et al., 2007).

1.2.4. Ethylene, Brassinosteroids and Auxin
Ethylene and Brassinosteroids (BR) display a promotive effect on seed
germination (KeÇpczyński & KeÇpczyńska, 1997; Steber & McCourt, 2001). In
Lepidum sativum ethylene promotes the expression of genes encoding cell wall
remodelling enzyme such as 1,4-mannanase, 1,3-glucanase and expansin
involved in endosperm cap weakening. Ethylene mediated endosperm rupture
appeared to be regulated by an ABA-ethylene antagonism (Linkies et al., 2009).
Exogenous application of GA4 during imbibition of ga1-3 seeds upregulates 1AMINOCYCLOPROPANE-1-CARBOXYLIC ACID OXIDASE (ACO) which is
11
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required for the last step of ethylene biosynthesis (Ogawa et al., 2003),
suggesting that GA may promote ethylene biosynthesis.

24-epibrassinolide is the active component of BRs and its exogenous
application during seed germination rescues the phenotype of GA biosynthetic
and GA insensitive mutants such as ga1-3, ga2-1, ga3-1 and sly1 suggesting
BRs are involved in seed germination. Seeds of BR biosynthetic mutant det21 and the BR-insensitive mutant bri1-1 are more sensitive to ABA. Also, BR
stimulates WT seed germination repressed by exogenous ABA (Steber &
McCourt, 2001) suggesting that the BR is required to overcome ABA inhibitory
effect and ABA and BR act antagonistically .

A major recent finding is the inhibiting role of auxin on seed germination through
the cross talk with ABA (Liu et al., 2013). In Arabidopsis, auxin is necessary for
the maintenance of dormancy through the indirect stimulation of ABI3 and ABI5.
In the presence of auxin, ARF10 and ARF16 act as positive regulator of ABA
signalling pathway and they require a functional ABI3 to exert their the inhibitory
effect on seed germination. Also, ABA inhibition of seed germination requires
functional auxin signalling (Liu et al., 2013).

1.3. Seed maturation and dormancy imposition
1.3.1. Molecular regulation of seed maturation
Embryogenesis together with seed maturation represent two fundamental
phases in seed development (Bradford, 2007). Four TFs have been found to
genetically regulate seed maturation and dormancy induction with a complex
interaction network: ABSCISIC ACID INSENSITIVE3 (ABI3) homologous of
VIVIPAROUS 1(VP1) in maize, FUSCA 3 (FUS3), LEAFY COTYLEDON1
(LEC1) and LEC2 (McCarty et al., 1989; Giraudat et al., 1992; Luerssen et al.,
1998; Raz et al., 2001; Stone et al., 2001; Suzuki et al., 2001). FUS3, LEC2,
and ABI3 encodes seed specific B3-TFs which bind to the RY-cis-elements to
activates RY-mediated transcription whereas LEC1 shows homology with the
HAP3 subunit of the CCAAT-binding TFs (Lotan et al., 1998; Ezcurra et al.,
1999; Reidt et al., 2000; Monke et al., 2004). Loss of function mutants of these
12
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TFs are impaired in different aspects of seed maturation and they all show
reduced seed dormancy and they do not accumulate lipid and protein storage
reserves. For example, abi3, lec1, fus3 seeds display desiccation intolerance
and cotyledon identity is impaired in lec1, lec3 and fus3 (McCarty et al., 1989;
Giraudat et al., 1992; Lotan et al., 1998; Luerssen et al., 1998; Raz et al., 2001;
Stone et al., 2001; Suzuki et al., 2001).

GA content was shown to increase in fus3 and lec2 mutants compared to wild
type and the expression of GA3ox1 was altered. Also, during late
embryogenesis, It has been shown that FUS3 binds the RY element contained
in the GA3ox1 promoter to repress its expression (Curaba et al., 2004),
suggesting that FUS3 and LEC2 downregulate GA biosynthesis in the embryo.
Overexpressing LEC2 in seedlings induced the expression of genes associated
to the seed maturation phase which contained the RY motif. DELAY OF
GERMINATION (DOG1), which is the first dormancy specific gene discovered,
has been recovered among one of the ectopic expressed genes containing the
RY motif (Bentsink et al., 2006; Braybrook et al., 2006) suggesting that LEC2
can potentially activate DOG1 expression.

Embryos of lec1-3, lec2-1 and fus3-8 display continuation of growth when
excised at eight/ten days after pollination (DAP) leading to premature
germination. Instead, abi3-5 leads to premature germination at a later stage
when seeds are excised from eleven DAP (Raz et al., 2001). Premature
germination of fus3 and abi3 embryo is characterised by the expression of
germination-associated genes (Nambara et al., 2000). In the model proposed
by Raz et al. 2001 ABA-induced dormancy is additive to embryo growth arrest,
which is regulated by FUS3/LEC type genes, since dormancy is induced at later
stage during maturation. Genetic analysis and transcript analysis shows that
these four TFs interact in a complex network: LEC1 and LEC2 appeared to
regulate both FUS3 and ABI3 whereas ABI3 and FUS3 regulate themselves in
a positive feedback loop (To et al., 2006). A global seed expression analysis
using laser micro-dissection and microarrays revealed the spatial and temporal
expression of LEC1, LEC2, FUS3 and ABI3 in developing seeds shows their
transcripts to reach maximum expression at different time and in different tissue
during seed development. However, partial overlapping of gene expression is
13
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shown among all TFs (Le et al., 2010), supporting indirect interactions in this
network.

1.3.2. The role of DOG1 in seed dormancy
DOG1 is a seed specific and dormancy associated gene which encodes a
protein of unknown biochemical function and it is localised in the nucleus
suggesting a role in gene expression regulation (Nakabayashi et al., 2012). It
was identified as a quantitative trait loci from a natural variation study on seed
dormancy, and it is involved in the induction of primary dormancy and in the
induction of secondary dormancy by warm or cold temperatures (Bentsink et al.,
2006; Murphey et al., 2014). The accession background appeared to be
important for DOG1 function in seed dormancy and germination at different
temperatures (Murphey et al., 2014;Bentsink et al., 2006). Homologs of the
DOG1 have been identified in barley and wheat (Ashikawa et al., 2010) and
when they are ectopically expressed in Arabidopsis they induce high degree of
dormancy. Also, similar results have been observed in reciprocal “gene
swapping” experiment between Arabidopsis and garden cress (Graeber et al.,
2014). This suggests that the wheat and barley DOG1 function is conserved.
The expression of DOG1 is maximal during late seed development at the time
dormancy is induced (Kucera et al., 2005; Bentsink et al., 2006). Also, DOG1
protein levels correlate with dormancy in freshly harvested seeds but not during
afteripening (Nakabayashi et al., 2012). Chiang et al. (2011) proposed DOG1
expression as a good indicator of seed dormancy showing correlation with seed
dormancy of different ecotypes in different environmental conditions.
Dog1 mutant seeds have unaltered ABA sensitivity and NIL-DOGCape verde island
(Cvi)

is glucose sensitive, the latter response is not display in Ler of Col-0

background suggesting accession specificity of this response (Bentsink et al.,
2006; Teng et al., 2008). ABI4 expression was increased in NIL-DOG1cvi and
the expression of DOG1 was reduced in double mutants of NIL-DOG1cvi with
abi4-1, aba1-1 or gin2-1 suggesting a positive feedback loop between DOG1
and ABA mediated sugar signalling pathway. Instead a negative feedback
regulation between DOG1 and ABA in the control of dormancy level was
suggested since the increase of ABA content in NIL-DOG1 and the increase of
14
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DOG1 protein level in NIL-DOG1/aba1-3. This is in contrast to Kendall et al.
(2011) which show reduced level of DOG1 in aba2-3 mutant seeds. DOG1 is
also both necessary and sufficient to determine the optimal seed germination
temperature in different species by altering GA metabolism and It regulates the
expression of CWRE genes to regulate seed coat imposed dormancy (Graeber
et al., 2014).

1.3.3. The role of MFT in seed dormancy
MOTHER OF FT AND TFL1 (MFT) encodes a phosphatidylethanolaminebinding protein (PEBP) (Bradley et al., 1997; Kardailsky et al., 1999; Kobayashi
et al., 1999). In wheat the expression of homologue of MFT is temperatureregulated, as in Arabidopsis, and it is the a candidate in a quantitative trait loci
study regulating the pre-harvest sprouting syndrome (Footitt et al., 2011;
Nakamura et al., 2011). Freshly harvested mft mutant seeds show increase
germination vigour, suggesting MFT promotes seed dormancy (Xi et al., 2010;
Vaistij et al., 2013). Among ABA and GA signalling genes, only RGA expression
was found upregulated in mft freshly harvested seed, although mft seeds are
non-dormant. Also ABA content was elevated in mft seeds (Vaistij et al., 2013).
This may suggest that MFT acts down stream of ABA or GA signalling in the
induction of dormancy.
MFT is also involved in the maintenance of embryo growth potential and it is
expressed in the hypocotyl transition zone of the embryo during seed
germination (Xi et al., 2010). This study reported that during germination the
ABA sensitivity of mft mutant seed is increased and that MFT expression is
directly promoted by ABI5 and DELLA. In the presence of ABA, MFT directly
represses ABI5 whereas, in the absence of GA, MFT is upregulated. Results
suggest that MFT mediates ABA signalling through a negative feedback and
responds to both ABA and GA signalling (Xi et al., 2010). Interestingly, MFT
represses RGA in dormant seeds whereas RGA appears to promote MFT
during germination. This may suggests the presence of a feedback loop
mechanism regulating MFT and RGA expression. A role for MFT in dormancy
cycling was suggested since MFT expression correlates with secondary
dormancy and low soil temperature since in the highly dormant Cvi accession
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(Footitt et al., 2011). In Arabidopsis, MFT is repressed by SPATULA (SPT), a
light stable basic-Helix-Loop-Helix (bHLH) TF which was first identified for its
role in carpel development. Spt mutant flowers show reduced growth of stigma,
septum, style and mutant plants display increased growth at cool temperature
(Alvarez & Smyth, 1999; John Alvarez & R. Smyth, 2002; Sidaway-Lee et al.,
2010). SPT is also involved in the regulation of dormancy and germination
(Penfield et al., 2005; Vaistij et al., 2013) and it has an opposite role in the
regulation of seed dormancy depending on accessions. SPT is required to
repress seed dormancy in Col-0 background whereas in Ler it has a promotive
effect. Transcript analysis and ChIP-qRT-PCR revealed direct and indirect
targets of SPT in vivo. ABI4 and RGA are repressed by SPT whereas ABI5,
RGL3 are promoted. Differential expression of MFT, ABI4 and RGA is proposed
to be the cause of this accession specific difference (Vaistij et al., 2013).

1.3.4. Influence of chromatin factors in seed dormancy
Seed dormancy and germination are also affected by chromatin remodelling
(Cooke et al., 2012; Graeber et al., 2012). REDUCTION OF DORMANCY
(RDO) mutants show unaltered ABA content and ABA sensitivity during
germination (Leon-Kloosterziel et al., 1996). RDO2 encodes a transcription
elongation factor SII (TFIIS) whereas RDO4/HISTONE
MONOUBIQUITINATION1 (HUB1) and the homologue HUB2 encode C3HC4
RING finger proteins which are required for histone H2B monoubiquitination (Liu
et al., 2007). Transcriptome analysis reveals that DOG1 was downregulated in
both rdo mutant seeds (Liu et al., 2007) which might be potentially the reason
for reduced seed dormancy.
A modelling approach has revealed the EARLY FLOWERING IN SHORT DAYS
(EFS) gene involved in seed germination (Bassel et al., 2011). It encodes a
methyltransferase responsible for histone H3 lysine 4 trimethylation (H3K4me3).
Efs mutant seeds germinate precociously and since the H3K4me3 is a
transcription activating mark it is likely to regulate gene expression of dormancy
related genes. For example, the expression of FLC, which is involved in seed
germination, is altered by EFS to control flowering time (Kim et al., 2005;
Chiang et al., 2009). The repressive histone mark (H3k27me3) deposited by the
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polycomb repressive complex 2 (PRC2) is important for seed dormancy. A
mutation in the subunit FIE renders seeds more dormant (Bouyer et al., 2011).
The dynamic of repressive and activating histone mark suggest that DOG1
expression is activated by H3K4me3 and repressed by H3K27me3 during the
dormancy/ germination transition (Müller et al., 2012). In addition, maturation
regulator of LEC2 and FUS3 and ABI3 are also repressed by PCR2 complex
(Bouyer et al., 2011). KRYPTONITE (KYP)/SUVH4 encodes a histone
methyltransferases that is required for H3K9me (Jackson et al., 2002) and kyp2 mutant seeds show increased dormancy and the expression of DOG1 and
ABI3 is increased (Zheng et al., 2012).

1.4. Influence of maternal environment on dormancy during
seed set
Seed dormancy affects the time seedlings emerge from the seed structures and
by consequence the environmental conditions that the next plant generation will
experience. Hence, the appropriate dormancy level is important to determine
the environments the plant will experience. Environmental conditions during
seed development influence dormancy level of the filial generation. Various
studies have described the effect of the maternal environment on seed
dormancy and germination, however only in the last few years a distinction at
molecular level has emerged between maternal and non-maternal processes.
This section introduces past and recent findings on the effect of the maternal
environment on seed dormancy. It also examines the role of genes involved in
the maternal control of seed dormancy in response to the environment.

1.4.1. Maternal control of seed dormancy
1.4.1.1. Seed coat and endosperm influence on seed
dormancy and germination
The transparent testa (tt) mutants are characterised by altered
proanthocyanidins (PA) content in the maternally derived seed coat (Koornneef,
1981; Koornneef, 1990; Debeaujon et al., 2001). Seed dormancy is also
reduced and seeds show increased seed coat permeability to tetrazolium (TZ)
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suggesting that PA are required for dormancy and have a role in seed coat
permeability (Debeaujon & Koornneef, 2000). PAs are accumulated in the most
inner layer of the inner integument and are responsible for seed coat colour
(Lepiniec et al., 2006). Puncturing the seed coat can restore ga1-3 germination
which can also be restored by testa mutations such as tt4 or tt9 suggesting the
role for GA to overcome seed coat imposed dormancy (Debeaujon &
Koornneef, 2000; Debeaujon et al., 2001). However, light and cold are still
required for germination of tt/ga1-3 double mutant suggesting that GA
biosynthesis is still required for germination (Debeaujon & Koornneef, 2000).
The innermost layer of the outer integument in the testa is also characterised by
the deposition of suberin, a waxy substance which regulates water uptake in
roots and likely in seeds (Vishwanath et al., 2015). Interestingly, although the
ablation of suberin from the seed coat and increased permeability to TZ, gpat5
mutant seeds display a delay in releasing dormancy upon dry storage,
suggesting that suberin deposition in the seed coat is required to increase
germination potential (Beisson et al., 2007).

The triploid endosperm has been proposed to be essential in maintaining seed
dormancy in imbibed seeds (Bethke et al., 2007). Dormant C24 seeds do not
germinate if the testa is removed. In addition, using a seed coat bedding assay
it was revealed that the endosperm cell layer releases ABA to inhibit seed
germination in a RGL2-dependent manner (Lee et al., 2010). Bethke et al.
(2007) reported that seeds lacking testa have increased germination in
response to NO. This response was not observed in the embryo suggesting that
endosperm is essential for nitric oxide (NO) signalling.

1.4.2. Temperature
Seed dormancy is highly contingent to ambient temperature during seed
production and, since 1950s, cool temperature is known to positively regulate
dormancy in Lettuce and Rose seeds (Harrington & Thompson, 1952;
Vonabrams & Hand, 1956). Physiological studies showed that parental
temperature regime influences dormancy level in tobacco and wild oat seeds
(Thomas & Raper, 1979; Sawhney et al., 1985), suggesting dormancy level are
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not determined only by the seeds itself but also by signals from the vegetative
tissue (Fenner, 1991). In Arabidopsis, small changes in environmental
temperature during seed set induce great changes in seed dormancy level
(Figure 1.4.1) (Schmuths et al., 2006; Donohue et al., 2008; Chiang et al., 2009;
Kendall et al., 2011).

Figure 1.4.1 Cold temperatures during seed set induce high level of seed dormancy.
Freshly harvested Col-0 seeds matured at different temperatures (22°C, 18°C, 16°C, and 14°C)
and stratified at 4°C for 1, 2, 3, or 4 days. Germination was scored after 7 days. Data points
denote the average of 3-4 biological replicates for seed batches. Error bars: SE. Significant
differences by a Student's t-test: *, P < 0.05;***, P < 0.001.

The mechanism behind temperature induction of seed dormancy during seed
set is not well understood and in the last few years, a number of studies
investigated the molecular details (Donohue et al., 2008; Chiang et al., 2009;
Chiang et al., 2011; Kendall et al., 2011; Chen et al., 2014; MacGregor et al.,
2015). In Arabidopsis, aba1-1 mutant seeds shows reduced dormancy in
response to cool temperature during maturation suggesting that ABA is required
for the induction of seed dormancy by low seed maturation temperature
(Kendall et al., 2011). Also, transcriptome analysis of dry seeds matured at cool
temperature reavealed the upregulation of ABA metabolic gene NCED4 and
down regulation of CYP707a2. Similar phenotype is observed for DELLA
mutants. In addition to GA and ABA metabolism, the expression of the
dormancy-specific gene DOG1 is also altered by low temperature and it is
required for low temperature induced dormancy (Chiang et al., 2011; Kendall et
al., 2011). The C-REPEAT BINDING TRANSCRIPTION FACTORS (CBFs) are
also essential for the regulation of low temperature induced dormancy (Kendall
et al., 2011). However, they are not temperature-regulated suggesting that
either they are not part of the temperature signalling in seeds during maturation
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or they are through a maternal pathway. Kendall et al. (2011) proposed GA and
ABA metabolism together with DOG1 and CBF at the base of the regulation of
seed dormancy induced by cool temperatutre during seed set.

FLOWERING LOCUS C (FLC) is a major flowering regulator which has also
been involved in the regulation of dormancy and germination (Chiang et al.,
2009; Chen et al., 2014). During the vernalisation process FLC has been shown
to carry epigenetic memory of cool temperature (Bastow et al., 2004) and a role
for FLC in the epigenetic memory of temperature has also been proposed for
seed dormancy (Chen et al., 2014). Flc-21 mutant seeds show a reduced
dormancy phenotype when they experience cool temperature before first flower
in contrast to WT. This phenotype is in contrast to the reduced dormancy
phenotype of Near isogenic line (NIL)-FLC with high FLC content reported by
Chiang et al. (2009). NIL-FLCCVI freshly harvested seeds display increased
germination when seeds germinate at 10°C. This result was also confirmed with
an FLC overexpressor line and the phenotype was linked to the maternal effect.
The mechanism through which maternal FLC influences seed dormancy and
germination is not clear but increased expression of DOG1, CYP707A2 and
GA20ox1 was observed in developing siliques and in dry seeds of NIL-FLCCVI
after cold imbibition. This suggests that FLC helps to overcome dormancy
through ABA degradation and GA stimulation whereas DOG1 was thought to
antagonise FLC in the regulation of dormancy. Also, the results of NIL-FLCCVI
seeds were recapitulated by ft and soc1 mutant consistently with both the
repressive role of FLC on FLOWERING LOCUS T (FT), SOC1, and flowering,
and the promotive role of FT and SOC1 on flowering (Mandel & Yanofsky,
1995; Hepworth et al., 2002; Helliwell et al., 2006), and suggests that flowering
and germination pathway are shared.
Chen et al. (2014) also investigated the role of maternal tissue in seed
dormancy and they demonstrated at molecular level that seed dormancy
progeny is affected by the memory of the parental temperature regime. When
WT plants grow at cool temperature during the vegetative phase and move to
warm environment during the reproductive phase produce dormant seeds
(Chen et al., 2014). Instead, ft mutant plants are insensitive to this temperature
changes and they produce dormant seeds whether or not they experience warm
or cool temperature during vegetative phase. They proposed FT as the carrier
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of epigenetic memory of the warm temperature experienced by the mother plant
during the vegetative phase. Reciprocal crosses shows that the ft-1 phenotype
is maternally inherited suggesting that FT acts in the maternal tissue (Chen et
al., 2014). TT genes were upregulated in ft-1 siliques and the content of PA was
altered resulting in decreased seed coat permeability suggesting that maternal
FT alters flavonoid biosynthesis in developing fruits resulting in altered seed
coat properties and seed dormancy. Also, RGL2 alters seed coat properties
though FT resulting in reduced seed dormancy. This suggests that RGL2 act
both through a zygotic and maternal pathway in the regulation of seed
dormancy. How flowering regulates primary seed dormancy is still not clear
however evidence shows that regulation of ABA degradation and GA signalling
and biosynthesis are part of the mechanism (Chiang et al., 2009; Chen et al.,
2014) .

1.4.3. Photoperiod and light quality
Photoperiod and light quality regime of parental plants during seed development
are known to affect seed dormancy. However, it has not been determined yet if
this effect is maternally inherited. In some cases, a reduction in photoperiod of
parental plant during seed development increase seed germination as
demonstrated in different species such as Beta vulgaris (Heide et al., 1976),
Lactuca sativa (Contreras et al., 2008), and Portulaca oleracea (Gutterman,
1974). In contrast, Avena fatua produces seeds more dormant when plants
experience short day regime conditions (Somody et al., 1984). Sometimes,
reduction of dormancy by short days is correlated to reduction seed-coat
thickness in species such as Ononis sicula and Chenopodium album (Fenner,
1991) with a seed-coat imposed dormancy.

In the model plant Arabidopsis thaliana a reduction of photoperiod of the mother
plant during seed development results in increased dormancy level (Munir et al.,
2001). This is in contrast to Chen et al. (2014) which shows that maternal
photoperiod in Arabidopsis do not affect seed dormancy. Phytochromes have a
role in the response of seed germination to different maternal environment
during seed set and their contribution to seed dormancy in response to
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environment is diversified. PHYB and PHYD contributions to seed germination
is more clear when seeds set in short day and long day respectively (Donohue
et al., 2008; Donohue et al., 2012). In addition, the photoperiod effect is
consistently dependent on the environmental temperature effect on seed
dormancy (Donohue et al., 2007; Donohue et al., 2008).

The quality of light during seed production also affects seed dormancy. Different
red:far red ratio during seed development results in different light requirement
for germination in Arabidopsis and cucumber seeds (Mccullough & Shropshire,
1970; Hayes & Klein, 1974; Bewley, 2013). Plants exposed to red light produce
seeds which are capable to germinate in the dark (Mccullough & Shropshire,
1970). In lettuce, seeds produced under red light result in higher germination,
and the requirement of light to germinate is altered similar to Arabidopsis seeds.
Also, ABA content in dry seeds is lower when seeds are produce in a higher
R:FR ratio (Contreras et al., 2009). It is thought that red light stimulates of the
active Pfr form of phytochrome in seeds and it accumulates over the threshold
required for germination, therefore seeds do not require light stimulation and
they germinate in the dark (Bewley, 2013).

1.4.4. Nitrate
In wild oats and weeds the application of ammonium nitrate to parental plants
results in the production of seeds with increased germination (Sexsmith &
Pittman, 1963). In barley, plants under high urea (CO(NH2)2 ) regime in the field
did not show any effect on seed dormancy (Gualano, Nicolás & Benech-Arnold,
Roberto, 2009). However, this could be due to low nitrification of CO(NH2)2 to
NO3- in the field of the experiments. In Arabidopsis, NO3- regime of mother
plants affects seed dormancy and the mechanism has started to be investigated
at molecular level in Arabidopsis (Alboresi et al., 2005).
NO3- uptake occurs via the root system, it is transported through the plant to the
leaves and its assimilation begin with reduction to nitrite (NO2) by nitrate
reductase (NR) encoded by NITRATE REDUCTASE 1 (NIA1) and 2 (NIA2)
(Desikan et al., 2002; Almagro et al., 2008; Ho et al., 2009; Xu et al., 2012).
High level of NO3- accumulates in leaves of nia1nia2 double mutant plants
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under high NO3- regime, and mutant seeds produced under this condition
display a reduction of dormancy which is maternally inherited. Also, reduced
level of NR activity in leaves appears to be important for NO3- signalling in seed
dormancy (Alboresi et al., 2005). High NO3- maternal regime reduces ABA
content in dry seeds and nia1nia2 dry seeds have lower ABA content. In
addition, CYP707A2 expression in seeds is up-regulated in response to the
application of nitrate to the mother plant (Matakiadis et al., 2009). This suggests
that ABA biosynthesis regulation has a key role in nitrate-mediate regulation of
dormancy during seed set.

1.4.5. Water deficit stress
A number of studies on plant and seed physiology showed the effect of drought
of parental plant on seed dormancy in different species (Sexsmith, 1969;
Noodén et al., 1985; Benech Arnold et al., 1991; Martinez-Ghersa et al., 1997;
Gualano, Nicolás & Benech-Arnold, Roberto, 2009). Drought condition
increases seed coat-imposed dormancy of soybean seeds, it correlates with
increased thickness of the seed-coat and decreased seed permeability of seeds
(Hill et al., 1986). In other species such as wild oat (Avena fatua), Barley
(Hordeum vulgare) and sorghum (Sorghum bicolor) decreased water availability
during seed production decrease dormancy level (Sexsmith, 1969; Benech
Arnold et al., 1991; Gualano, Nicolás & Benech-Arnold, Roberto, 2009). In
Sorghum, plants under water stress regime suffer of pre-harvest sprouting
(Benech Arnold et al., 1991). Drought applied to wild oat plants during seed
maturation drastically reduces the number of viable seeds produced and they
show reduced level of dormancy (Sexsmith, 1969; Peters, 1982). In barley,
grains are less dormant when they experience drought during filling, however,
this effect is contingent to the average temperature in a sensitivity window
during grain filling (Gualano, Nicolás & Benech-Arnold, Roberto, 2009; Gualano,
N. & Benech-Arnold, R., 2009). Under drought conditions, sorghum plants
produce seeds with increased content of ABA in the first twenty days after
flowering. However, ABA content drastically reduces during for most of the grain
filling and it correlates with grain dormancy. Under drought conditions, grains
are also more sensitive to ABA during imbibition suggesting that drought stress
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during seed production affects ABA sensitivity during germination (Benech
Arnold et al., 1991). Since the high content of amylase in seeds produced under
water stress, GA signalling and biosynthesis could also be responsible for
increase in germination (Peters, 1982). The maternal inheritance of the
dormancy phenotype of seeds produced under drought stress has not been
determined therefore the effect of drought stress on seed dormancy might be
related to changes in the embryo.

1.5. Environmental control of germination
It is difficult to distinguish between the effect of dormancy releasing factors and
germination promoters. Often, it depends on where the distinction is set
between dormancy and germination. It has been proposed that the
environmental factors controlling germination are dormancy release factor that
widen the environmental conditions permissive for germination (Finch-Savage &
Leubner-Metzger, 2006).

1.5.1. Temperature regulation of germination
When dormant seeds experience cold temperature during the imbibition in the
dark, dormancy is released. This process is called stratification and it will
referred throughout the thesis as cold stratification. The molecular mechanism
behind dormancy release and germination promotion by temperature is of
current interest but little is known. In Arabidopsis, a transcriptomic analysis
carried out to identify genes involved in the stimulation of germination by low
temperature revealed that cold stratification stimulates GA biosynthesis and
responses (Yamauchi et al., 2004). GA3ox1 expression is upregulated and the
bioactive GA4 content is increased in response to cold stratification. The
expression of GA3ox1 in ga1-3 seeds is upregulated suggesting that GA
negatively regulate the expression of GA3ox1 after stratification. During
imbibition of dormant seeds in the cold, GA3ox1 and GA3ox2 are repressed by
SPT which is involved in the germination response to temperature (Penfield et
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al., 2005). These results show a central role for GA and GA3ox1 in the
stimulation of germination by cold stratification.
Instead, ABA content in imbibed freshly harvested seeds is not affected by
temperature (Chiwocha et al., 2005) suggesting ABA is not involved in the
stratification mechanism for stratification.
A more recent transcriptomic analysis of seed germination observed gene
expression at ten different time points during germination and it revealed altered
expression of genes encoding for RNA processing protein and Ethylene
Response Factor (ERF) such as ERF1, ERF2 and ERF5 (Narsai et al., 2011).
Ethylene was previously shown to promote seed germination through
weakening and rupture of the endosperm in Arabidopsis and Lepidum sativum
to antagonise the ABA action (Linkies et al., 2009). Upregulation of this gene
was observed in the first twelve hours of stratification suggesting an early
involvement of ethylene in the seed germination. Finch-Savage et al. (2007)
attempted to identify common altered genes associated to different dormancy
reliving signals such as afteripening, stratification, nitrate and light. GA3ox1 is
upregulated in dormant seeds followed any treatment whereas ABA
biosynthetic genes are downregulated. This supports the role for ABA:GA
balance in the regulation of dormancy relieve in Arabidopsis seeds.
Recently, It was shown that DOG1 determines the optimal germination windows
in relation to ambient temperature in Arabidopsis and Lepidum sativum
(Graeber et al., 2014). It is reported that DOG1 alters GA metabolism in a
temperature dependent manner and by consequence this causes the altered
expression of GA regulated Cell Wall Remodelling Enzymes (CWRE)
suggesting that endosperm weakening during germination is control by DOG1
in a temperature dependent mechanism.

Germination can also be repressed by high temperature. This phenomenon
called thermo-inhibition of germination is also regulated by the ABA:GA balance
(Toh et al., 2008). In Arabidopsis, NCED2, NCED5 and NCED9 act redundantly
to inhibit germination during imbibition at high temperatures (Toh et al., 2008).
Similarly, NCED4 has a major role in thermo-inhibition of germination of lettuce
seeds (Huo et al., 2013). On the other hand, the expression of GA20ox and
GA3ox1 and 2 is repressed suggesting that high temperature not only promote
ABA biosynthesis but also repress GA biosynthesis. Seeds or spy1 and rgl2
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are resistant to thermo-inhibition of germination, suggesting that GA signalling is
also involved. The exogenous application of PAC can rescue the high
temperature insensitive germination of aba1-2 (Toh et al., 2008) suggesting that
ABA affects GA biosynthesis.
Thermo-inhibition of germination revealed the role of strigolactone (SL) in the
stimulation of seed germination in Arabidopsis (Toh et al., 2012). SL are
chemicals which are released by plant roots and perceived by parasitic plant
seeds to germinate at appropriate time (Toh et al., 2012). Suboptimal
environmental conditions allowed to determine the effect of SL on Arabidopsis
seeds. WT seeds are resistant to thermo-inhibition with the addition of GR24
(SL), this is associated to a decrease of ABA:GA ratio. Moreover, the SL
biosynthetic mutant seeds max1-1 and SL signalling max2-1 have an increase
in the ABA:GA ratio and enhanced response to thermo-inhibition (Toh et al.,
2012).

1.5.2. Light regulation of germination
In addition to temperature, light is also an important regulator of seed
germination. Light signals are integrated by photo reversible biliproteins named
phytochromes. In Arabidopsis, there are five phytochromes PHYA to PHYE
which are synthesised in the inactive Pr form (red absorbing state) and upon
exposure to red light they are converted to the active Pfr form (far red absorbing
state) (Rockwell et al., 2006). This conversion is reversible by a far red light
pulse and seed germination is determined by the ratio between the promotive
red light and the inhibitory far red light (Shinomura et al., 1994). Both PHYA and
PHYB have a major role in the control of germination by light and a role for
PHYE has also been proposed. The triple mutant phya/ phyb/phye is completely
insensitive to light during germination in comparison to single mutants or
phya/phyb double mutant (Hennig et al., 2002). A major role in light signal
transduction is played by PHYTOCHROME-INTERACTING FACTOR3-LIKE5
(PIL5) which is a basic helix-loop helix (bHLH) TF and it inhibits germination.
Pil5 seeds germinate under the inhibitory effect of FR light (Oh et al., 2004).
When WT seed germination is inhibited by FR light PIL5 represses GA
biosynthetic genes such as GA3ox1 and GA3ox2. Also, it promotes the
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expression of ABA biosynthetic genes such as NCED6 and 9 (Yamaguchi et al.,
1998; Oh et al., 2004; Oh et al., 2006)} and DELLA proteins such as GAI and
RGA (Piskurewicz et al., 2008; Piskurewicz et al., 2009) which also stimulate
endogenous ABA. In addition, PIL5 promotes the expression of SOMNUS
(SOM) a zinc finger protein which represses germination acting on the
regulation of GA and ABA biosynthesis (Kim et al., 2008; Park et al., 2011). On
the other hand, under high R:FR ratio germination is promoted, PIL5 is
destabilised and the expression of GA biosynthetic genes such GA3ox1 and
GA3ox2 increases (Oh et al., 2006; Bewley, 2013).
Light and temperature cross talk during seed germination. The requirements of
light to germinate is altered by temperature, for example, light requirement for
germination of lettuce seeds disappear when seeds are imbibed at 23°C
(Bewley, 2013). Mutations in the SPT gene render seeds incapable to
germinate in response to cold stratification, however they are responsive to
other stimuli such as light and dry storage (Penfield et al., 2005). It was shown
that SPT negatively regulates the expression of GA biosynthetic genes such as
GA3ox1 and GA3ox2 in cold imbibed seeds. This suggest that SPT mediates
the germination response to temperature and the response of PIF TFs to
temperature and light can be uncoupled (Penfield, 2008). Phytochromes not
only have a function in light signalling and their role also depends on
temperature during germination (Heschel et al., 2007). Seed lacking functional
PHYE shows decreased germination at cool temperature. On the contrary,
PHYA is required for germination at warmer temperatures whereas PHYB is
important in the regulation of germination across a range of temperatures.

1.5.3. Nitrate stimulation of germination
The positive effect of NO3- on germination of Bermuda grass seeds (Cynodon
dactlyon) and Canada bluegrass seeds (Poa compressa) has been first
reported as early as 1920’s (Morinaga, 1926). Further studies in other species
such as Sysymbrium officinale and the model plant Arabidopsis thaliana have
begun to understand this mechanism (Hilhorst & Karssen, 1988; Hilhorst &
Karssen, 1989; Hilhorst, 1990; Alboresi et al., 2005). NO3- transport in plants
takes place through NO3- transporters encoded by two gene families NRT1 and
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NRT2 (Desikan et al., 2002). During seed imbibition at low concentration the
positive effect of NO3- on seed germination requires the low/high NO3transporter encoded by NRT1.1 (CHL1) (Alboresi et al., 2005). NRT1.1 is
expressed in young roots and mature seeds of Arabidopsis and has been
shown to have a broad role in plant development as signalling molecule (Munos
et al., 2004; Alboresi et al., 2005; Ho et al., 2009; Mounier et al., 2014).
Interestingly, NRT1.1 regulates the expression of the other nitrate transporter
NRT2.1, a high affinity transporter, which is however, not involved in positive
regulation of germination (Munos et al., 2004; Alboresi et al., 2005). NO3transporters such as NRT2.7 are seed-specific and they are involved in the
oxidation of PA (David et al., 2014). The nrt2.7 mutant seeds show increased
accumulation of soluble PA similar to transparent testa 10 (tt10-1) seeds and
they have reduced germinability. In a high dormant accession, Cape verde
island (Cvi) of Arabidopsis, NO3- during imbibition increase germination in
dormant seeds, reduces ABA level and also prevent its de novo biosynthesis
(Ali-Rachedi et al., 2004; Matakiadis et al., 2009). Indeed, in Arabidopsis
CYP707A2 expression respond to nitrate during seed development and
imbibition, cyp707a2-1 seeds are more dormant following exogenous or
endogenous NO3- application and ABA content of cyp707a2-1 seeds is not
altered under these conditions (Matakiadis et al., 2009). In Sisymbrium
officinale, during imbibition in KNO3, SoGA3ox2 and SoCYP707A2, an ABA
catabolic gene, are up-regulated in after-ripened seeds, but in freshly harvested
seeds only GA metabolic genes result misregulated (Carrillo-Barral et al., 2013;
Carrillo-Barral et al., 2014). This evidence suggests that NO3- may regulate ABA
de novo synthesis and/or signalling during seed imbibition and it also explain
the lower requirement of GA during germination of nia1nia2 seeds (Alboresi et
al., 2005). In addition, GA interactions with NO3- and light may occur in
Sisymbrium officinale to induce germination (Hilhorst & Karssen, 1988; Hilhorst
& Karssen, 1989). It is noteworthy that nitrate signalling in roots is connected to
auxin which is linked to germination through ABA signalling (Liu et al., 2013).
For example, in low NO3- conditions, NRT1.1 prevents root growth through
auxin traffic regulation (Mounier et al., 2014).

28

Chapter 1: Introduction

1.5.4. Smoke stimulation of germination
It is known that natural or artificial burning of vegetation can stimulates plant
growth and this have been exploited in landscape regeneration especially in the
Mediterranean area (Moreira et al., 2010; Bradshaw et al., 2011; Nelson et al.,
2012). Seed germination of different species is stimulated by post fire conditions
and the first evidence that fire generated compounds were acting as positive
regulator of seed germination was reported in post fire annuals in California
(Keeley & Pizzorno, 1986). In addition, It was shown that charred material
derived from burning cellulose and hemicellulose can stimulate seed
germination suggesting that these compounds are not nitrogen derived
chemicals. This was also demonstrated in Nicotiana attenuata (Preston et al.,
2004). Flematti et al. (2004) discovered the stimulant compound in smoke water
as the 3-methyl-2H-furopyran-2-one also called butenolide or karrikinolide
(KAR1). Artificial synthesis of this compound confirmed the efficacy of this
compound to stimulate seed germination in different species (Flematti et al.,
2004b; Flematti et al., 2004a). Together with KAR1 other five analogues KAR2KAR6 were named karrikins (KARs) (Nelson et al., 2012). Cyanohydrins
contained in smoke were also observed to stimulate seed germination (Flematti
et al., 2011). They can hydrolyse in water to liberate cyanide and the promotive
effect of cyanide on seed germination has been observed in several species
(Hendricks & Taylorson, 1972; Bethke et al., 2006; Oracz et al., 2009).

A few studies have started to investigate the molecular mechanism behind the
stimulation of germination by KARs. In Arabidopsis, seed germination is
stimulated by KAR1-KAR3 and natural variation is suggested to affect the
response of seed germination to these compounds (Nelson et al., 2009). Col-0,
Wassilewskija (WS) and Ler seeds show different sensitivity to KARs during
imbibition with higher response showed by Ler. The expression of GA3ox1 and
2 is increased in seeds exposed to KARs during imbibition. However, GA and
ABA level are not significantly different from untreated imbibed seeds. Ga1-3
mutant seeds could not be rescued by KARs and their application did not
enhance the response to GA during germination (Nelson et al., 2009). These
results suggest that GA is required for the stimulation of germination by KARs,
and KARs could increase the availability of bioactive GA. Transcriptomic
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analysis revealed that upon treatment with KAR1, light-induced genes were
overrepresented among the upregulated genes in seeds, also seed germination
is enhanced at low light fluence by KAR1, suggesting that KARs enhance light
response during seed germination (Nelson et al., 2010).The karrikins insensitive
(kai) mutations were identify in a forward genetic screen which aimed to isolate
seeds which do not respond to KARs (Nelson et al., 2011). Two mutations,
kai1-1 and kai1-2 are allelic to MORE AXILLARY GROWTH2 (MAX2) which is
required for SL response (Nelson et al., 2011). Consistently, max2 seeds
showed altered response to KARs however other SL deficient mutants such as
max1 and max3 did not show any germination phenotype. Karrikins and SL are
structurally similar and they both contained a methylated butenolide and an
enol-ether-moiety (Chiwocha et al., 2009). This suggests that KARs and SL
belong to the same family of germination stimulants. However the application of
KAR1 or KAR2 on SL deficient mutant did not rescue the phenotype suggesting
a distinction between KARs and SL (Nelson et al., 2011). It is thought that the
mechanism behind the stimulation of germination of KARs and SL shares
common elements. For example, it has been hypothesised that MAX2 could
target different KARs and SL receptors (Nelson et al., 2012).

1.5.5. After-ripening
Dormancy is induced during seed maturation and released during a period of
dry storage (after-ripening). The speed of losing dormancy during after-ripening
depends on environmental condition during seed maturation, storage and
germination (Donohue et al., 2005). However, the molecular mechanism behind
the regulation of after-ripening is not well understood. Transcriptomic
approaches were able to highlight pattern of gene expression and differences
among after-ripened, dormant and non-dormant seeds during imbibition
(Cadman et al., 2006; Finch-Savage et al., 2007; Carrera et al., 2008). After
ripening is active during storage of dry seed with at least five per cent moisture
(Probert & Brenchley, 1999) and in favour of transcriptional activity it has been
shown transient transcription and translation of β-1,3-glucanase in tobacco
seeds (Leubner-Metzger, 2005). However, active transcriptional activity in dry
seeds has not been demonstrated and eventually, different level of gene
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expression may results from the short period of imbibition applied in
transcriptional studies (Cadman et al., 2006; Finch-Savage et al., 2007; Carrera
et al., 2008). Changes in dry seeds during after-ripening have been associated
ABA biosynthetic genes. NCEDs and ABA1 appeared downregulated in imbibed
after ripened seeds in comparison to imbibed primary dormant seeds (Cadman
et al., 2006). The same comparison revealed that GA3ox1, a GA biosynthetic
gene, was upregulated in imbibed after-ripened seeds. This suggests that ABAGA balance appeared to be important for the increase of germinate on potential
in after-ripened imbibed seeds.
Transcriptomic analysis also reveals close interaction among the influence of
environmental factors and seed dormancy states (Finch-Savage et al., 2007). A
set of thirty genes were altered in after-ripened imbibed seeds, among which
the dormancy specific gene, DOG1. Its expression in after-ripened seed was
decreased. This is not in line with DOG1 protein level in seeds which remains
stable overtime in dormant and afteripening seeds, although structural changes
may lead to altered protein function (Nakabayashi et al., 2012). Interestingly,
transcriptome comparison between after-ripened non-dormant ABA mutant
seeds such as aba1, abi1 and after-ripened dormant WT seeds were
comparable. In addition, the exogenous application of ABA on imbibed seeds
could not restore the gene expression profile of after-ripened WT seeds to the
freshly harvested state (Carrera et al., 2008). This suggests that either ABA is
not the only factor behind after-ripening mechanism, or ABA can no longer
repress germination at this developmental state. In imbibed after ripened WT
seeds the expression of ABA1 and LIPID PHOSPHATE PHOSPHATASE 2
(LPP2) involved in ABA sensitivity were down- and up-regulated respectively
(Carrera et al., 2008). Therefore, after ripening may affect the sensitivity to ABA.
Upon imbibition, the decreased sensitivity to ABA of after-ripened seeds was
also shown in Grappin et al. (2000).

1.6. Secondary dormancy
Primary and secondary dormancy influence dormancy cycling of the seed banks
in soil. Secondary dormancy is induced in non-dormant seeds or seeds which
have lost primary dormancy by warm or cold in the dark (Bewley, 1997; Finch31
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Savage et al., 2007; Penfield & Springthorpe, 2012) and it depends on primary
dormancy (Auge et al., 2015; Springthorpe & Penfield, 2015). The dormancy
cycling of the seed bank mainly depends on the moisture and the temperature
of soil and seeds gain and lose dormancy during the season till they germinate
or die (Bewley, 1997; Batlla & Benech-Arnold, 2006; Footitt et al., 2011; Footitt
et al., 2013). Little is known on the molecular mechanism behind the regulation
of secondary dormancy and in the last years global and targeted gene
expression approaches have highlighted differentially expressed gene set
during dormancy cycling and differences between primary and secondary
dormancy (Cadman et al., 2006; Auge et al., 2009; Footitt et al., 2011). In the
winter, an increase of secondary dormancy in buried seeds of Cvi is associated
to an increased expression of NCED6, GA2ox2 and a rise of endogenous ABA
content. Also, SNRK2.1 and 2.4, positive regulator of ABA signalling, are also
upregulated (Footitt et al., 2011). On the contrary, the expression of CYP707A2
and GA3ox1 increases when warmer seasons come, This suggests that soil
temperature modulates induction and release of secondary dormancy through
hormonal regulation. The transcript level of DOG1 in buried seeds is negatively
correlated with soil temperature and dog1-1 mutant seeds showed reduced
level of secondary dormancy in response to warm and cold stratification. This
suggests that DOG1 is also involved in secondary dormancy induced by warm
and cold stratification. Recently, rgl2 was reported to fail entering into
secondary dormancy induced by warm stratification (Ibarra et al., 2015)
suggesting that GA may be important for secondary dormancy. The same study
reported unchanged level of ABA content in secondary dormant seeds,
although is generally observed that the induction of seed dormancy is
associated to increase in ABA content after warm or cold stratification (Cadman
et al., 2006; Leymarie et al., 2008; Footitt et al., 2011; Huo et al., 2013).

1.7. Thesis aim
Forward genetic screens have been previously carried out to identify new loci
with a role in seed dormancy (Koornneef et al., 1982b; Koornneef et al., 1984;
Leon-Kloosterziel et al., 1996; LeonKloosterziel et al., 1996). For example, ABA
biosynthetic and signalling mutants were identify in genetic screens to isolate
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mutants with reduced seed dormancy (Koornneef et al., 1982b). Also, rdo
mutant lines were selected using a forward approach (Leon-Kloosterziel et al.,
1996). The mechanism behind temperature perception in developing seeds and
induction of seed dormancy by cool temperature is not fully understood.
Therefore, the discovery of new genes which participate in the temperature
regulation of seed dormancy will contribute to a better understanding of this
complex trait. The main aim of this thesis is to understand the mechanism by
which temperature during seed maturation controls dormancy level. To do so a
forward genetic screen will be carried out with the ultimate goal to identify new
loci involved in the induction of dormancy by cool temperature during seed set.
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2. Material and Methods
2.1. Seeds and genotypes
Wild type Arabidopsis thaliana seeds were available in the Penfield Lab
whereas mutant seed lines were obtained from the Nottingham Arabidopsis
Stock Centre (NASC). ban1-1 and pGPAT5::NLS:GFP:GUS seeds were kindly
provided by Isabelle Debeaujon and Niko Geldner respectively (Table 2.2.1).

Seed line
Columbia-0
Wassilewskija
Landsberg
Enkheim-2
tt2-1 (ler)
tt5-1 (ler)
tt6-1 (ler)
tt10-1 (ler)
tt8-3 (ws)
ban1-1 (ws)
tt15-3 (col-0)
f36 (en-2)
gpat5-1 (col-0)
gpat5-2 (col-0)

Source
Penfield Lab
Penfield Lab
Penfield Lab
Penfield Lab
N83; Koornneef, 1981
N86; Shirley et al., 1995
N87; Shirley et al., 1995
N110; Koornneef, 1981
N891; Nesi et al., 2000
I.Debeaujon; Albert et al., 1997
N661762; Salk021175c
N323; Devic et al., 1999
N673974; Beisson et al. 2007
N657138; Beisson et al. 2007

Table 2.1.1 List of WT seed and mutant seeds used in this thesis. The background of the
mutations is between brackets; the NASC code and the associated paper are indicated.

2.2. Seed coat surface sterilisation
Seeds were incubated for ten minutes in a 70% aqueous solution of ethanol
with 0.01% Tween-20 (Sigma). Then they were rinsed twice with 100% ethanol
and dried in a laminar flow hood.

2.3. Plant growth
Sterilised seeds were sowed on sterile 0.9% agar plates containing full strength
(4.4g/L) Murashige & Skoog basal media (Duchefa). Plates were wrapped with
micro pore tape (3M), stratified at 4°C for four days and then transferred in a
plant incubator (Sanyo) with a 12h /12h light dark cycle at 22°C with 80 μmol m34
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s- 1 light fluence. Seedlings were transplanted on soil (John Innes seed

compost, Type 2) seven days after stratification and shifted in a plant growth
chamber at 22°C (or at different temperature where specified elsewhere) with
100 μmol m- 2 s- 1 light fluence.

2.4. Crossing
Crossing was carried out one/two hours after dawn with the following
procedure. Closed flower buds of adults flowering plants were carefully
emasculated and fertilised with donor pollen on stamens using a stereo
microscope and a pair of tweezers. Fertilisation was determined with the
enlargement and the elongation of the pistil after 1-2 days

2.5. Dormancy assays
Adult plants were moved to different temperature conditions before anthesis
and seeds were harvested when siliques turned brown and dry. Seeds were
sieved using a sieve with mesh size 250µm. Harvested seeds were sown on
water agar plates within 24 hours of harvest and germination was scored after 7
days (or after a specific time where specified elsewhere) of incubation in a plant
incubator (Sanyo) with a 12h /12h light dark cycle at 22°C with 80 μmol m- 2 s- 1
light fluence.

2.6. Germination on ABA, PAC, PEG and salts
Water Agar plates were prepared adding either ABA ((±)-Abscisic acid, Sigma,)
or PAC (PESTANAL®,Sigma) previously dissolved in methanol. Control plates
were prepared by adding only methanol to melted agar. Seeds were surface
sterilised and sowed on plates containing different ABA and PAC
concentrations.
To mimic osmotic stress during germination, seeds were sowed on filter paper
previously imbibed in aqueous solutions containing different concentration of
polyethylene glycol 8000 (PEG8000). Similarly, different quantities of aqueous
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NaCl, KCl and K2SO4 were added to melted agar. Plates were stratified at 4°C
for four days and moved to a plant incubator (Sanyo, Japan) with a 12h /12h
light dark cycle at 22°C with 80 μmol m- 2 s- 1 light fluence. Germination was
scored after seven days.

2.7. Seedling establishment on glucose and salts
Plates were prepared with the addition of sterile aqueous solution of either
glucose, NaCl, KCl or K2SO4 to sterile MS-agar media. Seeds were surface
sterilised and sowed on glucose plates. Plates were stratified at 4°C for four
days and moved to a growth chamber (Sanyo) with a 12h /12h light dark cycle
at 22°C with 80 μmol m- 2 s- 1 light fluence. Seedling establishment was
measured as the number of fully developed green cotyledons after twelve days
for glucose plates and ten days for salty plates.

2.8. Red/Far-red germination reversibility
Seeds were surface sterilised, sowed on water agar plates and stratified at 4°C
for four days. Plates were then exposed to two hours white fluorescent light at
80 μmol m- 2 s- 1 light fluence. Subsequently, a five minutes pulse of far red
LEDs (PEAK 756 nm, 0–120 μmol m-2 s-1) was applied at 3.6 μmol m-2 s- 1 light
followed by a five minutes pulse of red LEDs (PEAK 660 nm, 0–100 μmol m-2s) light at 12.5 μmol m−2 s−1. Plates were double wrapped in foil and incubated

1

at 22°C. Germination was scored after seven days in the dark.

2.9. Flowering time analysis
Seedlings were transplanted on soil and grown in 16h /8h light dark cycle (long
days, LD), or in 8h /16h light dark cycle (short days, SD), at 22°C or 16 °C.
Flowering time was measured as the number of total rosette leaves before
bolting.
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2.10. β-glucuronidase (GUS) assay
pGPAT5::NLS:GFP:GUS seeds maturing at 22°C or 16°C were harvested at
mature-green stage (Le et al., 2010) and were vacuum infiltrated for five
minutes with GUS assay buffer (1x PBS [pH 7.4], 0.5 mg/ml 5-Bromo-4-chloro1-indolyl β-D-glucopyranosiduronic acid (X-Gluc), 2mM potassium
ferrocyanide)(Jefferson et al., 1987) and incubated overnight at 37°C. Pictures
were taken with a colour camera mounted on a stereomicroscope Leica MD80.

2.11. Seed clearing and DIC microscopy
Developing seeds were cleared with full strength Hoyer solution containing
100g chloral hydrate for 50ml de-ionised water. Images were taken with a black
and white camera mounted on an Axioscop e 2 plus (Zeiss) microscope.

2.12. Suberin detection
For suberin autofluorescence of the seed coat, dry mature seeds were
observed under UV light with an Axioscope 2 plus (Zeiss) microscope
(excitation filter, 365 nm; dichromatic beam splitter, 395 nm; long-pass emission
filter, 435 nm) coupled with a digital camera (Beisson et al., 2007).
For staining the suberin of the seed coat, dry matured seeds were immersed in
a solution of 0.01% (w/v) triton X-100 and 10% (v/v) commercial bleach for
twenty four hours to reduce seed coat pigmentation. Seeds were rinsed with
water and 100% ethanol before incubation in a 2:1 (v/v) chloroform:methanol
mixture for thirty minutes. After rinsing with 100% ethanol and air drying, seeds
were incubated for one to four hours with the staining solution containing 0.1%
(w/v) Sudan red 7B, 1:1 (v/v) PEG400:glycerol. Seeds were then rinsed with
water, mounted on a glass slide, and pictures were taken with a digital camera
mounted on an Axioscope 2 plus (Zeiss). Roots of 10 days old seedlings were
stained for 1h with the same staining solution without the initial incubation in
bleach or chloroform:methanol (Brundrett et al., 1991; Beisson et al., 2007).
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2.13. Mucilage detection
Dry mature seeds were imbibed in water for 1h and stained with and aqueous
solution of 0.01% (w/v) ruthenium red (Sigma) (Western et al., 2000; Dean et
al., 2007). Pictures were taken with a digital camera mounted on an Axioscope
2 plus (Zeiss) microscope.

2.14. Seed coat permeability to tetrazolium
Dry mature seeds were incubated in a 1% (w/v) aqueous solution of 2,3,5trypheniltetrazolium (Sigma) at 30°C for forty eight hours in the dark (Debeaujon
et al., 2000). Pictures were taken with a digital camera mounted on a Leica
MD80 dissecting microscope. 2,3,5-trypheniltetrazolium formazan quantification
was performed similarly to Vishwanath et al., 2013 (Vishwanath et al., 2013). 30
mg of seeds were incubated for twenty four hours at 30°C on a rotating platform
and then washed twice with water, resuspended in 2ml absolute ethanol and
ground with a tissuelyser for 3 min. Samples were centrifuges at 15000g and
the supernatant was recovered to measure absorbance of 2,3,5trypheniltetrazolium formazan at 485nm.

2.15. Lignin staining
Mature dry seeds were stained with a 1% solution of phloroglucinol in 2:1 (v/v)
ethanol:HCl (Vermerris & Nicholson, 2006), and pictures were taken with a
digital camera mounted on a Leica MD80 dissecting microscope.

2.16. ABA analysis
Freshly harvested seeds were ground to powder in liquid nitrogen with mortar
and pestle. 400μl of extraction buffer (10% methanol + 1% acetic acid + 1 ng/μl
[2H6] (+)-cis, trans-abscisic acid (Chemlm)) was added per 10mg of dry seeds.
Samples were vortexed and incubated on ice for thirty minutes, vortexing every
ten minutes, followed by fifteen minutes in an ice cold sonication bath. Ground
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samples were centrifuged at 4°C and the supernatant was retained. Pellet was
re-dissolved with extraction buffer B (10% methanol + 1% acetic acid) and a
second extraction was performed. Supernatants were combined and filtered
through 0.4 μm syringe filter (Chromacol) (Forcat et al., 2008). Samples sent to
the Mass Spectrometry service at the University of Exeter and analysed with a
1200 series LC-MS with enhanced sensitivity triple quadrupole mass
spectrometer (Agilent).

2.17. Lipid polyester analysis of Arabidopsis seeds
The protocol for lipid polyester analysis of Arabidopsis seeds was adapted from
Molina et al. 2006 and was performed in collaboration with Guillaume Menard
and Peter Eastmond at Rothamsted research institute, Harpenden, UK. Seeds
were extensively grinded in liquid nitrogen and incubated in isopropanol at 80°C
for ten minutes. After shaking the samples for four hours at room temperature,
they were centrifuged and pellet was suspended with isopropanol and
incubated overnight. After centrifugation, the pellet was extensively de-lipidated
with extensive washes: two washes of 5 ml of 2:1 (v/v) chloroform/methanol for
~ eight hours and overnight; then, 5 ml of methanol for thirty minutes, deionised
water for thirty minutes, 2M NaCl for one hour, deionised water for thirty
minutes, methanol for thirty min, 1:2 (v/v) chloroform/methanol overnight and
1:2 v/v chloroform/methanol overnight. Each time the samples were centrifuged
and supernatant was removed. The insoluble residue was finally washed with
methanol and depolymerisation was performed at 80°C for at least three hours
using 5% (v/v) sulphuric acid in methanol, 0.5 ml of toluene and 30 μl of 1 mg
/ml methyl heptadecanoate and omega-pentadecalactone in chloroform. Then,
the samples were washed with 2.5 ml of dichlormethane and 0.75 ml of 0.9%
KCl. The organic phase was collected, dried using a centri-vac and
resuspended in 0.1 ml of pyridine. Before the analysis, the suberin monomers
were acetylated and trimethylsilylated for more accurate quantification and
identification of suberin compounds. For acetylated derivates, 50 μl of the
samples were incubated for one hour at 60°C with 50 μl of acetic anhydride. To
synthesize trimethylsilyl derivates the remaining sample was incubated for ten
min at 100 °C with 50 μl of BSTFA (N, O-bis (trimethylsilyl)-trifluoroacetamide).
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The Samples were finally dried in a centri-vac and resuspended in 100 μl of
heptane/toluene (1:1 v/v) for analysis in GC-FID and GC-MS.

2.18. Proanthocyanidin analysis
To extract soluble (PA), 20mg of seeds were ground to powder in liquid nitrogen
with mortar and pestle. The ground seeds were suspended with 1ml of
extraction buffer made of 30:42:28 (v/v) methanol: acetone: water, 0.05% (v/v)
acetic acid and 3.6μg of umbelliferone as an internal standard. After
centrifugation, the supernatant was transferred and pellet was resuspended in
1ml extraction buffer without internal standard and shaken overnight. The two
extracts were combined and dried using a vacuum concentrator with a cooling
condenser. The dried samples were redissolved in 300μl of the extraction buffer
and 200 μl of the soluble PA samples were analysed with HPLC-ESI-QQQMS/MS by the mass spectrometry facility at the University of Exeter. In addition,
soluble and insoluble PA were analysed using acid hydrolysis. For this assay,
600μl (3ml for insoluble PA pellet) of 19:1 butanol:HCl and 20 μl (100 μl for
insoluble PA pellet) of 2% ferric ammonium sulphate in 2N HCl were added to
10ul of soluble PA. Soluble and insoluble PA were incubated at 100°C for
sixty minutes and absorbance was measured at 550nm with a
spectrophotometer (MacGregor et al., 2015).

2.19. RNA extractions from seeds
The RNA isolation was performed following the protocol from Penfield et al.
(2005) which was based on a borate extraction protocol (Wan & Wilkins, 1994).
30-40 mg of dry seeds were ground in liquid nitrogen with mortar and pestle
with the addition of 300 μl of extraction buffer containing 0.2M sodium borate
decahydrate, 30mM EGTA, 1% SDS, 1% sodium deoxycholate, 2%
polyvinilpyrrolidone, 10mM (DTT), 1% octylphenoxypolyethoxyethanol (Nonidet
P-40), pH 9.0). Samples were then incubated for ninety minutes at 42°C after
the addition of 12 μl of proteinase K and brief vortexing. Subsequently they
were left on ice for sixty minutes with 24 μl of 2M KCl. After elapsed time, the
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tubes were centrifuged for twenty minutes at 4°C and the supernatant was
added to 108ul of 8M LiCl and incubated for two hours at -20°C to precipitate
RNA. This RNA was collected by centrifugation for twenty minutes at 4°C. The
RNA pellet was resuspended in RNAase free water and purified with RNA
cleanup protocol in the RNEasy Plant RNA Isolation kit (Qiagen) according to
manual instructions. Quantification of RNA was performed using absorbance
readings on the Nanodrop ND-1000 (Thermo Scientific).

2.20. cDNA synthesis
First strand cDNA was synthesised with 3 μg of RNA in a 20 µl reaction volume
with SuperScript III reverse transcriptase (Invitrogen) according to
manufacturer’s instructions. The reaction was prepared with 1 μl of Random
primers (125ng) followed by the addition of RNA and 1ul of 10mM dNTP Mix.
Volume was made up to 13ul with water. The mixture was heated to 65°C for
5min and incubated on ice for 1 min. After cooling, 4 μl of 5X First Strand Buffer
was added to the mixture. Finally, 1 μl 0.1M DTT and 1μl of SuperScript III RT
(200unit/μl) were added to the tubes which were left for 5 min at room
temperature. The reaction was incubated at 50°C for 60 min and inactivated by
15 min at 70°C. Sample were treated with 1μl (2 unit) RNA H to remove
complementary RNA.

2.21. Real-Time quantitative PCR
qRT-PCR was used to measure specific gene transcript level in seeds and was
performed with three biological replicates and two technical replicates. cDNA
was synthesised as described in paragraph 2.21 and diluted with 230 μl of
nuclease free water was added to cDNA. qRT-PCR was performed using the
Agilent MX3005p qRT-PCR system and a 20 μl reaction volume was prepared
with 2 μl cDNA, 1 μl forward and reverse primers (10mM each), 0.3 μl reference
dye, 5.7 μl nucleases free water 10 μl 2x SYBR green qPCR master mix. The
96 well plate was briefly centrifuged and loaded on qRT-PCR system with the
following cycle: five minutes at 95°C, followed by forty cycles of 95°C for twenty
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seconds and 60°C for twenty seconds. To assess PCR products dissociation
curve was run at the end of the forty cycles with a single step of one minute at
95°C, 55°C for thirty seconds and 95°C for 30 seconds. The expression of the
genes of interest was normalised to At5g46630 which shows constant
expression during seed development and at different temperatures (Chen et al.
2014). The primers used in these experiments are listed in table 2.22.1.

Primer name
Gpat5 F
Gpat5 R
At5g46630 F (Chen et al. 2014)
At5g46630 R (Chen et al. 2014)
Dog1 F (Kendall et al. 2011)
Dog1 R (Kendall et al. 2011)
Cyp707a2 F (Barrero et al., 2009)
Cyp707a2 R (Barrero et al., 2009)
Gpat4 F
Gpat4 R
Gpat6 F
Gpat6 R
Far1 F
Far1 R
Far4 F
Far4 R
Far5 F
Far5 R
Lacs1 F
Lacs1 R
Lacs2 F
Lacs2 R
Lacs4 F
Lacs4 R
Lacs8 F
Lacs8 R
Lacs9 F
Lacs9 R
Kcs17 F
Kcs17 R
Kcs19 F
Kcs19 R
Kcs16 F
Kcs16 R
Kcs20 F

Sequence 5’3’
GCCATTCCCATTGCATTAGAC
GTTCCAGCTTGCTCCATAACC
ACTCAGGAAGGTGTACGGTCA
TGCATTTGGAACAGGTTTGT
TCTCGAGTGGATGAGTTTGCA
CGTGAGATCGTCGTTGAGCTAA
AAATGGAGTGCACTCATGTC
CCTTCTTCATCTCCAATCAC
GACCTTCCCTCTCTTTCTTTCC
GGCGAATACTGGCGATTTAG
CCATTCTCACCTTCCAAATCTC
CTGAGCTCCCATTAGTGAAGAAG
ACAGCTCATTCGGGAGACAC
GTAACGAGCCGTGAAATCGT
TGCGGTTGAAAAGAAAGGAG
CGGGAATATGAATGGTCGTC
GAGTTGGTGATGAGATTGGTAGAG
CTTCTTAAGCACGTGTGTGACG
TGCGGCTAAGGTAGAAGAGG
AATGTCCCAAGCAGTGGTG
GCCGCGGATAATGTGTTG
ATCGGTAGGGAGATCGAGGAG
GCATTGTGACTCTAATCGCTGGAG
GCATTGTGACTCTAATCGCTGGAG
GTGCCTGTGTTACTCTCTGTGG
CTTCCTCGCCACCTACTTTG
CAAGACGGAAGAGCGTGTC
AACCCTGTAGGGAGATGAACC
TGGATGCTAATGGAGGAC
AGCCATTAGAGGGAGGAAC
GAATGGCGCTTCATAGGTTC
CGAATCCAGCTCCCATACTC
TCGGGTCGACTCTTTACCTC
CATGATCCTCTGGGTGCTG
AGCCAAACCCTAACCCAAAC
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Kcs20 R
Kcs2 F
Kcs2 R
Kcs1 F
Kcs1 R
Cer3 F
Cer3 R
GA3ox1 F (Penfield et al. 2005)
GA3ox1 R (Penfield et al. 2005)

GGAGAGGAAGGAGGAGGATG
CGCCGCTCTTCTTATCTTTC
AAAGATTCTGCGAGGACGAG
ACCTCCTCCTCCTTTAGTCTCAC
TTCTGCGAGGACGAGTTG
GAGATTAACGGCGGAGATGG
GGTCACGTTGCAAGAGTTGTG
AAGTGGACCCCTAAAGACGATCT
GTCGATGAGAGGGATGTTTTCAC

Table 2.21.1 List of Forward (F) and Reverse (R) primers used for qRT-PCR experiments.

2.22. RNA-Sequencing
RNA was extracted from mature dry seeds of Col-0 matured at 22°C and Col-0,
gpat5-1 and awe1 matured 16°C, as described in paragraph 2.19. The quality
and quantity of RNA was carried out using the 2100 Bioanalyser System
(Agilent) and cDNA was synthesised as described in paragraph 2.21. Samples
were provided to the Exeter University Sequencing service for library
preparation and preliminary analysis which was conducted with Tophat and
Cufflinks (Trapnell et al., 2012). Subsequent analysis was performed in the R
environment using the Cummerbund package and the squared coefficient of
variation (CV2) was used to evaluate the variability among replicates compared
to experimental conditions. Differentially expressed genes were determined with
at least two fold changes in expression level between conditions and tested for
significance with a (P≤0.05).

2.23.Statistical analysis
For all the experiments, differences between means were tested for statistical
significance using a Student’s t-test. Means were considered statistically
different when P≤0.05. Germination on all the seed lines was tested with at
least three replicates per line and sixty seeds per replicate.
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3. Isolation of seed lines matured at cool temperature with
reduced dormancy phenotype
3.1. Introduction
Arabidopsis thaliana has a small genome of 125Mb which contains more than
27000 genes encoding proteins with more than 30% of unknown molecular
function (AGI, 2000; Lamesch et al., 2012). Different features such as small
dimensions, small genome size, and short generations make this mustard plant
a model organism for plant research. Since the introduction, the amenability to
genetic screens contributed to the use of this plant in many studies to determine
the diverse biological functions of many genes (Page & Grossniklaus, 2002;
Alonso & Ecker, 2006). A forward genetic screen establishes the genetic
foundation responsible for a phenotype. This powerful approach relies on the
induction of random DNA mutations and their subsequent identification along
the genome. Mutations can be induced by chemical (ethylmethane sulphonate
(EMS)), physical (fast neutron irradiation), and biological (T-DNA) depending on
the type of mutations required and the planned mapping strategy. EMS is an
alkylating agent and induces chemical modification of nucleotides in the DNA.
The majority of the time induces missense mutations, guanine (G) is alkylated
and results in O-6-ethylguanine, which favours pairing with thymine (T) but not
with cytosine. The original G/C pair is eventually replaced with adenine (A)/T
after DNA repairing process (Salinas, 2010). However, EMS can also induce
deletions or DNA inversions (Koornneef et al., 1982a; Zhu et al., 2012), this has
to be considered when mapping the mutation of interest. The success of a
mutagenesis screen is based on the efficiency of the mutagenic agent to induce
changes in a single cell. The number of mutations induced per locus is
negatively correlated to the concentration of the mutagenic chemical agent but
the optimal practical concentration varies among experiments and it depends on
the nature and potency of the chemical agent, the DNA repairing process, the
size of the screen, and the Genetically Effective Cell Number (GECN, 2 in
Arabidopsis) (Koornneef et al., 1982a; Gilmartin & Bowler, 2002; Salinas, 2010).
A small genetic screen will eventually justify the use of higher mutagen
concentration to induce more DNA defects but it will increase plant sterility and
embryo lethality. Mutagen-induced mutations has been combined with recent
advances in next generation sequencing to map point mutations in some
species and to avoid laborious and time consuming procedure such as map
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based cloning (Schneeberger et al., 2009; Ashelford et al., 2011; Abe et al.,
2012; Zhu et al., 2012). This methods uses induced changes in the DNA as
polymorphisms to map along the genome the mutations responsible of the
altered phenotype (James et al., 2013).

Seed dormancy is a complex trait with natural occurring variation among
ecotypes and the choice of a wild type can be important in genetic screens to
dissect seed dormancy. Some accessions such as Col-0 and Ler show less
deep dormancy than and Cvi (Alonso-Blanco et al., 2003; Bentsink et al., 2010).
In addition, the presence of a functionally weak or null allele and gene
redundancy in a specific genotype of wild type might also limit the discovery of
new dormancy genes which can be accession specific (Alonso-Blanco &
Koornneef, 2000; Page & Grossniklaus, 2002). Seeds of Col-0 matured at cool
temperatures are very dormant and Col-0 genome sequence is well known
(AGI, 2000). T-DNA insertion lines are also available for the majority of the
genes with a Col-0 background and it could facilitate further genetic analysis
when mutants will be isolated. Therefore, Col-0 was the accession of seeds
mutagenised.

Here, I performed a forward genetic screen with EMS mutagenesis which is
applied to generate point mutations along the genome. These will be ultimately
used as markers in the backcross population to map by sequencing the
mutation of interests. This chapter aims to describe the implemented strategy of
a novel genetic screen for the selection of seed lines which fail to show an
increase of dormancy in response to cold temperature during seed set. In
principle the discovery of loci controlling ABA level is relevant, however the
selected seed lines with reduced seed dormancy will be distinguished from
known mutants such as ABA mutants which are known to have reduced seed
dormancy (Koornneef et al., 1982b; Kendall et al., 2011). The ultimate aim of
the project is to discover new mechanisms involved in seed dormancy in
response to cool temperature during maturation. For this reason, the results are
presented with focus on the response of the selected lines to germination
inhibitors such as ABA, to identify ABA insensitive mutants, PAC and NaCl to
highlight the ABA biosynthetic mutants.
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3.2. Results
3.2.1. Selection of awake lines
To perform the genetic screen to isolate lines with reduction of dormancy an
estimate of the size of the mutagenised seed population (M1) is required to
isolate one mutation (Figure 3.2.1). In Arabidopsis, a recessive mutations
segregate 7:1 in the M2 population (Koncz, 1993), therefore the contribution to
a new plant can be hypothesised to be from 4 genomes of two cells (GECN).
The mutation rate of Arabidopsis is variable with an average of 1.6x10-5
mutations per locus per genome (Jander et al., 2003), then, one M1 plant has a
mutation rate of 6.4x105 if the “germline” is composed by two cells. In light of
the binomial distribution we can estimate the probability to find at least one
mutation in a M1 population 𝑃 = 1 − (1 − 𝑓)𝑛 . The population size is inversely
log(1−𝑃)

proportional to the GECN and we can define it as 𝑛 = log(1−𝑓) where n is the
estimate of the seeds required for the M1 population, P is the probability to
recover at least one mutation, f is the average mutation rate per M1 plants. To
recover one mutation in the M1 population with a probability ≥95% (Koncz,
log(1−0.95)

1993): 𝑛 = log(1−6.4𝑥10−5 )= ~47000. To isolate an allele of a given locus with
≥95% chance a M1 population of ~50000 seeds was mutagenised. Seeds were
divided in four batches of ~12500 seeds each and they were mutagenised.
EMS mutagenic potency varies and depends on the chemical stability and the
conditions in which the mutagenesis is performed. Therefore, the four batches
seeds used were mutagenised with three different EMS concentrations. Seeds
were stratified for 4 days in water to remove any dormancy which could limit
germination. Afterwards, they were incubated overnight in the dark with 0.2%
[v/v], 0.3% [v/v], and 0.5% [v/v] EMS (Figure 3.2.1). A total of 200 pools (pots)
were produced with ~250 Col-0 seeds for each pool (Figure 3.2.1 and 3.2.2).

Pools of plants were grown in standard greenhouse conditions and moved to
growth chambers at cool temperature at the time the first flower appeared, and
seeds were harvested at maturity for dormancy assay. For tight screening
conditions the choice of temperature settings is essential to avoid false positives
with altered seed dormancy. Two cold temperatures were applied at two
different groups of M1 segregating plants. During the reproductive phase, the
first 100 pools were exposed at 16°C but a high number of seeds germinated
46

Chapter 3: Isolation of seed lines matured at cool temperature with reduced dormancy phenotype

suggesting that this temperature was not stringent enough. Therefore the
temperature during the reproductive phase of the second 100 pools was
lowered to 14°C which induces very high level of dormancy in Arabidopsis. This
will increase the dormancy of the relatively shallow Col-0 seeds, the stringency
of the screen, and it will eventually reduce the number of false positives. This
temperature was only used for 100 pools and for the all subsequent generations
dormancy was induced at 16°C. In all the experiments photoperiod was kept in
long day conditions, 16h/8h light-dark cycle, regardless of temperature or
developmental stage.
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Figure 3.2.1 Schematic representation of the forward genetic screen to identify
embryonic and seed coat mutations, which render seeds less sensitive to cold-induced
dormancy in Arabidopsis. The screen aims to identify homozygous mutations which cause
reduction of dormancy induced by cold temperature during seed set. EMS treated M1 seeds
(~50000) harbour point mutations which segregate 7:1 in M2 generation (~200000 seeds
screened). A sub-set of M2 seeds (~700 seeds from each pool) were grown for one additional
generation to detect mutations with a maternal effect pattern of inheritance. A total of 157
putative homozygous selected lines display reduction of dormancy and they were tested with
biological replicates.52 lines were selected among which 9 transparent testa mutants were
identified.
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Previous studies have described mutants affected in seed dormancy with
mutations either affecting the embryo, hence with classical zygotic recessive
pattern of inheritance, or the seed coat of maternal origin, therefore with a
Mendelian maternally inherited phenotype. The screen aimed to identify
mutations with either zygotic or maternal pattern of inheritance which affect
seed dormancy. Part of the freshly harvested M2 seeds from 200 pools was
sowed on water-agar plates to test dormancy and to select for putative mutants
(Mendelian zygotic). The other fraction of the seeds were grown through one
more generation, ~700 M2 seeds from each pool were sowed to create 200
pools to test M3 seeds for dormancy and to select lines with reduced dormancy
probably due to maternal effect (Figure 3.2.1). Dormancy was evaluated after 5
days and seedlings from germinated seeds were transplanted on soil after 5
days but some of them did not survived. The mutation load can be lethal or
highly deleterious on M2 plants and interfere with the isolation of putative
mutant lines. In addition, the lack of nutrient in the agar plates for selection
might also affect the vigour of mutagenised M2 plant. Therefore, the number of
seedlings transplanted on soil was higher than the total number of plants that
reached adult stage. 525 lines from the M2 seeds and 485 lines from the M3
seeds were matured at cool temperature and germinated on water agar plates.

Figure 3.2.2 Pools of M1 segregating plants after 15 days. The image represents 120 pools.
1 pool=1 pot

For the 1010 isolated lines, 525 M3 plus 485 M4, dormancy of the progeny was
tested setting seeds at a maturation temperature of 16°C. Of these 157 lines,
(~15% of the total 1010 lines) showed a reduction in seed dormancy compared
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to Col-0. In the next generation each of these was tested again for dormancy
using 5 biological replicates. From these I identified 52 awake (awe) lines,
significantly different from WT, which germinated above 35%, compared to the
near zero germination of wild type Col-0 (Figure 3.2.3). Among these lines, 24
line were isolated as putative zygotic mutations whereas 28 as putative zygotic
or maternal effect mutations. Surprisingly, some of the 157 lines had a less
striking phenotype or did not show any altered dormancy when seeds were
tested with biological replicates at M4 and M5 generation, although in the
previous M3 and M4 generation seeds showed reduction of dormancy. Other
lines were sterile and were left out of the screen.
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Figure 3.2.3 Germination of selected mutant seed lines matured at 16°C with significant reduction of dormancy.
Freshly harvested seeds of 52 mutants with significant reduction of dormancy matured at 16°C were sowed on water-agar
plates. 9 lines (yellow triangles) display the transparent testa phenotype. Germination was scored after 7 days. Data points
denote the average of 3-4 biological replicate seed batches. Triangle indicates mutants with defect in seed coat pigmentation.
For better representation two graphs represent the experiment. Error bars: SE
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3.2.2. Identification of seed lines with altered seed coat
pigmentation
Among the 52 awe lines isolated, 9 awe lines displayed a lack of brown
pigmentation in the seed coat in contrast to WT. In addition, they displayed a
strong reduction of seed dormancy when matured at 16°C (Figure 3.2.3).

In Arabidopsis, transparent testa (tt) mutants were among the first seeds
described with altered seed dormancy (Koornneef, 1981; Koornneef et al.,
1982b). TT genes encode for different enzymes and TFs that are involved in the
flavonoid biosynthesis and they are responsible for the presence of brown
tannin pigmentation of the seed coat. The seed coat is suggested to regulate
water permeability and oxygen diffusion (Bewley, 2013; Niemann et al., 2013).
The discovery of mutants with altered seed coat pigmentation in the screen
suggest a key role for coat-imposed dormancy in the induction of strong
dormancy states associated with low temperature experience during seed set.
We examined the dormancy phenotype of known tt mutant seeds in response to
cool temperature during maturation and we showed different level of dormancy
in tt mutants in response to cool temperature (MacGregor et al., 2015). When
seeds were matured at 16°C, tt2-1, tt5-1 and tt15-1 show a consistent reduction
of dormancy with or without the dormancy breaking cold treatment suggesting
the genes are necessary for the induction or maintenance of strongly dormant
states (Figure 3.2.5 B).

Figure 3.2.4 Dry seeds of putative transparent testa mutants identified from the screen.
Freshly harvested seeds of nine mutants with reduction or loss of pigmentation in the seed coat
matured at 16°C. Scale bar 1mm.
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The phenotypes tt6-1, tt8-1, banyuls1-1 (ban1-1) and a ban allele (f36-1) were
less marked but they could reach high germination level with little stratification
in contrast to WT (Figure 3.2.5 B). This suggests that these genes are also
necessary for dormancy and its maintenance. In contrast, tt10-1 did not show
any difference in seed dormancy in comparison to Wt. This is consistent with
the germination data of freshly harvested seeds reported in Debeaujon et al.
(2000). Based on these results, and the different roles of the TTs proteins along
the flavonoid metabolic pathways, the presence of specific bioactive products
can be hypothesised to be involved temperature induction of seed dormancy.

Figure 3.2.5 Pictures and germination of tt mutants matured at 16°C in response to
different period of cold stratification at 4°C. A, pictures of transparent testa mutant lines
described to have altered flavonoid biosynthesis. Scale bar 1mm. B, freshly harvested seeds
were cold stratified for 0, 1, 3, and 7 days in the dark on water-agar plates. Germination was
scored after 7. Data points denote the average of 3-4 biological replicates for seed batches.
Error bars: SE. Data points denote the average of 4 biological replicates. Error Bars: SE.
Significant differences by a Student's t-test: *, P < 0.05; **, P < 0.01.
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3.2.3. Preliminary response of the putative awake
mutants to ABA, PAC, and NaCl
Mutants deficient in ABA synthesis and signalling such as aba and several abi,
or GA signalling such as spy, display a non-dormant phenotype (Koornneef et
al., 1982b; Jacobsen & Olszewski, 1993; LeonKloosterziel et al., 1996).
Environmental factors such as temperature has been described to regulate
transcriptional expression of ABA and GA metabolic genes in mature seeds and
seed imbibition (Yamauchi et al., 2004; Kendall et al., 2011). In addition,
mutants deficient in ABA synthesis such as aba1-1 are also impaired in seed
dormancy induced by cool temperatures (Kendall et al., 2011). All the lines
selected have highly reduced level of dormancy in response to cool temperature
and to attempt to exclude classes of mutations in genes directly involved in
ABA, GA signalling and in ABA biosynthesis, germination of forty three seed
lines were tested on water agar plates with the addition of germination inhibitors
such as ABA, PAC or NaCl.

Plants with altered GA signalling such as spindly1-1 (spy1-1) and rgl2, negative
regulators of GA response, produce seeds ready to germinate at harvest and
they are PAC insensitive (Jacobsen & Olszewski, 1993) (Peng et al., 1999;
Carrera et al., 2007). To exclude mutants with altered ABA synthesis and GA
signalling, the lines were tested for PAC sensitivity at germination. Five seed
lines, awe12, awe22, awe27, awe32, awe37 showed reduced sensitivity to
10µm PAC in comparison to WT (Figure 3.2.6)(Figure 3.2.7), although to a
lesser extent than spy1-1 (Jacobsen & Olszewski, 1993).

Previous studies also described loss of function mutants in ABA biosynthesis or
signalling incapable of inducing significant dormancy levels (Koornneef et al.,
1982b; Koornneef et al., 1984). In addition, high salt condition prevent
germination of Col-0 by stimulating endogenous ABA biosynthesis and mutants
such as aba1-1, aba3-1, aba2-1 are reported to display germination under
stress salts (LeonKloosterziel et al., 1996). Here, awe6, awe7, awe10 display a
degree of resistance to PAC and also NaCl, similarly to aba2-3 biosynthetic
mutants. They also were slightly insensitive to ABA (Figure 3.2.6). This result,
suggest the presence of a disrupted gene in these lines which is necessary for
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salt regulation of germination. Awe26 and awe39 were less sensitive only to
NaCl. However, awe26 also shows a higher variability for PAC sensitivity,
whereas awe39 was highly variable for ABA sensitivity.

ABA signalling mutants, for example abi4, is insensitive to ABA and it shows
resistance to the inhibitor effect of PAC (Koornneef et al., 1984; Penfield et al.,
2006). In addition, some abi mutants are less sensitive to NaCl (Werner &
Finkelstein, 1995; Quesada et al., 2000). Similarly, awe8, awe9, awe17, awe20
together with awe29, awe35, awe42, and abi4-1 are less sensitive to both ABA
and PAC (Figure 3.2.6). This suggests a possible negative role of a putative
mutated gene for ABA signalling. Awe34 germinated more than WT to ABA but
not to PAC or NaCl. Moreover, eight lines such as awe3, awe5, awe11, awe15
and awe16, awe23, awe28, awe40 were less affected by ABA and NaCl than
WT. However this result is not similar to previously reported mutants insensitive
to ABA and NaCl such as abi1, abi3, and abi5 (Werner & Finkelstein, 1995).
Here, abi4-1 allele displays a less NaCl sensitivity phenotype (Figure 3.2.6),
although only the strong abi4-2 allele is reported to be insensitive to salt stress
germination (Quesada et al., 2000). Interestingly, six lines tested awe14,
awe18, awe19 and awe30, awe36, awe43 were less sensitive than WT to all the
chemicals applied during imbibition although with more variability than other
lines (Figure 3.2.6).

On the contrary, eleven seed lines did not show any reduction in sensitivity to
germinator inhibitors. Germination of awe1, awe2 and awe25 was
hypersensitive to 10µm PAC, whereas awe24 was hypersensitive to 6µm ABA.
In addition, awe33 was more sensitive to ABA and PAC. In comparison to WT
other seed lines such as awe13, awe4 awe21, and awe31, awe38, awe43 did
not show any difference of sensitivity to ABA, PAC, or NaCl (Figure 3.2.6).

55

Chapter 3: Isolation of seed lines matured at cool temperature with reduced dormancy phenotype

Figure 3.2.6 Germination of selected mutant lines in response to ABA, PAC and NaCl. 43
mutants with significant reduction of dormancy were sowed on water-agar plates with the
addition of ABA or PAC or NaCl. Seeds were cold-stratified for 3 days and germination was
scored after 7 days. Data points denote the average of 3-4 biological replicates for seed
batches. A, B, C, D represent four independent experiments. Significant differences by a
Student's t-test: *, P < 0.05.

The results show different responses of 43 highly non-dormant seed lines to
germination inhibitors. On the basis of this preliminary characterisation, further
investigation was avoided for the awe lines which showed significant resistance
to 6µm ABA, 10µm PAC or 100mM NaCl. This would attempt to exclude
mutated genes directly involved in ABA and GA hormonal regulation of seed
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dormancy. However, the importance or the exact nature of these putative
mutants for seed dormancy, germination, or other trait was neither further
investigated nor elucidated, therefore it cannot be ruled out. Thirty two awe lines
were excluded and they were not examined any further. Often the reduction of
dormancy was weak, with random pattern of inheritance and some of the
excluded lines had a weak phenotype in response to ABA, PAC or NaCl. For
example, these lines could be indirectly involved in ABA signalling or
biosynthesis. Therefore, they could be the object of new investigations. On the
other hand, focus was placed on the eleven lines with strong inherited
phenotype and with WT or increased sensitivity to ABA, PAC and NaCl. These
lines were selected as good dormancy line candidate for further characterisation
(Figure 3.2.7 B).

Figure 3.2.7 Venn diagram for germination on ABA, PAC and NaCl results. (B) Selected
putative mutant lines based on ABA, PAC, and NaCl responses.

3.2.4. Awe27 displays similar phenotypes to amp1-1
mutant
Among the 43 lines tested, awe27 was less sensitive to 10µm PAC than WT
(Figure 3.2.6). Interestingly, the awe27 was also noted for a frequent heritable
striking tricotyledon phenotype, production of further cotyledons after seedling
establishment, small size, early flowering, and the number of rosette leaves
during the vegetative phase (Figure 3.2.8 C, E, H). Similar phenotypes have
been previously associated to mutations in the ALTERED MERISTEM
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PROGRAM 1 (AMP1) gene, encoding a putative endoplasmic reticulum (ER)
membrane-localized glutamate carboxypeptidase. Amp1 is a single recessive
mutation which shows different numbers of cotyledons in seedlings at different
frequency (Chaudhury et al., 1993). The mutation has been reported to affect
plants with complete or incomplete penetrance and to be involved in several
process such as photomorphogenesis, apical dominance, stress response and
seed dormancy (Chaudhury et al., 1993; Chin-Atkins et al., 1996; Griffiths et al.,
2011; Shi et al., 2013).

High frequency of three cotyledons were observed in awe27 seed population
whereas amp1-1 showed full penetrance of the tricotyledons phenotype (Figure
3.2.8 C, D) as reported in Griffiths et al. (2011), in contrast to Chaudhury et al.
(1993). In addition there was a striking similarity between awe27 and amp1-1
during the vegetative phase (Figure 3.2.8 B, H). Amp1 seeds have altered seed
dormancy behaviour which is accession specific in Arabidopsis. Mutations in
AMP1 with a Col-0 background are reported to increase seed dormancy in
contrast to awe27 (Figure 3.2.8 A), amp1-21 in Ler, and primordia timing
allele (pt) in C24 background which are less dormant (Griffiths et al., 2011).
Seed dormancy in response to cool temperature was tested in awe27 and
amp1-1 (Col-0). Seeds were matured at 16°C and stratified at 4°C for different
time to release dormancy. Seeds of awe27 germinated with higher frequency
than amp1-1 which displays increased dormancy in comparison to Col-0 and
awe27 (Figure 3.2.8 A). This suggests that the putative mutated AWE27 gene is
required for dormancy, whereas AMP1 is required for its release.

Amp1-1 plants show a degree of sterility which is also displayed by awe27 to a
much higher level. This impedes to obtain good amount of seeds and to carry
out the genetic analysis. All the awe27xCol-0 or Col-0xawe27 crosses failed to
produced seeds, suggesting defects both for male and female reproductive
organs. However, one seed was obtained in the complementation test with
amp1-1 (amp1-1xawe27) after thirty four independent crosses. The germinated
seed produced a very sick seedling which showed three cotyledons suggesting
that amp1-1 and awe27 were allelic to one another. The high sterility of awe27
plants also suggests that the cross from the complementation test might have
failed and the seed obtained could be the results of a selfed-amp1-1. The
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seedlings of the complementation test was very sick and died soon after
germination (Figure 3.2.8 G). What was also noted was that the reduction of
dormancy phenotype of awe27 appears to be independent of the vegetative
phenotype (Figure 3.2.8 F, E). However, the failure to obtain F1 seeds from
crosses with awe27 was an obstacle to a detailed genetic analysis and it was
not performed. Therefore, the nature of awe27 mutations was neither
determined nor precisely tested for a relationship with amp1-1 in Col-0
background.

Figure 3.2.8 Preliminary characterisation of awe27. A, freshly harvested seeds were cold
stratified for 0, 1, 3, and 7 days. Germination was scored after 7 days. Data points denote the
average of 3-4 biological replicates for seed batches. Error bars: SE. Data points denote the
average of 4 biological replicates. B, 10 days old seedlings of amp1-1 (top) and awe27 (bottom)
scale bar 1cm. C, DIC images of awe27 (bottom) and amp1-1 (top), scale bar 10µm. D,
percentage of tricot (yellow) / dicot (green) seedlings of awe27, amp1-like or WT-like, amp1-1,
WT 3-4 biological replicates for seed batches. E, alternate phenotype of awe27 seedlings, scale
bar 1mm. F, germination of amp1-like or WT-like. G, non-complementation of amp1-1 x awe27
F1, scale bar 1mm. H, 17 days old amp1-1 (left) and awe27 (right). Error Bars: SE. Significant
differences by a Student's t-test: *, P < 0.05. Scale Bar 10µm.

3.3. Discussion and conclusions
This chapter described the strategy implemented to select seed lines which
shows a reduction of dormancy in response to cool temperature. Sectorial white
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patches on leaves with lack of chlorophyll were observed on M1 plants, these
were probably due to mutations of already heterozygous gene involved in
chlorophyll biosynthesis. In addition, several M2 and M3 seed lines showed
altered seed dormancy. These results, together with the presence of seed coat
mutant in the seed population (Figure 3.2.4), suggest the positive mutagenic
effect of EMS on M1 seeds.

Dormancy is often described as a polygenic trait which determined the time of
germination for seeds (Johnson, 1935; Alonso-Blanco et al., 2009; Bentsink et
al., 2010). Seeds become dormant at a late stage in seed development with a
strong connection to maturation process (Raz et al., 2001). The ABA and GA
antagonistic role in seed dormancy is central for the induction and maintenance
of a dormant state and for germination (Finch-Savage & Leubner-Metzger,
2006). The fine-tuned molecular gene network of seed dormancy which
integrate different environmental signal is still not fully understood (Graeber et
al., 2012). This screen aims to identify genes which operate as key master
regulator of seed dormancy in response to cool temperature. Highly nondormant seed lines may harbour a mutation in a gene required for seed
dormancy. To focus on the strongest mutants a 35% threshold for reduction of
dormancy was defined. This threshold helped to separate highly non-dormant
seed lines from the one thousand and ten lines tested and to isolate fifty two
lines with altered seed dormancy in response to cool temperature.

Related work in the lab revealed that flavonoid metabolism regulates seed
dormancy in response to cool temperature (MacGregor et al., 2015). Seven
mutants identified were consistent with the screen setting to recover maternal
mutations which affects seed dormancy; however, awe44 and awe47 appeared
from the M2 seeds set to identify Mendelian mutation. One explanation could be
a double loss of function mutation cause by the EMS. Otherwise, these two
lines could account for mutated TT genes, maybe a TF such as TT2, which
might in fact affect seed dormancy through the embryo and not the testa.
Recently has been demonstrated that TT2 is expressed in the embryo, affects
the fatty acid composition of the seeds and reduced the expression of FAE1.
TT2 also inhibits FUS3 expression, an important maturation and seed dormancy
regulator, by binding to its promoter (Wang et al., 2014). Therefore, TT genes
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could also influence seed dormancy through the embryo and not only through
the seed coat.

Cool temperature experience by seeds during maturation induce high level of
dormancy (Vonabrams & Hand, 1956; Donohue et al., 2007; Donohue et al.,
2008; Kendall et al., 2011) and alleles of genes involved in ABA signalling, and
ABA biosynthesis were expected to be part of the isolated seed lines with
reduced seed dormancy in the response to cool temperature. The aba1-1 seeds
are incapable to enter into dormancy in response to cool temperature (Kendall
et al., 2011). In addition, seeds which are ABA insensitive such as ABI1 to
ABI3, positive regulators of ABA signalling, display highly reduced dormancy
levels (Koornneef et al., 1984; Leung et al., 1998; Shu et al., 2013). Mutants of
GA signalling transduction such as spy1 to spy7 are less dormant, they fail to
germinate in the presence of PAC and they are hypersensitive to GA (Jacobsen
& Olszewski, 1993). DELLA mutant seeds also fails to enter into dormancy
when matured at warm temperature suggesting that GA degradation through
ubiquitin-proteosome degradation is also crucial to induce dormancy (Penfield
et al., 2006). In addition, rgl2-1 seed germination are insensitive to PAC (Tyler
et al., 2004). Seed lines which were insensitive to at least one to germination
inhibitor such as ABA, PAC, and NaCl were excluded. The nature of these
responses was not investigated and the lines with high reduction of dormancy
and less sensitivity to ABA, PAC or NaCl were hypothesised to regulate seed
dormancy, at least partially, through GA and ABA signalling. The assays
performed to select the eleven lines for further investigation may have not be
sufficient to exclude certain known mutants with altered seed dormancy. Genes
which regulate seed dormancy could act downstream, of the ABA and GA
control of seed dormancy. For example, freshly harvested mft-2 mutant seeds
display reduction of dormancy, high ABA content and hypersensitivity to ABA
(Vaistij et al., 2013). Although, the induction of dormancy by cool temperature
via MFT was not assessed. When DOG1 is mutated, ABA content in mature dry
seeds is lower and NCED2, NCED5 transcript expression is misregulated
(Bentsink et al., 2006; Nakabayashi et al., 2012) but ABA and PAC germination
sensitivity is similar to WT (Nakabayashi et al., 2012). However, the insensitivity
of most of the isolated seed lines to cool temperature during seed maturation, is
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different from the dormancy phenotype that dog1 mutant display when seeds
are matured at cool temperature (Kendall et al., 2011) .

The amp1 mutant shows an increase in cytokinins content and is a negative
regulator of seed dormancy in response to cool temperature (Figure 3.2.8 A)
(Chaudhury et al., 1993), suggesting that cytokinins could be required for the
induction of dormancy. Exogenous application of cytokinins in imbibed seeds
can break dormancy in some species (Cohn & Butera, 1982). However, little is
known about the effect of cytokinins on the induction and maintenance of seed
dormancy (Black et al., 1974; Finch-Savage & Leubner-Metzger, 2006). Awe27
seeds share the vegetative phenotype of amp1 but they do not phenocopy the
amp1 dormancy behaviour (Figure 3.2.8 A, H). During germination, ABI5
appears to be downregulated when imbibed seed are exposed to cytokinins and
ABA, suggesting an antagonistic effect of cytokinins to ABA during seed
germination (Wang et al., 2011). Transcript levels of ABA biosynthetic and
signalling genes are upregulated in amp1-1 plants and downregulated in AMP1
overexpression lines (Shi et al., 2013) suggesting that AMP1 is involved in the
ABA biosynthesis and signals. However, in seeds, despite the ABA content is
higher than WT in amp1-1 and pt, apart from amp1-21 which is reduced, no
significant transcriptional differences in ABA biosynthetic or signalling genes are
observed (Griffiths et al., 2011) suggesting an indirect effect of amp1 on ABA
content in seeds. The awe27 and amp1-1 similarity of vegetative phenotype
could suggest different functional alleles of the same locus however amp1-21
and amp1-11 in C24 and Col-0 respectively, have opposite dormancy
phenotype (Griffiths et al., 2011) have mutation in the same exon of the gene,
making their differences more accession related. Natural variation of DOG1
could also account for altered seed dormancy amp1-1 and amp1-21 which also
have low transcript level of DOG1 (Griffiths et al., 2011). Based on the nature of
AMP1 protein, a putative glutamate carboxypeptidase involved in peptide
signalling, seed dormancy could also be hypothesised to be affected by peptide
signalling. In addition to high accumulation of cytokinins, amp1-1 and amp1-7
hypocotyls are also less responsive to GA and ACC (1-aminocyclopropane-1carboxylic acid, an ethylene precursor) (Chaudhury et al., 1993; Saibo et al.,
2007). Changes in hormones and hormonal signalling could indirectly regulate
ABA content in seeds. A negative role of AWE27 in GA signalling could also
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explain the reduction of sensitivity of awe27 to 10µm PAC during germination
(Figure 3.2.6).

This chapter described the implementation of a novel forward genetic screen for
the identification of seed lines with reduction of seed dormancy in response to
cool temperature. Results were reported for the selection of putative mutant
seed lines. Eleven lines were selected based on the response of seed
germination inhibitors and they will be further characterised.
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4. Further characterisation of the putative awake mutant lines
4.1. Introduction
Chapter three described the different responses of fifty two lines to germination
inhibitor and the isolation of eleven lines which display WT sensitivity or
hypersensitivity to 6µm ABA, 10µm PAC, 100mM NaCl. These lines were
generated from EMS mutagenesis and they have altered seed dormancy in
comparison to WT when plants are exposed cool temperature during seed set.
From now on, these lines will be referred to as “mutant” lines although
mutations in any locus are not identified yet, nor is it proven that the phenotypes
are caused by single Mendelian loci. This chapter will report the results of the
further characterisation of the 11 shortlisted awe mutants (Figure 3.2.7).

4.2. Results
The effect of the DNA alteration cause by EMS mutagenesis can be observed
at different stages of plant development. Seed lines were selected to show
reduction of dormancy in response to maturation temperature, but they might
also display a visible phenotype in the sporophyte due to the pleiotropic effect of
the harbouring mutations. Phenotypic analysis of the awe lines could help
identify known mutants with effects on the vegetative and/or flowering phase.

For these reasons, pictures of plants, grown in long day condition with 16h/8h
light dark cycle, were taken at 10, 20, and 30 days old to compare the
phenotype of awe lines to WT. After 10 days on soil awe mutants did not show
any striking difference from WT and they could not be distinguished from each
other (Figure 4.2.1). On the other hand, after 20 days on soil, differences were
more evident between the awe mutants and the control. Leaves of awe2 were
different from WT in their border which was undulated and gave a shrivelled
appearance to the rosette leaves (Figure 4.2.2). Instead, the border of the
leaves of awe4, awe33, and awe41 was more regular but they looked more
ovate than lanceolate as in WT (Figure 4.2.2). The awe25 and awe38 mutant
plants appeared smaller than WT but leaves colour were respectively darker
and light green (Figure 4.2.2). At 30 days, some differences among mutant
plants and WT were more evident; awe25 and awe38 were clearly smaller in
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size with different leaves colour and shape. At this stage, awe2 had leaves
curvature more prominent than WT (Figure 4.2.3). Differences of the size of
adult plants were also visible which might also be marked difference in flowering
time among the mutants. Clearly, awe2 did not flower after 30 days in long day
conditions (Figure 4.2.3), suggesting that AWE2 might be involved to determine
flowering time. However the phenotypes may not be caused by the same locus
as the cause of low dormancy.

Figure 4.2.1 10 days awe mutant plants. Plants were grown at 22°C in long day conditions
-2 -1
(16h/8h light/dark cycle, 80-100 μmol m s light fluence)
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Figure 4.2.2 20 days awe mutant plants. Plants were grown at 22°C in long day conditions
-2 -1
(16h/8h light/dark cycle, 80-100 μmol m s light fluence).

Figure 4.2.3 30 days awe mutant plants. Plants were grown at 22°C in long day conditions
-2 -1
(16h/8h light/dark cycle, 80-100 μmol m s light fluence)

4.2.1. Analysis of flowering time of awe mutants
Evidence suggests that seed dormancy could be the result of the co-optation of
already existing molecular mechanisms involved in different biological
processes (Linkies et al., 2010; Bassel et al., 2011). Recently, temperature
experienced by the mother plant has been reported to influence the germination
of seed progeny through FT, the major florigen component controlling flowering
time (Chiang et al., 2009; Chen et al., 2014). Moreover, some late flowering
mutants of genes involved in the photoperiod-flowering pathway display
increased dormancy (Chen et al., 2014). Together, these results suggest that
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flowering and dormancy pathways share some common element. Here, the
selected mutant lines for reduction of dormancy were tested for flowering time in
response to ambient temperature and photoperiod. Plants were grown in long
(LD) and short days (SD) at 22°C and 16°C. Flowering time was determined as
the number of rosette leaves to the opening of the first flower. All the lines
selected had altered flowering time phenotype in comparison to WT at least in
one of conditions tested. Moreover, different sensitivity to ambient temperature
was observed both in LD and SD (Figure 4.2.4). However, often these changes
were trivial although significantly different from WT and few lines had a strong
phenotype.

Figure 4.2.4 Flowering time of awe mutants. Plants were grown at 16°C or 22°C in long day
(LD) (A) conditions 16h/8h light/dark cycle or short day (SD) (B) conditions 8h/16h light/dark
cycle. Flowering time was calculated as the number of leaves to the open of the first flower.
Error Bars: SE. Significant differences between WT and mutant by a Student's t-test: ● *,
P < 0.05; ●● **, P < 0.01; ●●● ***, P < 0.001.

No major differences in flowering time were observed under LD conditions. In
LD at 22°C all mutants showed little changes although they all flowered slightly
earlier than wild type, except for awe13 and 25. The early flowering phenotype
was maintained in LD at 16°C only in five mutant lines (Figure 4.2.4 A)
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suggesting that these putative AWE gene could be required to delay flowering
independently from cool temperature. Under these conditions, the flowering
time of awe31, 33 and 38 was unchanged, whereas awe25 flowered little later
than WT (Figure 4.2.4 A).
Similarly most of the lines showed altered phenotype under SD condition but
only awe24 and awe41 had a strong phenotype. Overall, awe24 and awe41
flowered earlier than WT and displayed a significant reduction of the number
rosette leaves in LD and a strong early flowering phenotype in SD at 22°C
(Figure 4.2.4), suggesting a major role for these putative genes in repressing
flowering. Interestingly, these lines were insensitive to changes in ambient
growth temperature in LD and similar number of leaves was developed at 16°C
or 22°C (Figure 4.2.4 A); on the contrary, they were more sensitive in SD
(Figure 4.2.4 B). The early flowering time phenotype, the different temperature
sensitivity in SD and LD, and the substantial increase of the number of leaves in
cold SD suggests that these putative genes conditionally integrate temperature
and photoperiod signals to repress flowering; plants in LD can sense
temperature through putative AWE24 and 41 but their function can be partially
overcome in cold SD.

4.2.2. Evaluation of the inheritance of the awake mutant
phenotypes
Several physiological studies, reviewed in chapter one, have described how the
maternal environment can influence primary and secondary dormancy.
Evidence suggests that the seed coat, of maternal origin, influences the
dormancy of the seeds, in addition to the zygotic embryo (Karssen et al., 1983;
Groot & Karssen, 1992; Debeaujon et al., 2000).

To determine if the dormancy phenotype of the awe mutants are dominant,
recessive or maternally inherited awe plants were crossed reciprocally with WT
and F1 seeds were matured at 16 °C and freshly harvested seeds were tested
for dormancy. When WT pollen was used to fertilise awe mutant ovules, awe1
and awe13 displayed reduction of dormancy as in homozygous mutants
whereas, among these two lines, only seeds from awe1 crossed to WT were
68

Chapter 4: Further characterisation of the putative awake mutant lines

dormant (Figure 4.2.5). These results suggest that awe1 could act as maternally
recessive mutation instead awe13 could be dominant or semi-dominant.
The dormancy phenotype of F1 seeds from reciprocal crosses between awe25
and WT and awe38 and WT was not influenced by maternal effect and they
appear to be recessive although one more generation will be required to confirm
this.

Figure 4.2.5 F1 germination of eight selected mutant crossed with WT. Seeds were
matured at 16°C and germination of freshly harvested seeds was scored after 7 days. Data
points denote the average of 3 biological replicates for each cross and 3-4 for biological
replicates for mutant lines. Error Bars: SE Significant differences by a Student's t-test: *,
P < 0.05.

When awe31 flowers were fertilised with WT pollen the seed progeny showed
around half the reduction of dormancy of awe31 homozygous, whereas high
level of dormancy was obtain crossing WT female with awe31 mutant pollen
(Figure 4.2.5); suggesting that the dormancy phenotype could be maternally
inherited. The dormancy phenotypes of F1 seeds from reciprocal crosses
between WT and the other awe mutant tested were consistent with being
recessive however the analysis of F2 dormancy phenotype is required to
examine the Mendelian nature of mutations.

4.2.3. ABA and PAC dose-response curve of awe seed
germination
Germination on different concentration of ABA and PAC could reveal different
phenotype of the awe lines therefore seeds were germinated on increasing
concentrations of ABA and PAC. As reported in the previous chapter, awe1,
awe4, and awe13 were more sensitive to ABA although the phenotype was
weaker. However, at increasing concentration of ABA only germination of awe1
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was clearly reduced suggesting that awe1 is hypersensitive to ABA. No clear
differences were shown between awe24, awe33 and WT in response to ABA,
although they were expected to be more sensitive to ABA (Figure 3.2.6). Also,
the altered sensitivity to ABA and PAC previously observed in awe25 and
awe33 seeds was not observed (Figure 4.2.6 B).
Only awe1 seeds were hypersensitive to PAC (Figure 4.2.6 B) suggesting that
this putative mutated genes could be required for correct positive GA signalling.
On the other hand, awe4 seeds showed reduced sensitivity in response to PAC.
All the other mutant lines showed no clear difference from WT (Figure 4.2.6 A,
B) suggesting that these lines did not show either altered GA requirement
during germination or ABA signalling or synthesis. Although the highly reduced
dormancy phenotype of awe1 these experiments show the counterintuitive
phenotype of awe1 in response to ABA and PAC during germination.

Figure 4.2.6 Seeds sensitivity to ABA and PAC. Seeds were sowed on plates with different
concentration of abscisic acid (A left and right) and paclobutrazol (B left and right). Seeds were
cold-stratified for 3 days and germination was scored after 7 days. Data points denote the
average sensitivity of 3-4 biological replicates for seed line. Error Bars: SE For better
representation the experimental results were divided in two graphs including the same controls.
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4.2.4. Germination response of awe lines to glucose and
under osmotic stress
In plants, sugars act as signalling molecules to regulate the expression of genes
involved in photosynthetic and metabolic process (Rook et al., 2006). During
early stage of plant development high content of glucose in the media prevents
seedlings to develop true leaves and development is arrested (Zhou et al.,
1998). ABA biosynthetic mutant seedlings can fully develop in the presence of
high glucose concentration. For example, aba2 is allelic to gin1, sis4 and isi4
and together with abi1 and aba3 is insensitive to high concentration of glucose
(Zhou et al., 1998; Arenas-Huertero et al., 2000; Huijser et al., 2000; Laby et al.,
2000). Also the mutant abi4 which is allelic to gin6, sis5, sun6 and isi3, is highly
expressed during seedling development under glucose and it is also required
for glucose response in seedlings (Dijkwel et al., 1997; Arenas-Huertero et al.,
2000; Rook et al., 2001). To examine the presence of ABA mutants among the
eleven mutant lines, seeds were germinated on MS with the addition of 6%
glucose and seedlings were grown in standard condition for 14 days. All the
mutants displayed a weak phenotype or a complete developmental arrest in
response to glucose (Figure 4.2.7 A). Awe2 and awe31 were less sensitive to
glucose than WT but seedling development was drastically impaired in
comparison to abi4-1 and aba3-2 (Figure 4.2.7 A) which are glucose insensitive.
This experiment suggests that the awe lines are glucose sensitive differently
from ABA mutants.
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Figure 4.2.7 Seedlings sensitivity to glucose. A, selected lines establishment on MS + 6%
glucose. Seedlings were scored after 15 days. Data points denote the average of 3-4 biological
replicates for mutant line. B, MS plate; C, glucose sensitive line; D, abi4-1. Error Bars: SE.
Significant differences by a Student's t-test: *, P < 0.05

The availability of water during seed germination affects the completion of
radicle protrusion through the seed coat and the establishment of the new
seedlings (Heydecker et al., 1973; Hegarty, 1978; Bradford, 1986). It is known
that ABA biosynthetic gene transcript level increases and ABA catabolism is
repressed when plants experience osmotic stress conditions such as water
stress (Iuchi et al., 2000; Qin & Zeevaart, 2002; Wang et al., 2015). ABA is
required to mediate osmotic stress response during seed germination and
mutants such as aba1-1 and aba3-2 seeds are less sensitive to low osmotic
potential. Also abi mutant seeds display reduction sensitivity to water stress
during germination (LeonKloosterziel et al., 1996; Verslues & Bray, 2006).
Therefore, germination of selected awe seed lines was tested under osmotic
stress. Seeds were stratified and germinated on different concentrations of
polyethylene glycol 8000 (PEG8000). After seven days under severe waterdeficit stress conditions, nine awe mutants show higher germination than WT
(Figure 4.2.8). On the contrary, awe41 and awe13 are more sensitive and they
germinate significantly less at -0.4 MPa. A reduction of germination near zero
was observed for all the lines at -0.8 MPa (Figure 4.2.8). Previous experiments
did not show any ABA mutant phenotype among the selected awe seeds.
Therefore this experiment suggests that the altered sensitivity of awe seeds to
osmotic stress might be independent of ABA biosynthesis and signalling.
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Figure 4.2.8 Germination of selected lines in response to PEG8000. Seeds were sowed on
plates with different osmotic potential of polyethylene glycol 8000. Germination was scored after
7 days. Data points denote the average of 3-4 biological replicates for seed batches. Error Bars:
SE Significant differences by a Student's t-test: *, P < 0.05 **, P < 0.01. ***, P < 0.001.

4.2.5. Germination response to Red and Far-Red light
To evaluate the effect of awe mutants on PHYB-dependent germination. Seeds
were stratified in the dark to eliminate any residual dormancy. Subsequently,
they were exposed to white fluorescent light for 2 hours to induce germination
and they received either five minute FR pulse or five minute FR followed by five
minute R pulse; seeds were incubated in the dark at 22°C. Strikingly, awe1,
awe2, awe4, and awe13 show strong germination after a FR pulse suggesting
they have a role in FR inhibition of germination (Figure 4.2.9). Awe38 and
awe41 mutant seeds germinated, with different degree but more than WT
following a FR pulse, suggesting they are also required, at least in part, to the
FR inhibition of germination. The negative response of awe33 to FR light was
highly variable and accounted for little difference with WT. Little or no
germination was observed for awe21, awe41 and awe24, awe25 and awe31
after a FR pulse (Figure 4.2.9).
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Figure 4.2.9 PHYB dependent germination of awake mutant lines. Germination was scored
after 7 days. Data points denote the average of 3-4 biological replicates of seed line. Significant
differences by a Student's t-test: *, P < 0.0, ***, P < 0.001.

4.2.6. Temperature regulation of seed dormancy in awe
mutants
Awe seed lines have been isolated for showing reduced level of dormancy in
response to 16°C during seed set. To investigate the active role of temperature
in the induction and release of dormancy in the awe lines, seeds were matured
at four different temperatures 14°C, 16°C, 19°C, and 22°C and germination
assays were carried out for each freshly harvested seed batch at different
temperatures. In WT seeds, increasing level of dormancy were expected to
appear with the decrease of maturation temperature. Cool temperature induced
dormancy at 14°C and 16°C, and, on the other hand, WT seeds germinated
promptly when matured at warmer temperature such as 19°C and 22°C
irrespective of germination temperature (Figure 4.2.10 A, B, C, D). After eight
days of incubation, germination of WT dormant seeds was stimulated up to 60%
when it occurred at cool temperatures such as 14°C and 16°C. However, highly
dormant seeds matured at 14°C did not germinate (Figure 4.2.10 A). These
results are consistent with Springthorpe et al. (2015) which shows seeds
matured above 14°C lose primary dormancy and germinate if incubated in light
at temperatures similar or cooler then maturation temperature.
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Figure 4.2.10 Germination of selected seed lines in response to temperature. Seeds were
matured at 14°C (A), 16°C (B), 19°C (C), and 22°C (D). Germination assays were carried out at
22°C, 19°C, 16°C, or 14°C. Germination at 19°C for seeds matured at 16°C was not performed.
Germination was scored after 7 days Data points denote the average of 3-4 biological replicates
for seed batches. Significant differences by a Student's t-test: *, P < 0.05. **, P < 0.01. ***,
P < 0.001.

The awe seed lines showed phenotypes only when maturation temperature was
set at 16°C and 14°C, with the exception of one mutant line that had low
germination when seeds were matured at 19°C. At 14°C, awe1, awe2, awe4,
awe13 and awe33 still had strong phenotypes indicating an important role in
dormancy regulation by cool temperature. The awe24, awe25 and awe41 seed
lines had no dormancy when tested in the previous generations and the
restoration of dormancy close to WT level was surprising. This suggests that
their previously observed dormancy phenotypes are not stable. Germination
assays of seeds matured at 16°C were carried out after two generations from
the other assays and one explanation of these phenotype could be the
epigenetic nature of the mutations (Figure 4.2.10 C, D). By virtue it cannot be
excluded that the dormant state of awe24 and awe25 seeds showed at 14°C
was the results of restoration to WT dormancy level which also took place at
this generation. These two lines were not considered further.
Together these results described five mutant lines such as awe1, awe2, awe4,
awe13 and awe33 unresponsive to different dormancy inducing temperature.
Mutations in these genes could be key to the regulation of seed dormancy at
different temperature. Cool temperature during germination was capable to
stimulate germination in dormant seeds and to enhance germination of awe
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lines, different responses were observed in awe mutants mature at different
temperatures.

4.2.7. Temperature induction of secondary dormancy in
awe mutants
To explore secondary dormancy phenotypes, seeds were matured at 14°C and
16°C to induce different level of primary dormancy and freshly harvested seeds
were stratified at 4°C, 16°C, or 22°C for different time (Figure 4.2.11, 4.2.12).
When seeds were matured at 14°C only awe1, awe2, awe4 and awe13, awe31,
awe33 showed no secondary dormancy after cold stratification at 4°C (Figure
4.2.11 A). Also, awe1, awe2, and awe33 did not entered into secondary
dormancy after stratification at 16°C (Figure 4.2.11 B) whereas only awe2 and
awe33 retained high level of germination after warm stratification (Figure 4.2.11
C).
Maturation temperature of the awe lines was increased to 16°C and all the awe
lines retained the non-dormant phenotype after stratification at 4°C except two
lines, awe24 and awe38 (Figure 4.2.12 A). Only awe1, awe2, awe4 and awe31
did not entered into secondary dormancy after stratification either at 16°C or
22°C (Figure 4.2.12 C). Instead, awe25 germination remained constant or
increased gradually when seed were stratified at either 16°C or 22°C (Figure
4.2.12 B).
Overall, these experiments show that seed maturation temperature affect
secondary dormancy as previously published in Springthorpe et al. (2015) and
only awe2 seeds lack secondary dormancy in response to cold, mild or warm
stratification.
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Figure 4.2.11 Germination of selected seed lines in response to different stratification
temperature. Seeds were mature at 14°C Freshly harvested seeds were sowed on water-agar
and incubated for 3, 7, 14, 21 days at different temperature 4°C (A), 16°C (B), or 22°C (C).
Germination was scored after 7 days. Data points denote the average of 3-4 biological
replicates for seed batches.
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Figure 4.2.12 Germination of selected seed lines in response to different stratification
temperature. Seeds were mature at 16°C Freshly harvested seeds were sowed on water-agar
and incubated for 3, 7, 14, 21 days at different temperature 4°C (A), 16°C (B), or 22°C (C).
Germination was scored after 7 days. Data points denote the average of 3-4 biological
replicates for seed batches.
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4.2.8. Characterisation of seed coat in awe lines
The seed coat protects the embryo form adverse environmental conditions and
is necessary for normal seed dormancy. Seed coat characteristics are
influenced by the maternal environment and recently it was shown that
temperature influences primary dormancy depth, at least in part, through the
regulation of flavonoid composition of the seed coat (MacGregor et al., 2015).
Seed coat of selected awe mutants were preliminary characterised.
To determine the colour of mutant seeds, pictures of freshly harvested seeds
were taken with a stereomicroscope. Awe1 seeds were slightly darker that WT,
whereas the other seed lines did not show any major differences (Figure
4.2.13).

Figure 4.2.13 Freshly harvested awe mutant seeds. Dry seeds matured at 22°C in long day
conditions.

To evaluate the permeability of the seed coat, seeds were incubated with a
solution of tetrazolium (TZ). This chemical enters the seeds together with water
and, is metabolised by reductases in the living cell. The by-products of this
reaction are red formazans which are clearly visible in the embryo and
endosperm (Debeaujon et al., 2000). This method allows to indirectly measure
seed coat permeability. After warm dark incubation with TZ, awe1 seeds
became very red suggesting a higher permeability of the seed coat to TZ than
wild type. Awe21 were slightly more orange than WT but the other mutant seed
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did not show any appreciable qualitative difference from WT (Figure 4.2.14).
This experiment shows that the awe1 mutant has an alteration in seed coat
permeability.

Figure 4.2.14 TZ staining of awake mutant lines. Images of mature seeds after 48h
incubation in a 0.1% (w/v) TZ solution. Scale bar: 2mm

In the seeds suberin is deposited by the mother plant to seal the hilum region
which is the scar left by the funiculus on the seed, and is important for seed
coat permeability (Beisson et al., 2007). To qualitatively test for suberin deposits
in the seeds the autofluorescence of the seed coat was evaluated. The eleven
mutant dry seeds were excited at 365nm and pictures were taken. The
autofluorescence of the seed coat was clearly visible in the hilum region of the
WT and all the mutant lines but awe1. These seeds displayed decreased
autofluorescence in this region suggesting a decrease of suberin disposition in
the mutant seeds (Figure 4.2.15).
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Figure 4.2.15 Autofluorescence of awake mutant seed lines. Images of dry seeds
autofluorescence excited at 365nm. Scale bar: 10µm

Figure 4.2.16 Mucilage staining of selected lines. Images of extruded mucilage from dry
seeds after 2h incubation in a 0.01% (w/v) Ruthenium Red solution. Scale bar: 10µm

Arabidopsis is a myxospermous plant, it has specialised epidermal cells which
produce large quantities of polysaccharides which form mucilage in seeds and
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root tips (Vaughan & Whitehouse, 1971). Upon imbibition, there is an immediate
extrusion of pectinacious compounds from the epidermal cells of the seeds and
a mucilage capsule is formed (Frey-Wyssling, 1976). Several mutants such as
aba1, ap2, ttg1,myb61 and mum1 have be described to have defects in seed
mucilage (Koornneef, 1981; Karssen et al., 1983; Leonkloosterziel et al., 1994;
Penfield et al., 2001; Western et al., 2001).
To evaluate mucilage defects, mutant seeds were stained with Ruthenium red
to detect mucilage around mutant seeds. This dye binds to polysaccharides with
acidic groups and mucilage extruded upon imbibition appears red (FreyWyssling, 1976). All the mutants tested did not show any evident phenotype,
suggesting that they were not involved in the extrusion or deposition of
mucilage in seeds (Figure 4.2.16).

4.3. Discussion and conclusion
In this chapter, eleven awe mutant lines have been preliminary characterised.
The results of the phenotypic comparison among mutant plants and WT show
morphological differences of six mutants. However, none of the morphological
defects of mutant plants can be clearly associated to a known mutant and the
mutations in these lines could have a pleiotropic effect on different plant
developmental stages in response to environment. In addition, mutations
causing this phenotype might not be associated to the dormancy causing locus.

The flowering time of most of the awe mutants was altered and results showed
that reduction of seed dormancy may correlate with early flowering in LD. In
cold SD many lines flowered later than WT however it was recently shown that
seed dormancy in Arabidopsis is not affected by photoperiod (Chen et al.,
2014). Therefore, it is unlikely that SD coupled with cool ambient temperature
could increase dormancy in awe mutants and also that reduction of dormancy is
correlated with late flowering phenotype. Instead, the emerging pattern
highlights that early flowering phenotype correlates with a reduction of seed
dormancy and vice-versa. For example, the late flowering phenotype of
gigantea (gi) correlates with increased seed dormancy phenotype and also ft
and co mutant shows similar association (Chen et al., 2014). FT has been
82

Chapter 4: Further characterisation of the putative awake mutant lines

shown to promote flowering and to control seed dormancy in response to
maternal temperature. However, these functions are uncoupled and seed
dormancy is not influenced by flowering time itself (Chen et al., 2014).
Therefore flowering time pathway lesions are unlikely candidate for awe loci.

The altered dormancy phenotype in response to cool temperature of five awe
lines is shown to be cause by recessive mutation which is shown by reciprocal
crosses. On the other hand, awe1, awe13, and awe31 display the reduced
dormancy phenotype with a maternal pattern of inheritance. The analysis of F2
will be required to confirm the patterns of inheritance. In Arabidopsis, with the
exception of TT genes and DAG1, the regulation of seed dormancy has been
associated for many years to the genetic makeup of the embryonic tissue of the
seed (Koornneef, 1990; Debeaujon et al., 2000; Gualberti et al., 2002; Bentsink
et al., 2006; Donohue et al., 2008; Chiang et al., 2011; Bewley, 2013). Recent
studies have investigated at molecular level the induction of dormancy by cool
temperature during seed maturation and they suggest that primary dormancy
could also be influence by the mother plant, hence the seed coat (Kendall et al.,
2011; Chen et al., 2014; MacGregor et al., 2015). In addition, increasing
evidence suggests tightly regulated mechanisms behind seed dormancy and
germination which involves all seed compartments (Lee et al., 2010; Bewley,
2013; Graeber et al., 2014; Scheler et al., 2015). For example, the triploid
endosperm is crucial for the regulation of dormancy and germination in
Arabidopsis (Bethke et al., 2007; Lee et al., 2010). Recently, FT has been
demonstrated to mediate temperature signals sent from the mother plant to
regulate seed dormancy of the progeny and the increased dormancy phenotype
displayed by ft-1 mutant seeds is maternally inherited (Chen et al., 2014). The
mechanism behind the regulation of seed dormancy by the mother plants is
emerging and some of the phenotype of the selected lines might support it.

Germination of ABA mutants are resistant to glucose and/or PAC and osmotic
stress, whereas GA response mutant seeds such as rgl2 are insensitive to PAC
(Koornneef et al., 1984; LeonKloosterziel et al., 1996; Tyler et al., 2004;
Nambara & Marion-Poll, 2005). The combination of the results reported did not
show apparently any mutant with a clear and strong phenotype associated to
the misregulation of GA or ABA action. Generally, the response to ABA and
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PAC of most of the selected lines did not highlight striking differences from WT.
All the mutant seed lines germinated under osmotic stress conditions except for
awe13 and 41. Also, these lines were less sensitive to PAC but awe13 was also
slightly more sensitive to ABA than WT. Interestingly, the germination of awe1
seeds was clearly reduced by both chemicals and they were also insensitive to
osmotic stress. If this mutant line was altered in ABA biosynthesis or signalling,
seeds would be also expected to show a germination phenotype to ABA, PAC
or glucose, however this was not the case for awe1 and this mutant line might
be a good candidate for controlling seed dormancy.

Six lines were insensitive or less sensitive to the inhibitory effect of FR light on
seed germination. The selected lines with altered response to FR during
germination are likely to participate to the repression of seed germination. It
would be interesting to evaluate the PHYA dependent germination of these
lines, the expression level of GA and ABA biosynthetic genes in mutant seeds
under different R and FR conditions, and to construct a double mutant with a
PIL5 over expression line. This could eventually determine the specific role of
PHYB dependent germination, if the repression of germination is PIL5
dependent, and the functional role of gene products in the regulation of GA and
ABA during germination. Light quality during imbibition regulate ABA metabolic
genes such as NCED6 NCED9 and CYP707A2 in seeds and nced6, aao3, and
aba2 mutant seeds are less sensitive to the inhibitory effect of FR light (Seo et
al., 2006). The awe lines were less sensitive to FR but they had no clear ABA
mutant like response to PAC, ABA, or glucose. Moreover, ABA alone is not
sufficient to repress germination under FR light (Seo et al., 2006). The awe1
and 13 seeds do not perceive the inhibitory effect of FR light and, apparently,
the dormancy phenotype is maternally inherited. It would be of interesting to test
if the maternally inherited mutations are necessary to mediate light signal to the
embryo during germination. To test this germination of reciprocal crosses under
FR will be required.

The results showed a link between primary and secondary dormancy which was
recently shown (Auge et al., 2015; Springthorpe & Penfield, 2015). Warm
stratification and long period of cold stratification could induce secondary
dormancy in WT as previously reported (Finch-Savage et al., 2007; Penfield &
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Springthorpe, 2012; Bewley, 2013). However, WT seeds matured at 14°C
showed high level of dormancy and secondary dormancy could not be induced
in the experiments described. It is also possible that longer stratification time
could induce secondary dormancy also in seeds matured at 14°C. Secondary
dormancy of many non-dormant awe lines was compromised and they either
could not enter into secondary seed dormancy or they showed reduced
dormancy. This is also somehow expected given the biological role of seed
dormancy and the seasonal dormancy cycle in the seed bank. However the
direct role of these mutant lines in the induction of secondary dormancy was not
shown. After cold stratification some awe seed lines entered into secondary
dormancy quicker than WT when matured at 14°C suggesting altered
secondary dormancy induction in response to maturation temperature
(Springthorpe & Penfield, 2015). The selected mutant lines could alter different
mechanisms in the regulation of seed dormancy and germination.

Preliminary characterisation of the mutant seeds also revealed some
differences in seed coat permeability and autofluorescence. Awe1 seeds were
highly permeable to TZ and also lack autofluorescence at the hilum region
suggesting lack of suberin deposition (Figure 4.2.15 and 4.2.16). The testa of
the seed develops from the outer ovule integument whereas the tegmen from
the inner integuments, they differentiate in two and five cell layers, respectively.
Associated to these layers there are flavonoid compounds and suberin which
are the main substances to influence the uptake of water of the embryo
(Bradford, 2007). Suberin is a waxy substance composed by fatty acids
derivates, phenolics and glycerol whose compositions vary in different
localisations in the plant (Nawrath, 2002). The biosynthetic pathway of suberin
and its transport are still not fully understood. GPAT5, FARs are involved in
suberin biosynthesis and mutants of these genes have altered seed coat
permeability (Beisson et al., 2007; Vishwanath et al., 2013). Interestingly,
freshly harvested gpat5 seeds appeared to be more dormant in contrast to the
dormancy phenotype of awe1 seeds (Beisson et al., 2007). On the other hand,
awe1 and gpat5 have in common the highly permeable seed coat and lack of
autofluorescence. Previously, the presence of suberin at the hilum of the seeds
has been visualised using autofluorescence under UV light (Vermerris &
Nicholson, 2006; Beisson et al., 2007), however it is likely that only the aromatic
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ring of the phenolic compounds are responsible for seed coat autofluorescence,
therefore the lack of a bright area is necessary to determine suberin deficiency
but the altered content of suberin fractions cannot be ruled out, and awe1 could
be only partially affected partially in suberin.

To conclude, the eleven selected mutant lines were preliminary characterised to
determine candidate mutant seed lines to further investigate. Different
behaviours were observed in response to temperature during maturation and
germination. A subset of mutants showed a stronger dormancy phenotype in
response to cool temperature during maturation. Although the presence of dog1
alleles was not excluded among the selected lines, germination of dog1-2 seeds
set at low temperature is less vigorous than most of selected lines (Kendall et
al., 2011). The awe1 seeds showed high sensitivity to germinator inhibitor such
as ABA and PAC and they were insensitive to FR light. Also, seeds did not
respond to any temperature signal during germination, dormancy could not be
induced, and awe1 plants flowered earlier than WT in LD mutants. This mutant
was selected as a good dormancy candidate line and the nature of these
mutations will be investigated.
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5. Characterisation of awe1 and gpat5 reveals a role for suberin
in seed dormancy regulation by temperature
5.1. Introduction
The experiments in the previous chapter identified the awe1 mutant as a
potential good candidate mutant line for further characterisation. This seed line
was highly non-dormant when seeds were matured at low temperature, and
they did not show a clear transparent testa phenotype. In addition, during
germination the responses to different chemicals are not consistent with ABA
biosynthetic or ABA and GA signalling mutant class. Awe1 seeds lack
autofluorescence at the hilum region when illuminated with UV light as the
previously described suberin mutant gpat5 (Beisson et al., 2007) (Figure 5.1.1)
suggesting lack of suberin in seeds. In light of the awe1 seeds phenotype, this
chapter reports the characterisation of awe1 and gpat5 seeds. It analyses the
effect of temperature on dormancy and germination of mutant seeds and on
suberin biosynthesis. Finally, a transcriptomic approach aims to identify shared
upregulated or downregulated genes among non-dormant mutant seeds whose
phenotype follow a maternal pattern of inheritance.

Figure 5.1.1 Autofluorescence of gpat5-1 and awe1. Images of dry seed autofluorescence
excited at 365nm. Scale bar: 10µm
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5.2. Results
5.2.1. Characterisation of seed dormancy and
germination of gpat5 and awe1 seeds
Gpat5 seeds are defective in suberin deposition and reported to release
dormancy slower than WT (Beisson et al., 2007). Given the phenotypic
similarity in autofluorescence, the effect of temperature on gpat5 and awe1
seed dormancy was examined in parallel. Two alleles of gpat5 mutant and
awe1 seeds were grown at 22°C, shifted to 16°C or kept at 22°C during seed
set, and freshly harvested seeds were cold stratified for different time.

Reduced dormancy was observed in gpat5 and awe1 seeds matured at 16°C
(Figure 5.2.1 A and B). Gpat5 seeds entered into secondary dormancy after
cold or warm stratification but awe1 seeds did not (Figure 5.2.1 A, C). All seeds
matured at 22°C germinated to almost one hundred percent (Figure 5.2.2 A).
These results suggest that GPAT5 and AWE1 are required for temperatureinduced dormancy during seed set and that suberin deposition in seeds might
be important for dormancy establishment.

Figure 5.2.1 Germination of gpat5 and awe1 seeds matured at 16°C in response to
different temperature and length of stratification. Freshly harvested dry seeds were
incubated on plates for 3, 7, 14, 21 days at different temperature 4°C (A), 16°C (B), or 22°C (C).
Germination was scored after 7 days. Data points denote the average of 3-4 biological
replicates for seed batches. Significant differences by a Student's t-test: *, P < 0.05. Error Bars:
SE.
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Cool temperatures during germination in light can stimulate seed germination in
dormant seeds (Penfield & Springthorpe, 2012) and awe1 seeds were showed
in the previous chapter to highly germinate independently of germination
temperature (Figure 4.2.10). To test the role of GPAT5 in this process, freshly
harvested seeds matured at 16°C were germinated at 12°C and 16°C. Cool
temperature had a greater effect on germination of gpat5 mutant seeds than
WT (Figure 5.2.2 B) suggesting that suberin in the seed coat restrains
germination at cool temperature.
The seed coat tissue is maternally inherited and suberin is deposited in the
outer integuments of the seed coat (Molina et al., 2006; Bradford, 2007). In the
previous chapter, the dormancy phenotype of awe1 was shown to be maternally
inherited in the F1 generation. In addition, gpat5-1 is expressed in the seed coat
endosperm fraction and the high permeable phenotype to TZ is maternally
inherited (Beisson et al., 2007). To test whether the dormancy phenotype of
gpat5 was maternally inherited, gpat5-1 and WT were reciprocally crossed and
F1 and F2 seeds were matured at 16°C. When gpat5-1 or awe1 plants were
fertilised with WT pollen, the F1 seeds showed reduced dormancy whereas F2
seeds were dormant (Figure 5.2.2 C). On the other hand, a cross made using
WT as mother plant produce dormant seeds up to F2 (Figure 5.2.2 C). This
suggests that the dormancy phenotype of awe1 and gpat5 is maternally
inherited.
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Figure 5.2.2 Germination phenotype of gpat5 and awe1 seeds and maternal inheritance of
germination. A, freshly harvested dry seeds matured at 22°C. B, freshly harvested dry seeds
matured at 16°C and germinated at 12°C, 16°C, or 22°C. C, Maternal inheritance of gpat5 and
awe1 phenotype. Germination was scored after 7 days. Data points denote the average of 3-4
biological replicates. Significant differences by a Student's t-test: *, P < 0.05. Error Bars: SE

5.2.2. TZ permeability and lignin staining of gpat5 and
awe1 seed coat
The dormancy phenotype of awe1 and gpat5-1 mutant seeds is maternally
inherited therefore the seed coat tissue is functionally altered. In addition the
seed coats have increased TZ permeability (Beisson et al., 2007) (preliminary
showed in Figure 4.2.14). To quantify the seed coat permeability of these lines
seeds were incubated in parallel with TZ and formazans were extracted with
ethanol. This method has been previously used to quantify seed coat
permeability and similarly to quantify viability and damage in different plant
tissue (Steponkus & Lanphear, 1967; Chandler et al., 1997; Molina et al., 2008;
Vishwanath et al., 2013). tt2 mutant seeds were used as positive control for
high level of permeability to TZ in comparison to all the other genotypes. After
incubation, gpat5 and awe1 showed different level of permeability although they
were both more permeable than WT (Figure 5.2.3). These results suggest that
PA, suberin, and awe1 affect seed coat permeability to a different extent. It
would be interesting to evaluate if these mutations are additive.
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Figure 5.2.3 gpat5 and awe1 seed coat permeability to TZ. A. Images of mature dry seeds
and dissected embryos after 24h incubation in a 0.1% (w/v) TZ solution. B. Absorbance of
triphenyltetrazolium formazans extracted from seeds. Data points denote the average of 4
biological replicates. Significant differences by a Student's t-test: *, P < 0.05. Error Bars: SE.
Scale bar: 2mm

The autofluorescence of suberin in different plant tissue is due to the phenolic
fraction (Biggs & Miles, 1988; Veit et al., 1995; Hutzler et al., 1998). The
aromatic rings of lignin components can also emit light when they are excited
under UV (Albinsson et al., 1999) (Olmstead & Gray, 1997). To evaluate if lignin
determines the autofluorescence of the hilum region, seeds were stained with
acidic phloroglucinol (Wiesner test) which specifically react with the
cinnamylaldehydes end-group of lignin (Nakano & Meshitsuka, 1992; Jouanin et
al., 2000; Pomar et al., 2002; Wang et al., 2010). The hilum region of WT, gpat5
and awe1 seeds stained with red colour suggesting that the autofluorescence of
the seeds is not due to the aromatic ring of cinnamylaldehydes in lignin (Figure
5.2.4). The results also localise the presence of lignin in Arabidopsis seeds
where the funiculus connects the seeds to the mother plant. Some qualitative
differences in staining can be observed between genotypes (Figure 5.2.4) but it
was not further explored.
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Figure 5.2.4 Phloroglucinol-HCl staining of mature seeds. Images of Col-0 (A), gpat5-1 (B)
and awe1 (C) mature dry seeds after 2h incubation in a 1% (w/v) phloroglucinol solution. Scale
bar: 10µm

5.2.3. Suberin staining of seed coat and roots of gpat5
and awe1 seedlings
Gpat5 lack suberin at the hilum of the seeds and in the roots and it has been
demonstrated by different methods (Beisson et al., 2007) and in addition to
fluorescence under UV, suberin deposition in seeds and roots can also be
detected with histochemical staining (Beisson et al., 2007). To verify the
absence suberin in awe1 seeds were incubated with Sudan Red 7B which is a
lipophilic non-specific dye used to verify the presence of suberin in plants
(Brundrett et al., 1991; Robb et al., 1991; Beisson et al., 2007). Staining of the
hilum of the seeds was hardly detectable in awe1 and gpat5 seeds (Figure 5.2.5
A, B, C). Similarly, mutant roots of the awe1 seedlings did not stain as strongly
as WT (Figure 5.2.5 D, E, F. The lack of staining suggests that awe1 mutant is
affected in suberin deposition in seeds and also in roots.

Figure 5.2.5 Suberin staining of gpat5 and awe1in seeds and root. Staining of seed coats
and primary root of seedlings after incubation in 0.1% Sudan red 7B. (A, D) Col-0, (B, E) gpat51, (C, F) awe1. Scale bar: 100µm
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5.2.4. Germination and seedlings sensitivity of gpat5
and awe1 to ABA, PAC and salts
Gpat5 seed response to germination inhibitors has not been investigated and
given the increased seed coat permeability to TZ of gpat5 seeds; the mutant
seed coat could also be more permeable to substances such as ABA and PAC.
Gpat5 seed response to ABA and PAC was test in parallel to awe1. At
germination, all genotypes tested were similarly more sensitive to ABA and PAC
than WT and positive controls (Figure 5.2.6). These responses may reflect the
increase seed coat permeability to solutes during imbibition of awe1 and gpat5
seeds. However, a role for these two mutations in seed germination regulated
by ABA and GA was not ruled out.

Figure 5.2.6 Response of gpat5 and awe1 seeds to germination inhibitors. Seeds were
sowed on plates with different concentration of abscisic acid (left) and paclobutrazol (right).
Germination was scored after 7 days. Data points denote the average of 3-4 biological
replicates. Significant differences by a Student's t-test: *, P < 0.05. **, P < 0.01. ***, P < 0.001.
Error Bars: SE

Gpat5 seeds and seedlings has been previously shown to be more sensitive to
salts (Beisson et al., 2007). Similarly, germination sensitivity of awe1 and gpat5
to NaCl, KCl, and K2SO4 was tested in parallel. Both mutant seeds were highly
sensitive to salts, however gpat5 was less sensitive to KCl than awe1 seeds
(Figure 5.2.7 B). Also, the response to osmotic stress induced by K2SO4 on
awe1 seeds was milder than NaCl and KCl although significantly different from
WT (Figure 5.2.7). These results suggest that seed coat of awe1 seeds and
gpat5 seeds have altered ion uptake. Also, gpat5 and awe1 seeds might be
affected by Na+ and Cl- ions respectively.
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Figure 5.2.7 Germination of gpat5 and awe1 seeds with different salt concentration.
Seeds were sowed on plates with different concentration of sodium chloride, NaCl (A),
potassium chloride KCl (B) and potassium sulphate K2SO4(C). Germination was scored after 7
days. Data points denote the average of 3-4 biological replicates. Significant differences by a
Student's t-test: *, P < 0.05, ***, P < 0.001. Error Bars: SE

Altered ion uptake could also occur in mutant seedlings therefore the seedling
establishment response to different salt osmotic stress was also examined in
mutant seedlings. Seeds were germinated on MS plates containing different salt
concentration and fully green developed seedlings were scored. Within the
germinated awe1 seeds, mutant seedlings did not suffer much stress under
NaCl, KCl or K2S04 whereas a high number of gpat5 seedling development was
arrested (Figure 5.2.8), as previously shown (Beisson et al., 2007). These
results suggest that awe1 seedling development is impaired under salt osmotic
stress response. However, scoring seedlings after germination on salty media
cannot infer the altered ion uptake of roots of mutant seedlings. This would be
addressed by growing mutant seedlings first on MS plates and then shifted to
stress conditions to test their response.
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Figure 5.2.8 gpat5 and awe1 seedlings under salt stress. Seeds were sowed on plates with
different concentration of sodium chloride NaCl (A), potassium chloride KCl (B) and potassium
sulphate K2SO4(C). Seedlings were scored after 12 days. Data points denote the average of 3-4
biological replicates. Significant differences by a Student's t-test: *, P < 0.05, **, P < 0.01. Error
Bars: SE

5.2.5. Flavonoid quantification in awe1 and gpat5 seeds.
The colour of awe1 and gpat5 seeds are darker than WT when matured at 22°C
(Figure 5.2.9 A) and gpat5 has been shown to have normal PA content
(Beisson et al., 2007). In addition, seeds matured at low temperature are more
dormant, less permeable and have altered PA content (MacGregor et al., 2015).
To understand if the awe1 mutation affects PA content, and if the low dormancy
phenotype at 16°C is the consequence of altered PA content, seeds were
matured at different temperatures and the soluble and insoluble PA were
analysed by colorimetric assay and by LC-MS. A cool maturation temperature
increases the soluble PA content in all the genotypes. On the other side, the
insoluble PA did not show much difference (Figure 5.2.9 B). These results
suggest that altered pigmentation in awe1 seeds matured at 22°C is not due to
increased PA content. To identify specific differences in the soluble fraction,
samples were analysed by LC-MS. Strong reduction of PA content in seeds
correlates with reduction of temperature induced dormancy in different
accessions (MacGregor et al., 2015). The presence of PA in seeds, and their
increased content in seeds matured at 16°C (Figure 5.2.9 C), suggests that
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awe1 dormancy phenotype is not caused by altered by PA. These experiments
suggest that low dormancy phenotype of awe1 and gpat5 mutant is not clearly
related to altered PA content.

Figure 5.2.9 Flavonoid quantification in gpat5 and awe1 seeds matured at 22°C and 16°C.
A, Picture of freshly harvested seeds matured at 22°C and 16°C. B, quantification of soluble and
insoluble PA using acid-butanol assay. C, Flavonoids measured using LC-MS/MS analysis.
Data points denote the average of 4 biological replicates. Significant differences by a
Student's t-test: *, P < 0.05, **, P < 0.01, Error Bars: SE

5.2.6. ABA content and DOG1, CYP707a2 and GA3OX1
expression level in gpat5 and awe1 dry seeds
During seed maturation at cool temperature changes in ABA and GA
metabolism lead to increased seed dormancy and dormant seeds contained
high level of ABA (Karssen et al., 1983; Kendall et al., 2011). Also DOG1, a
dormancy gene, is temperature regulated and participate in the regulation of
dormancy in different species (Ashikawa et al., 2010; Kendall et al., 2011;
Graeber et al., 2014). To exclude that dormancy phenotype of awe1 and gpat5
seeds is caused by a reduction of endogenous ABA during maturation, seeds
were matured at 16°C and ABA content was analysed. Gpat5-1 and awe1
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seeds did not show any significantly different ABA content (Figure 5.2.10)
suggesting that awe1 and gpat5 mutations do not affect ABA biosynthesis and
the dormancy phenotype cannot be attributed to a reduction of ABA.

Figure 5.2.10 ABA content of gpat5 and awe1 dry seeds matured at 16°C. Data points
denote the average of 3-4 biological replicates. Error Bars: SE

The CYP707a2 gene is involved in ABA catabolism and its expression is
temperature-regulated (Kushiro et al., 2004; Okamoto et al., 2006; Kendall et
al., 2011). When gpat5 and awe1 seeds are matured at 16°C, transcript level of
this catabolic gene is not significantly different from WT (Figure 5.2.11)
suggesting that the expression ABA catabolic gene is not altered in awe1
mutant. Also, the dormancy phenotype of awe1 and gpat5 could be due by
altered GA biosynthesis. The transcript level of GA3OX1 in both genotypes is
not different from WT (Figure 5.2.11) suggesting normal GA biosynthesis in
mutant seeds. In addition, DOG1 expression in seeds matured at 16°C is not
altered (Figure 5.2.11) excluding the down regulation of this dormancy gene as
the cause of the dormancy phenotype in gpat5 and awe1.
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Figure 5.2.11 Expression level of genes involved in seed dormancy in awe1 and gpat5
seeds. Freshly harvest seeds matured 16°C. Data points denote the average expression of 3
biological replicates normalised to the control gene At5g46630. Error Bars: SE

5.2.7. Awe1 is not a novel allele of the GPAT5 locus
Two T-DNA insertion mutants have been described for GPAT5 (Beisson et al.,
2007). The similar phenotypes of awe1 and gpat5 could suggest that the
selected mutant line represents an allele of gpat5. To check for mutations in the
GPAT5 coding sequence (CDS) in awe1, cDNA was synthesised from WT and
awe1 plants and the GPAT5 CDS was sequenced and compared. EMS induces
C to T changes along the genome, resulting in a C/G to A/T pair substitution,
but CDS sequences of GPAT5 did not display any clear change although the
last hundred and thirty nucleotides of the sequence were not clearly resolved
(Figure 5.2.12). Non-coding regions of the GPAT5 locus were not checked in
this experiment.
Subsequently, to establish if awe1 was allelic to gpat5 a complementation test
was carried out on the basis of the seed coat permeability phenotype of the two
mutants. Gpat5 pollen was used to fertilise awe1 plants to generate eleven
independent crosses. F1 seeds showed high permeability to TZ as expected for
the maternal nature of awe1 mutation (Table 5.2.1). Then, F1 plants were
allowed to self-fertilise and F2 seeds showed WT phenotype suggesting no
complementation between the two mutations. Also, the permeability phenotype
of the F3 seeds segregated 9:7 (9:3:3:1) (Table 5.2.1), showing that the two
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mutations segregate as independent loci. These results suggest that awe1 and
gpat5 represent mutations of two different genes.

TAIR
WT
awe1

1 ATGGTTATGGAGCAAGCTGGAACGACATCGTATTCGGTCGTGTCAGAGTTTGAAGGAACA
1 ATGGTTATGGAGCAAGCTGGAACGACATCGTATTCGGTCGTGTCAGAGTTTGAAGGAACA
1 ATGGTTATGGAGCAAGCTGGAACGACATCGTATTCGGTCGTGTCAGAGTTTGAAGGAACA

TAIR
WT
awe1

61 ATACTGAAGAACGCAGATTCATTCTCTTACTTCATGCTCGTAGCCTTCGAAGCAGCTGGT
61 ATACTGAAGAACGCAGATTCATTCTCTTACTTCATGCTCGTAGCCTTCGAAGCAGCTGGT
61 ATACTGAAGAACGCAGATTCATTCTCTTACTTCATGCTCGTAGCCTTCGAAGCAGCTGGT

TAIR
WT
awe1

121 CTAATTCGTTTCGCTATCTTGTTGTTTCTATGGCCCGTAATCACACTCCTTGACGTTTTC
121 CTAATTCGTTTCGCTATCTTGTTGTTTCTATGGCCCGTAATCACACTCCTTGACGTTTTC
121 CTAATTCGTTTCGCTATCTTGTTGTTTCTATGGCCCGTAATCACACTCCTTGACGTTTTC

TAIR
WT
awe1

181 AGCTACAAAAACGCAGCTCTCAAGCTCAAGATTTTTGTAGCCACTGTTGGTCTACGTGAA
181 AGCTACAAAAACGCAGCTCTCAAGCTCAAGATTTTTGTAGCCACTGTTGGTCTACGTGAA
181 AGCTACAAAAACGCAGCTCTCAAGCTCAAGATTTTTGTAGCCACTGTTGGTCTACGTGAA

TAIR
WT
awe1

241 CCGGAGATCGAATCAGTGGCTAGAGCCGTTCTGCCAAAATTCTACATGGACGACGTAAGC
241 CCGGAGATCGAATCAGTGGCTAGAGCCGTTCTGCCAAAATTCTACATGGACGACGTAAGC
241 CCGGAGATCGAATCAGTGGCTAGAGCCGTTCTGCCAAAATTCTACATGGACGACGTAAGC

TAIR
WT
awe1

301 ATGGACACGTGGAGGGTTTTCAGCTCGTGTAAGAAGAGGGTCGTGGTCACGAGAATGCCT
301 ATGGACACGTGGAGGGTTTTCAGCTCGTGTAAGAAGAGGGTCGTGGTCACGAGAATGCCT
301 ATGGACACGTGGAGGGTTTTCAGCTCGTGTAAGAAGAGGGTCGTGGTCACGAGAATGCCT

TAIR
WT
awe1

361 CGAGTTATGGTGGAGAGGTTTGCTAAGGAGCATCTTAGAGCAGATGAGGTCATCGGTACG
361 CGAGTTATGGTGGAGAGGTTTGCTAAGGAGCATCTTAGAGCAGATGAGGTCATCGGTACG
361 CGAGTTATGGTGGAGAGGTTTGCTAAGGAGCATCTTAGAGCAGATGAGGTCATCGGTACG

TAIR
WT
awe1

421 GAACTGATTGTAAACCGGTTCGGTTTTGTCACCGGTTTGATTCGCGAAACGGATGTTGAT
421 GAACTGATTGTAAACCGGTTCGGTTTTGTCACCGGTTTGATTCGCGAAACGGATGTTGAT
421 GAACTGATTGTAAACCGGTTCGGTTTTGTCACCGGTTTGATTCGCGAAACGGATGTTGAT

TAIR
WT
awe1

481 CAGTCTGCTTTGAACCGTGTCGCTAATTTGTTTGTTGGTCGGAGGCCTCAACTAGGTCTT
481 CAGTCTGCTTTGAACCGTGTCGCTAATTTGTTTGTTGGTCGGAGGCCTCAACTAGGTCTT
481 CAGTCTGCTTTGAACCGTGTCGCTAATTTGTTTGTTGGTCGGAGGCCTCAACTAGGTCTT

TAIR
WT
awe1

541 GGAAAACCGGCTTTGACCGCCTCTACAAATTTCTTATCGTTATGTGAGGAGCATATTCAT
541 GGAAAACCGGCTTTGACCGCCTCTACAAATTTCTTATCGTTATGTGAGGAGCATATTCAT
541 GGAAAACCGGCTTTGACCGCCTCTACAAATTTCTTATCGTTATGTGAGGAGCATATTCAT

TAIR
WT
awe1

601 GCACCAATCCCGGAGAACTACAACCACGGTGACCAACAACTTCAGCTACGTCCACTTCCG
601 GCACCAATCCCGGAGAACTACAACCACGGTGACCAACAACTTCAGCTACGTCCACTTCCG
601 GCACCAATCCCGGAGAACTACAACCACGGTGACCAACAACTTCAGCTACGTCCACTTCCG

TAIR
WT
awe1

661 GTGATATTTCACGACGGAAGACTAGTGAAGCGGCCAACGCCGGCCACCGCTCTCATCATC
661 GTGATATTTCACGACGGAAGACTAGTGAAGCGGCCAACGCCGGCCACCGCTCTCATCATC
661 GTGATATTTCACGACGGAAGACTAGTGAAGCGGCCAACGCCGGCCACCGCTCTCATCATC

TAIR
WT
awe1

721 CTCCTTTGGATCCCATTTGGAATCATTCTCGCCGTGATCCGGATCTTTCTTGGAGCCGTC
721 CTCCTTTGGATCCCATTTGGAATCATTCTCGCCGTGATCCGGATCTTTCTTGGAGCCGTC
721 CTCCTTTGGATCCCATTTGGAATCATTCTCGCCGTGATCCGGATCTTTCTTGGAGCCGTC
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TAIR
WT
awe1

781 CTCCCATTGTGGGCCACACCTTACGTCTCTCAGATATTCGGTGGCCATATCATCGTCAAA
781 CTCCCATTGTGGGCCACACCTTACGTCTCTCAGATATTCGGTGGCCATATCATCGTCAAA
781 CTCCCATTGTGGGCCACACCTTACGTCTCTCAGATATTCGGTGGCCATATCATCGTCAAA

TAIR
WT
awe1

841 GGAAAGCCTCCTCAGCCACCGGCGGCTGGAAAATCCGGCGTGCTCTTTGTGTGTACTCAC
841 GGAAAGCCTCCTCAGCCACCGGCGGCTGGAAAATCCGGCGTGCTCTTTGTGTGTACTCAC
841 GGAAAGCCTCCTCAGCCACCGGCGGCTGGAAAATCCGGCGTGCTCTTTGTGTGTACTCAC

TAIR
WT
awe1

901 AGAACCCTAATGGACCCTGTGGTATTATCTTATGTCCTCGGACGTAGCATCCCAGCCGTT
901 AGAACCCTAATGGACCCTGTGGTATTATCTTATGTCCTCGGACGTAGCATCCCAGCCGTT
901 AGAACCCTAATGGACCCTGTGGTATTATCTTATGTCCTCGGACGTAGCATCCCAGCCGTT

TAIR
WT
awe1

961 ACTTACTCAATCTCGCGCTTATCAGAGATCTTATCTCCCATTCCAACCGTCCGATTGACA
961 ACTTACTCAATCTCGCGCTTATCAGAGATCTTATCTCCCATTCCAACCGTCCGATTGACA
961 ACTTACTCAATCTCGCGCTTATCAGAGATCTTATCTCCCATTCCAACCGTCCGATTGACA

TAIR
WT
awe1

1021 AGAATCCGAGATGTGGATGCGGCTAAGATCAAACAACAACTGTCAAAAGGAGATCTAGTG
1021 AGAATCCGAGATGTGGATGCGGCTAAGATCAAACAACAACTGTCAAAAGGAGATCTAGTG
1021 AGAATCCGAGATGTGGATGCGGCTAAGATCAAACAACAACTGTCAAAAGGAGATCTAGTG

TAIR
WT
awe1

1081 GTTTGTCCTGAGGGAACCACTTGTCGTGAACCGTTTTTGTTAAGATTCAGCGCGCTTTTC
1081 GTTTGTCCTGAGGGAACCACTTGTCGTGAACCGTTTTTGTTAAGATTCAGCGCGCTTTTC
1081 GTTTGTCCTGAGGGAACCACTTGTCGTGAACCGTTTTTGTTAAGATTCAGCGCGCTTTTC

TAIR
WT
awe1

1141 GCTGAGTTAACGGATAGGATTGTTCCGGTTGCGATGAACTACAGAGTCGGATTCTTCCAC
1141 GCTGAGTTAACGGATAGGATTGTTCCGGTTGCGATGAACTACAGAGTCGGATTCTTCCAC
1141 GCTGAGTTAACGGATAGGATTGTTCCGGTTGCGATGAACTACAGAGTCGGATTCTTCCAC

TAIR
WT
awe1

1201 GCGACTACAGCGAGAGGCTGGAAGGGTTTGGACCCAATTTTCTTCTTCATGAACCCAAGA
1201 GCGACTACAGCGAGAGGCTGGAAGGGTTTGGACCCAATTTTCTTCTTCATGAACCCAAGA
1201 GCGACTACAGCGAGAGGCTGGAAGGGTTTGGACCCAATTTTCTTCTTCATGAACCCAAGA

TAIR
WT
awe1

1261 CCGGTTTACGAGATTACGTTCTTGAACCAGCTTCCTATGGAGGCAACATGTTCGTCCGGG
1261 CCGGTTTACGAGATTACGTTCTTGAACCAGCTTCCTATGGAGGCAACATGTTCGTCCGGG
1261 CCGGTTTACGAGATTACGTTCTTGAACCAGCTTCCTATGGAGGCAACATGTTCGTCCGGG

TAIR
WT
awe1

1321 AAGAGCCCGCATGACGTGGCGAACTATGTTCAGAGAATCTTGGCGGCTACGTTAGGGTTT
1321 AAGAGCCCGCATGACGTGGCGAACTATGTTCAGAGAATCTTGGCGGCTACGTTAGGGTTT
1321 AAGAGCCCGCATGACGTGGCGAACTATGTTCAGAGAATCTTGGCGGCTACGTTAGGGTTT

TAIR
WT
awe1

1381 GAGTGCACCAACTTCACAAGAAAAGATAAGTATAGGGTTCTCGCTGGAAACGATGGAACG
1381 GAGTGCACCAACTTCACAAGAAAAGATAAGTATAGGGTTCTCGCGGAAACGAGGAACGGG
1381 GAGTGCACCAACTTCACAAGAAAAGATAAGTATAGGGTTCTCGCGGAAACGAGGAACGGG

TAIR
WT
awe1

1441 GTGTCGTACTTGTCGTTGCTAGACCAATTGAAGAAGGTGGTTAGCACTTTCGAGCCTTGT
1441 TCTNCTGTNTTTTNNNNNNNNNTCAAACAAAC
1441 TNTNCTGTCGTNTGCNNNNNNGNNNCNAANNNNNCCNNN

TAIR
WT
awe1

1501 CTCCATTGA

Figure 5.2.12 Alignment of TAIR10 GPAT5 cDNA sequence from WT and awe1. Sequences
were aligned with ClustalW and Boxshade.
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Table 5.2.1 Complementation test for gpat5 and awe1. Complementation was evaluated
using permeability of the seed coat to Tetrazolium.

5.2.8. Temperature regulation of suberin biosynthetic
genes in seeds
After the previous experiments I hypothesised that suberin biosynthesis in
seeds could be upregulated by low temperature. To investigate the effect of
temperature on suberin biosynthetic gene expression in seeds, a transcriptomic
dataset of seeds mature at 16°C and at 22°C was analysed (MacGregor et al.,
2015). Transcripts of many genes involved in suberin biosynthesis at different
steps were more abundant at 16°C than 22°C (Figure 5.2.13). HORST encodes
a cytochrome P450 fatty acid ω-hydroxylase required for suberin monomer
biosynthesis (Höfer et al., 2008) and it was upregulated at 16°C (Figure 5.2.13).
Also, GPAT4, 5 and 6, encoding glycerol-3-phosphate-acyl transferases, were
transcriptionally upregulated more than two fold by low temperature in seeds
(Figure 5.2.13). GPAT4, GPAT6 are reported to participate in cutin biosynthesis
in leaf and flower respectively (Li et al., 2007; Li-Beisson et al., 2009), whereas
GPAT5 is necessary for suberin biosynthesis in roots and seeds of Arabidopsis
(Beisson et al., 2007). Also, RNAseq dataset showed increased expression of
genes involved in very long fatty acid (VLFC) (C20-C24) elongation such as
KETOACYL-COA SYNTHASEs (KCSs) and LONG-CHAIN ACYLCOASYNTHETASEs (LACSs) (Figure 5.2.13) which also contribute to suberin
composition in different plant tissue. Finally, FAR5 required to synthesise fatty
alcohol found in suberin in roots and seed coat (Vishwanath et al., 2013) was
upregulated more than three times at 16°C compared to 22°C (Figure 5.2.13).
These results suggest that suberin biosynthetic gene expression is
temperature-regulated.
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Figure 5.2.13 Upregulated suberin biosynthetic genes in dry seeds by cool temperature.
The dataset was available in the Penfield Lab and it was generated by RNA sequencing of dry
seeds matured at 16°C and 22°C.

The publically available microarray dataset analysed with eFP browser shows
localisation of GPAT5 transcript in the seed coat at mature green stage (Figure
5.2.14 C) (Le et al., 2010). Therefore, this stage of seed development was
examined and GPAT5 expression was confirmed to be upregulated by low
temperature by qRT-PCR and GUS reporter system (Figure 5.2.14 A and B).
The expression of GPAT5 was localised in the seed coat-endosperm fraction
(Figure 5.2.14 B) as previously shown in Beisson et al. (2007). These results
suggest that cool temperature increases the expression of GPAT5 which is also
required for the induction of dormancy by cool temperature during seed set.

Figure 5.2.14 GPAT5 expression level in mature green seeds. Seeds matured and 22°C and
16°C. A, qRT-PCR analysis of GPAT5 transcript. Data points denote the average expression of
3 biological replicates normalised to the control gene At5g46630. B, GUS staining of
pGPAT5::NLS:GFP:GUS seed line mature at two different temperatures. Yellow and orange
arrows indicate the hilum and seed-coat respectively. In the seed-coat endosperm fractions
(blue arrows) the embryos are indicated with red arrows. Significant differences by a Student's ttest: *, P < 0.05. Error Bars: SE. C, transcript level of GPAT5 in different seed tissue during
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seed development at 20°C. Images adapted from Arabidopsis eFP Browser (Winter et. al.
2007).

From the analysis of RNAseq data, GPAT4 and 6 were upregulated more than
two fold at cool temperature (Figure 5.2.13) and they are known to participate in
the biosynthesis of modified fatty acids which constitute cutin and suberin (Li et
al., 2007; Molina et al., 2008; Li-Beisson et al., 2009). Also, eFP browser
analysis reveals their localisation in the seed coat at mature green stage (Figure
5.2.15 B and C) (Le et al., 2010). The temperature regulation of these
transcripts were then checked by qRT-PCR and GPAT6 but not GPAT4
expression was confirmed to be temperature sensitive (Figure 5.2.15 A).

Figure 5.2.15 GPAT4 and GPAT6 expression level in mature green seeds. A, seeds were
matured at 22°C and 16°C. Data points denote the average expression of 3 biological replicates
normalised to the control gene At5g46630. Significant differences by a Student's t-test: *,
P < 0.05. Error Bars: SE. On the right, transcript level of GPAT4 (B) and GPAT6 (C) in different
seed tissue during seed development at 20°C based on Le et al. (2010). Images adapted from
Arabidopsis eFP Browser (Winter et. al. 2007).

FAR5, was also confirmed to be upregulated in seeds at 16°C (Figure 5.2.16).
FA-OH biosynthesis also involves FAR1 and FAR4 whose function is partially
redundant with FAR5 (Vishwanath et al., 2013). Although, the transcriptomic
analysis did not show their upregulation in seeds at cool temperature, FAR1
and FAR4 expression was also tested with qRT-PCR. FAR1 showed only a
weak phenotype in response to cool temperature whereas the expression of
FAR4 was temperature sensitive (Figure 5.2.16) suggesting that FA-OH fraction
of suberin is also sensitive to temperature. Moreover, the very long FA chain
biosynthesis is altered by cool temperature. KCS2 and 17 together with LACS2
and 9 and were altered by cool temperature (Figure 5.2.16). The expression of
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the other genes of these families was unchanged. This suggests that genes of
very long chain fatty acids (VLCFA) biosynthesis are altered by temperature.
Overall these transcriptomic experiments suggest that VLCFA and suberin
biosynthetic gene expression are upregulated by cool temperature in seeds.

Figure 5.2.16 Expression level of suberin related genes in mature seeds. Freshly harvested
seeds matured at 22°C and 16°C. Data points denote the average expression of 3 biological
replicates normalised to the control gene At5g46630. Significant differences by a Student's ttest: *, P < 0.05. Error Bars: SE.

5.2.9. Suberin quantification in gpat5 and awe1 seeds
Various step of suberin biosynthesis, transport and polymerisation process have
been previously described (Diagram 5.2.1). Previous experiments suggest that
awe1 seeds have altered suberin content therefore the selected line could be
affected in an enzyme required for suberin in seeds. To quantify suberin content
in awe1 seeds, lipid polyester analysis was carried out in parallel to gpat5
seeds. This was performed in collaboration with Dr. Peter Eastmond at
Rothamsted Research where the analysis took place.
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Diagram 5.2.1 Putative suberin biosynthetic pathway and export proposed by Vishwanath
et al (2013). Arabidopsis enzymes are labelled in blue. FA Synthesis occurs in plastids. The
major products of the synthesis are 16:0 and 18:1 which are exported to the ER (endoplasmic
reticulum). The fatty acid elongation (FAE) complex is responsible for the production of
VLCFAs. Then, different suberin biosynthesis enzymes give rise to various compounds: fatty
acyl reductases (FARs) catalyse the production of primary alcohols and a,x-diols; cytochrome
P450 enzymes (CYPs) is responsible for x-hydroxy fatty acids (x-OHs) and a,x-dicarboxylic
acids (DCAs); GPATs esterify x-OHs and DCAs to glycerol-3-phosphate (G3P) producing sn-2
monoacylglycerols. X-OHs are further oxidised to DCAs. The transport and polymerisation
process are not fully understood. The ATP-binding-cassette (ABC) transporters are allowed
suberin monomers to cross the plasma membrane (PM). Polyester synthase(s) (PS) may be
involved in the polymerisation step to give rise to molecular weight polyesters. The
phenylpropanoid pathway is also linked suberin biosynthesis by BAHD-type acyltransferases to
produce alkyl hydroxycinnamates (AHCs) found in waxes associated to suberin. ASFT, Aliphatic
Suberin Feruloyl Transferase; FACT, Fatty Alcohol:Caffeoyl-CoA Caffeoyl Transferase. Mybs
and other TFs control suberin biosynthetic genes. Diagram from Vishwanath et al. (2013)

The altered suberin profile of gpat5 seeds is already known (Beisson et al.,
2007). Gpat5 seeds have altered composition of aliphatic monomers such as
unsubstituted C22 fatty acid (FA), C22-ω-OH FA, C24 ω-OH FA, C22 and C24
dicarboxylic acid (DCA) (Beisson et al., 2007). A preliminary experiment
confirmed the altered composition of gpat5 and reduction of C24 FA, C24-ω-OH
FA, as well as C22-DCA and C24-DCA (Figure 5.2.17). The suberin profile of
awe1 seeds was different and displayed a reduction in C18:1-DCA C18:2-DCA
C22-DCA (Figure 5.2.17). These results preliminary suggest a reduction of DCA
content in awe1 seeds. Interestingly, awe1 seeds contained WT level of C24105
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DCA but C24-ωOH FA are strongly reduced (Figure 5.2.17). This is in contrast
with the role of ωOH FA as precursor for DCA (Diagram 5.2.1). The
upregulation of suberin biosynthetic genes by cool temperature in seeds
suggest that suberin deposition is increased and a new experiment testing the
effect of temperature on suberin content in seeds is currently in progress.

Figure 5.2.17 Lipid polyester monomers profile of awe1 and gpat5 in mature dry seeds.
GC/MS is applied to analyse lipid polyester monomers of WT, gpat5, and awe1 dry seeds
matured at 22°C. Data points denote the average of 3 biological replicates. Significant
differences by a Student's t-test: *, P < 0.05. Error Bars: SD

5.2.10. Transcriptomic analysis of gpat5 and awe1
The dormancy phenotype of gpat5 and awe1 was revealed to be maternally
inherited and the seed coat could influence gene expression of the zygote
leading to changes in seed dormancy. To test whether seed coat mutants
affected dormancy by influencing the establishment of the dormant state in
zygotic tissues during seed maturation a transcriptomic analysis was performed.
Transcriptomes of non-dormant gpat5, awe1 seeds matured at 16°C and Col-0
seeds matured at 22°C were compared to the transcriptome of dormant Col-0
seeds matured at 16°C. Differentially expressed genes were cross referenced
to identify genes that could be commonly altered and eventually related to the
dormancy status of the seeds. RNA was extracted and all the samples
displayed integrity (Figure 5.2.18). Then, cDNA was prepared, deep sequenced,
and aligned to the Arabidopsis genome reference by the Exeter sequencing
facility and service, whereas the analysis was performed with the Cummerbund
package (Goff et al.). Variability among transcriptomes and among replicates
was evaluated with the squared CV2. CV2 was represented as a function of
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gene expression expressed as FPKM (Fragments Per Kilobase of transcript per
Million mapped reads). Overall there was variability among replicates (Figure
5.2.19) which could lead to a lower numbers of significantly different expressed
genes due to a higher degree of variability between replicated FPKM values.

Figure 5.2.18 Bioanalayser traces of RNA samples for RNAseq experiment. Gel-like
images and electropherograms of12 RNA samples used for transcriptomic analysis using labon-a-chip technology by Agilent.
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2

Figure 5.2.19 CV vs log10FPKM

The transcriptomes of non-dormant seeds mature at 16°C were compared to
the transcriptome of dormant Col-0 seeds matured at 16°C. Genes were
selected if they were up or downregulated at least two fold. Then, differences
were considered significant with P<0.05, and with minimum false positive
discovery rate (Q<0.01).
The transcriptome of gpat5 seeds revealed 132 genes with altered expression
compared to WT. Among these, 49 and 83 genes were respectively up and
downregulated (Figure 5.2.20). However none of these genes were previously
associated to dormancy, germination, or other traits linked to seed performance
(Table 5.2.6). Gene expression profile suggests that transcriptome of gpat5 and
Col-0 at 16°C are similar.
RNAseq data showed that gene expression profile of awe1 seeds differ by 593
genes from Col-0 seeds matured at 16°C. Of these 330 were upregulated and
263 downregulated (Figure 5.2.20). Up and downregulated genes were also
scanned for genes that could have been previously linked to dormancy,
germination, flowering time. Among the downregulated genes, TT3/DFR,
TT18/TDS4 and DOG1 expression was altered (Table 5.2.4). However, when
DOG1 expression level was quantified with qRT-PCR, transcript level was not
different from WT suggesting inconsistency with a role of DOG1 in the reduced
dormancy phenotype of awe1 (Figure 5.2.11). The transcriptome comparison
also revealed upregulated genes in the awe1 background which are involved in
germination, such as DAG1 and ELIP1 (Table 5.2.4). Knock-out mutants of
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these genes have reduced dormancy (Gabriele et al., 2010; Rizza et al., 2011)
suggesting inconsistency with a role on dormancy in awe1. Finally, in contrast
to TT3 and TT18/TDS4, TT6 was upregulated in awe1 suggesting structural
changes. This experiment show that awe1 maternal mutation impacts on the
transcriptome of the zygote.

Also, the transcriptomes of Col-0 seeds matured at 22°C and 16°C were
different and the expression of 735 genes was altered. 287 were upregulated
and 448 downregulated (Figure 5.2.20). In comparison to similar published
transcriptomic data the effect of temperature on gene expression was less
evident (Kendall et al., 2011) (Figure 5.2.20). One explanation could be the
different ecotype used in the two experiments. Also, this may be due to the
variability within replicates and therefore less significantly different expressed
genes (Figure 5.2.19). Consequently, up or downregulated genes related to
seed germination, dormancy or flowering time were few. Only SOB3/AHL29,
which modulates delay of flowering time and reduction of hypocotyl elongation
(Xiao et al., 2009) was upregulated in Col-0 at 22°C (Table 5.2.5). The
expression of TT genes such as TT3/DFR, TT4, TT5 and TT18/TDS4 was
downregulated in Col-0 at 22°C (Table 5.2.5). WT transcriptome at 22°C also
showed that DOG1 and ELIP1 expression was downregulated (Table 5.2.5)
suggesting they are temperature regulated. Their role in seed dormancy and
germination has been shown (Bentsink et al., 2006; Rizza et al., 2011). These
results confirm the influence of cool maturation temperature on zygote
transcriptome (Kendall et al., 2011)

109

Chapter 5: Characterisation of awe1 and gpat5 reveals a role for suberin in seed dormancy regulation by
temperature

Figure 5.2.20 Differentially expressed genes between seed lines with reduced dormancy
level and dormant Col-0 16°C seeds. gpat5 16°C, awe1 16°C and Col-0 22°C were compared
to gene expression profile of Col-0 16°C. Upregulated (left), downregulated (right). Genes were
classified as upregulated or downregulated with 2-fold change in expression.

awe1 16°C VS Col-0 16°C
UPREGULATED

DOWNREGULATED

LOCUS

GENE
NAME

LOCUS

GENE
NAME

AT3G43600

AAO2

AT5G42800

DFR

AT3G61850

DAG1

AT5G45830

DOG1

AT3G22840

ELIP1

AT4G22880

TDS4

AT3G51240

TT6

Table 5.2.2. Differentially expressed genes involved in seed dormancy, germination or
flowering time between awe1 seeds matured at 16°C and Col-0 matured at 16°C. Seeds
were considered differentially express when expression level was changed by at least 2 fold.
Significance threshold was set at P<0.05 and the Q value (false discovery rate) was <1%.

Col-0 22°C VS Col-0 16°C
UPREGULATED

DOWNREGULATED

LOCUS

GENE NAME

LOCUS

GENE NAME

AT1G76500

SOB3

AT5G42800

DFR

AT5G45830

DOG1

AT3G22840

ELIP1

AT4G22880

TDS4

AT5G13930

TT4

AT3G55120

TT5

Table 5.2.3 Transcriptomic comparison between Col-0 seeds matured at 22°C and Col-0
matured at 16°C. Seeds were considered differentially expressed when expression level was
changed by at least 2 fold. Significance threshold was set at P<0.05 and the Q value (false
discovery rate) was <1%.
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RNAseq data were explored to identify genes with altered expression and
shared among gpat5, awe1 and Col-0 at 22°C and that could be associated to
the non-dormant phenotype. There was little overlap among altered genes in
the transcriptome of gpat5 seeds and the others, 18 genes were altered in
gpat5 and awe1 whereas 19 were also altered in Col-0 at 22°C (Figure 5.2.20).
None of these genes encoded for genes which participate in the regulation of
dormancy or germination (Table 5.2.6).

Several genes were common between the transcriptome of Col-0 at 22°C and
awe1 (Figure 5.2.20). The altered expression profile of 141 genes was shared
and 79 genes were downregulated. Only among these 79 genes there were
genes involved in seed dormancy and germination (Table 5.2.7). Notably, TT4,
TT18/TDS4 and TT3/DFR were downregulated in awe1 and Col-0 at 22°C
(Table 5.2.7). DOG1 expression was also decreased in both dataset (Table
5.2.7). Consistently, mutants of these genes result in a low dormancy
phenotype (Bentsink et al., 2006; MacGregor et al., 2015).
Finally, only 15 genes were altered in gpat5, awe1 and Col-0 at 22°C (Figure
5.2.20) (Table 5.2.6). Among 5 shared upregulated genes (Table 5.2.6), the
SOB3/AHL29 has been previously described as negative modulator of flowering
time and hypocotyl growth (Xiao et al., 2009). 5 genes were of unknown
function whereas the others genes were not associated to dormancy,
germination or flowering time (Table 5.2.6).
Overall the experiment revealed that the maternal mutations impact on gene
expression of the zygote. However, the analysis did not reveal any gene
common to non-dormant transcriptomes and associated to dormancy,
germination or flowering time. Therefore, it cannot be concluded that
transcriptional changes in the zygote caused by the seed coat are associated to
the dormancy status of the seeds.

DOWREGULATED
Col-0 22°C & gpat5 16°C & awe1

gpat5-1 16°C & awe1 16°C Col-0 22°C & gpat5-1 16°C

LOCUS

GENE NAME

LOCUS

GENE NAME

LOCUS

GENE NAME

AT5G63500

ATM3

AT4G34830

MRL1

ATCG00120

ATPA

AT5G07190

ATS3

AT5G48670

FEM111

AT3G11700

FLA18

AT1G01140

CIPK9

AT2G26040

PYL2

AT1G31320

LBD4
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ATMG00030

ORF107A

ATMG00160

COX2

AT4G21960

PRXR1

AT4G27140

SESA1

AT2G05990

MOD1

AT4G01525

SADHU5-1

AT1G25530

AT1G25530

ATMG00285

NAD2

AT1G22710

SUC2

AT5G57230

AT5G57230

AT2G42120

POLD2

AT5G57560

TCH4

AT5G39890

AT5G39890

AT2G35733 AT2G35733 AT2G14661 AT2G14661

AT3G01410

AT3G01410

AT5G42730 AT5G42730 AT2G46670 AT2G46670
AT3G29633 AT3G29633 AT3G10190 AT3G10190
AT2G13960 AT2G13960 AT3G11230 AT3G11230
AT3G41762 AT3G41762 AT3G18620 AT3G18620
AT5G05965 AT5G05965 AT5G04310 AT5G04310
ATMG00030

ORF107A

AT2G14661 AT2G14661

UPREGULATED
Col-0 22°C & gpat5-1 16°C & awe1 16°C gpat5-1 16°C & awe1 16°C Col-0 22°C & gpat5-1 16°C
LOCUS

GENE NAME

LOCUS

GENE NAME

AT5G67390

GATA4

AT5G57565 AT5G57565 AT1G03730 AT1G03730

AT1G02920

GST11

AT2G32620

AT1G76500

SOB3

AT3G51910 AT-HSFA7A AT2G28510 AT2G28510

AT1G68500

AT1G68500

AT4G11175 AT4G11175 AT3G51750 AT3G51750

AT3G20390

AT3G20390

AT5G09850 AT5G09850 AT4G37820 AT4G37820

ATCSLB2

LOCUS

GENE NAME

AT1G08530 AT1G08530

Table 5.2.4 Differentially expressed genes of known and unknown function between Col-0
22°C & gpat5 16°C & awe1 16°C, gpat5-1 16°C & awe1 16°C, Col-0 22°C & gpat5 16°C.
Seeds were considered differentially express when expression level was changed by at least 2
fold. Significance threshold was set at P<0.05 and the Q value (false discovery rate) was <1%.

Col-0 22°C & awe1 16°C
UPREGULATED

gpat5-1 16°C & Col 16°C

DOWNREGULATED

UPREGULATED

DOWNREGULATED

LOCUS

GENE NAME

LOCUS

GENE NAME

LOCUS

GENE NAME

LOCUS

GENE NAME

AT5G28640

AN3

AT3G02520

GRF7

AT1G11790

ADT1

AT2G15570

ATM3

AT1G61280

SYP124

AT2G18290

APC10

AT2G32620

ATCSLB2

ATCG00120

ATPA

AT5G08380

AtAGAL1

AT1G70410

ATBCA4

AT3G62600

ATERDJ3B

AT3G13960

AtGRF5

AT3G15210

ATERF-4

AT3G51910 AT-HSFA7A AT4G35020

ATROP6

AT3G63350 AT-HSFA7B AT3G50440

ATMES10

AT1G73260

ATRRP4

AT3G63130 ATRANGAP1

ATKTI1

AT1G03360

AT4G29170

ATMND1

AT3G05480

ATRAD9

AT1G11190

BFN1

AT5G07190

ATS3

AT4G36870

BLH2

AT1G60140

ATTPS10

AT1G64570

DUO3

AT1G01140

CIPK9

AT5G41790

CIP1

AT3G48360

BT2

AT3G60530

GATA4

ATMG00160

COX2

AT2G29720

CTF2B

AT1G03880

CRU2

AT1G02920

GST11

AT2G46310

CRF5

AT5G25120

CYP71B11

AT5G42800

DFR

AT5G35600

HDA7

AT2G44890

CYP704A1

AT3G26270

CYP71B25

AT3G01420

DIOX1

AT3G62100

IAA30

AT3G26220

CYP71B3

AT3G26290

CYP71B26

AT5G45830

DOG1

AT3G19260

LOH2

AT3G12120

AT3G26295

CYP71B33

AT1G80710

DRS1

AT1G05100

AT2G24180

CYP71B6

AT4G14040

EDA38

AT1G07610

AT1G18330

EPR1

AT4G27520

ENODL2

AT2G35150

EXL1

AT2G29980

FAD3

AT2G35620

FEI2

AT5G01600

FER1

AT1G23310

GGAT1

AT1G71050

AT5G19980

GONST4

AT3G25900

MAPKKK18 AT5G48670

FAD2
FEM111

MT1C

AT2G37678

FHY1

AT5G09680

RLF

AT3G11700

FLA18

AT1G76500

SOB3

AT1G68010

HPR

AT3G02140

TMAC2

AT4G27670

HSP21

HIPP20

AT3G16490

IQD26

HMT-1

AT1G31320

LBD4
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AT1G68010

HPR

AT5G48820

KRP3

AT2G05990

MOD1

AT1G67560

LOX6

AT1G07150

MAPKKK13

AT4G34830

MRL1

AT2G44180

MAP2A

AT2G41660

MIZ1

ATMG00285

NAD2

AT4G00570

NAD-ME2

AT2G19620

NDL3

ATMG00990

NAD3

AT3G53420

PIP2

AT2G37060

NF-YB8

ATMG00510

NAD7

AT3G56910

PSRP5

AT1G76680

OPR1

AT1G01860

PFC1

AT1G68910

WIT2

AT5G40580

PBB2

AT2G42120

POLD2

AT2G30590

WRKY21

AT1G69940

PPME1

AT4G21960

PRXR1

AT5G50750

RGP4

AT2G26040

PYL2

AT4G11370

RHA1A

ATCG01310

RPL2.2

AT4G27150

SESA2

AT4G01525

SADHU5-1

AT3G02040

SRG3

AT4G27140

SESA1

AT4G22880

TDS4

AT4G27970

SLAH2

AT5G65140

TPPJ

AT1G22710

SUC2

AT5G13930

TT4

AT3G61450

SYP73

AT1G04820

TUA4

AT5G57560

TCH4

AT2G18990

TXND9

Table 5.2.5 Differentially expressed genes of known function between Col-0 22°C & awe1
16°C, gpat5-1 16°C Col-0 16°C. Seeds were considered differentially express when expression
level was changed by at least 2 fold. Significance threshold was set at P<0.05 and the Q value
(false discovery rate) was <1%.

5.2.11. Segregation analysis and construction of F3
segregant population and genetic analysis
In this chapter reported the characterisation of awe1 seeds and highlighted
differences and similarities to WT and gpat5-1 seeds. It was showed that the
awe1 phenotype is maternally inherited and that awe1 does not complement
gpat5-1, suggesting that mutations responsible for dormancy reduction and
increased seed coat permeability are located at different loci. After
characterisation, awe1 was considered a good dormancy candidate line and it
will be mapped by sequencing.
Next-generation sequencing (NGS) has been adapted efficiently to map EMS
induced polymorphisms in Arabidopsis (Schneeberger et al., 2009; Ashelford et
al., 2011; Zhu et al., 2012) and rice (Abe et al., 2012) with different strategies.
This technique combined genetics with genome sequencing to link phenotype to
genotype. The mutant line of interest is backcrossed to WT to generate a
segregant population from which genomic DNA is extracted. EMS-induced
changes will be used as markers to map by sequencing the causal mutation of
the phenotype of interest. This paragraph describes the segregation analysis of
awe1 mutation, the approach applied for the construction of the F3 segregant
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population, and the results of genomic DNA extraction from F3 segregant
population.
To evaluate the segregation of awe1 mutation and to create a backcrossed
segregant population, WT plants were fertilised with awe1 pollen and three filial
generations were tested for seed coat permeability and dormancy. The first and
the second filial generation of seeds from the backcross, Backcross1 F1
(BC1F1) and BC1F2 respectively, showed WT level of germination after 7 days
of incubation when matured at cool temperature (Figure 5.2.21). Given the
maternal pattern of inheritance of awe1 already shown in the previous chapter,
approximately twenty five per cent of F2-derived BC1F3 population was
expected to show increased seed coat permeability and reduced seed
dormancy. The phenotype of 313 BC1F3 seed batches was scored and it
showed a variation for seed coat permeability following a bimodal frequency
distribution (Figure 5.2.22 B). In addition, 156 of these 313 seed batches were
tested for dormancy and they also displayed a dormancy phenotype following a
bimodal distribution (Figure 5.2.22 A). Two groups could be identified in the
phenotypic distribution of the BC1F3 population tested for permeability and
dormancy. One group was skewed towards zero and the other one towards one
hundred (Figure 5.2.22 A and B). Instead, the distributions of the permeability
and dormancy phenotypes of Col-0 and awe1 seed populations were unimodal
and they were skewed towards zero or one hundred per cent respectively
(Figure 5.2.22 A and B).
To test the 3:1 segregation ratio, 110 and 287 BC1F3 seed lines tested for
dormancy or TZ permeability respectively were classified with as homozygous
awe1, or WT (heterozygous and WT) phenotype. Segregation analysis of 104
BCF3 seed lines showed a 3:1 ratio (χ2 =0.21) between WT and mutant
phenotype, ~25 % lines displayed both reduction of dormancy and increased
seed coat permeability (Table 5.2.8). These results confirm that the mutant
phenotype is caused by a single recessive maternal mutation.

To prepare a genomic library for whole genome sequencing genomic DNA from
homozygous bulked segregant population was extracted. Homozygous BC1F3
mutant seeds were sown on soil and DNA extracted from adult leaves. Genomic
DNA of thirty two homozygous lines was stored and is waiting for sequencing.
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Figure 5.2.21 Germination of five Colxawe1 (BC1F1) replicates and eighty BC1F2 seed
lines matured at 16°C

Figure 5.2.22 Phenotypic distribution in F2-derived BC1F3 population of Col/awe1 in
contrast to in Col-0 and awe1 population. Germination (A) and seed coat permeability (B) of
freshly harvested seeds matured at 16°C.
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Table 5.2.6 Segregation analysis of mutant phenotype in BC1F3 seed population from
Colxawe1. 104 seed lines matured at 16°C were tested for seed-coat permeability and
dormancy and classified as mutant or WT, P=0.65

5.3.

Discussion and conclusions

This chapter described the characterisation of awe1 in parallel to gpat5 seeds.
The results revealed that gpat5 cannot enter into a deep dormant state when
they are matured at cool temperature (Figure 5.2.1). Seed coat defects such as
permeability, autofluorescence and suberin staining correlated with a reduction
of seed dormancy induced by cool temperature in gpat5 and awe1 seeds. gpat5
seeds were previously reported to have increased dormancy phenotype
(Beisson et al., 2007) whereas, here, gpat5 seeds matured at cool temperature
are less dormant than WT and GPAT5 is required for seed dormancy (Figure
5.2.1). Suberin in seeds may mediate a crucial response to temperature signal
during seed maturation and also during germination. The effect of cool
temperature on suberin content in seeds is currently under investigation.
GPAT5 expression in seeds has been shown to increase at low temperature by
qRT-PCR and it is limited to the seed coat endosperm fraction of the seeds
(Figure 5.2.14). Global analysis of gene expression using laser micro dissection
suggests the expression of GPAT5 only in the seed coat at mature green stage
of the developing seeds (Le et al., 2010). However, GPAT5 is also highly
expressed in RNA sequencing data from dry seeds (Figure 5.2.13) supporting
the hypothesis that the expression of GPAT5 is not only in the seed coat but
also in the alive triploid endosperm tissue of the seeds. Several genes involved
in suberin biosynthesis such a HORST1 and LACSs were upregulated in seeds
set at 16°C (Figure 5.2.13) supporting the hypothesis that suberin content in the
seeds may be increased at cool temperature. Chilling stress has been reported
to increase suberisation of root endodermis in cucumber (Cucumis sativus) but
not in figleaf gourd roots (Cucurbita ficifolia) (Lee et al., 2005). Also a hydroxylcinnamoyl-transferase (RWP), responsible for synthesizing suberin aromatics in
different tissue in Arabidopsis, displays optimal enzymatic activity at 10°C (Gou
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et al., 2009). On the other side, temperature lower than 17°C appears to be
deleterious for suberin deposition in potatoes (Solanum tuberosum) during
storage (Dean, 1989). Suberin deposition is also observed in Arabidopsis roots
and it might be involved in water and solute uptake (Baxter et al., 2009;
Vishwanath et al., 2015). However, Naseer et al. (2012) show that suberin
deposition is not required for the initial endodermal barrier of Arabidopsis roots.
They suggest that the presence of a lignin-like polymer is necessary for a
functional barrier and a lamellar suberin deposition occurs much later than the
establishment of this apoplastic barrier.. Suberin content in gpat5 roots is
decreased and seedling roots are stained less than WT with Sudan red
(Beisson et al., 2007) (Figure 5.2.5). However, no direct measurements have
been provided for the effect of GPAT5 on water and solute uptake (Beisson et
al., 2007) and only enhanced suberin biosynthesis 1 (ESB1) has been reported
to affect suberin deposition in the endodermis, water and ion uptake (Baxter et
al., 2009). It is generally thought that suberin could also regulate water and
solute uptake in seeds however this has been challenging to verify and no
genetic evidences have be provided yet (Beisson et al., 2012; Vishwanath et al.,
2015). The seed coat defects which also increase permeability of the seed coat
to TZ (Figure 5.2.3) could explain the increased sensitivity of awe1 and gpat5 to
salts and germination inhibitor such as ABA and PAC (Figure 5.2.6) (Figure
5.2.7). A direct role for gpat5 in ABA or GA signalling is unlikely given the nature
of the enzyme, whereas the nature of AWE1 is still unknown. This mutant seeds
do not have altered ABA content and the ABA catabolic gene such as
CYP707a7 is not altered (Figure 5.2.11). GA content was not quantified but the
expression of the GA biosynthetic genes GA3OX1 is not altered (Figure 5.2.11).
Complementation test suggests that awe1 is not allelic to gpat5 (Table 5.2.1),
however allelism with other mutations such as rwp1 or far cannot be excluded.
These mutations affect both seed coat permeability and suberin in the
hydroxycinnamates and fatty alcohols (Gou et al., 2009; Domergue et al.,
2010). Preliminary quantification of lipid polyesters in the polymeric fraction of
the seeds showed that awe1 reduced C18-C22-DCA (Figure 5.2.17). However,
awe1 could also affect aromatics and soluble lipid content of suberin which
could be quantified.
The dormancy phenotype of gpat5 and awe1 in response to cool temperature
during seed maturation is revealed to be maternally inherited (Figure 5.2.2) and
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it adds on the recent findings that the maternal environment influences seed
dormancy and PA levels (MacGregor et al., 2015; Pourrat, 1975 #8131; Chen et
al., 2014). Results suggest that maternal environmental signalling determine
seed coat permeability to TZ and tannins content (Chen et al., 2014; MacGregor
et al., 2015). Awe1 seeds in contrast to gpat5 seeds are completely nondormant and do not enter into secondary dormancy if they are imbibed at warm
temperature. This may suggest that awe1 contributes to seed dormancy
differently from gpat5. PA have been shown to be required for seed dormancy
in response to cool maturation temperature although mutants such as tt3, tt4
and tt18 shows a weak phenotype (MacGregor et al., 2015). Specifically, PA
content was increased by cool temperatures in different accession and it was
associated to increased dormancy phenotype (MacGregor et al., 2015). TT
genes such as TT3, TT6 and TT18/TDS4 were misregulated in awe1 mutant
transcriptome (Table 5.2.4) however flavonoid content in the seed coat of awe1
was not substantially altered (Figure 5.2.9) therefore the dormancy phenotype
was not associated to altered pigmentation. Permeability of the seed coat to TZ
was shown to associate to the dormancy status of the seeds in response to cool
maturation (MacGregor et al., 2015). However this is not the only cause for
altered seed dormancy since tt4 and tt5 seeds show high permeability but a
weak dormancy phenotype (MacGregor et al., 2015). Therefore the increased
permeability to TZ in awe1 mutant seeds could not be responsible for the
reduction of dormancy display by the selected mutant.

Similarly to gpat5, awe1 seeds lack autofluorescence of the seed coat which
has been associated to suberin deposition at the hilum of the seeds (Figure
5.1.1). Suberin profile of gpat5 seeds was reported to change in the aliphatic
fraction of suberin, specifically C22-C24 decrease and to have unchanged
hydroxycinnamate composition (Beisson et al., 2007). These represent the
majority of phenolic fraction of suberin and it is therefore unclear what cause
lack of autofluorescence given the phenolics emit light when excited at 365nm
(Vermerris & Nicholson, 2006). Also, lignin deposition was observed in WT,
gpat5 and awe1 seeds at the hilum region but no qualitative differences were
observed among the genotypes (Figure 5.2.4). However, the Wiesner staining is
specific to cinnamylaldehydes end-groups (Pomar et al., 2002) and the
autofluorescence could be caused by different aromatic compounds. It would be
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interesting to quantify phenolic compounds in awe1 seed coat and again in
gpat5.

The maternal pattern of inheritance of awe1 and gpat5 dormancy phenotype
was exploited to investigate at transcriptome level which upregulated or
downregulated were shared among non-dormant seeds. Commonly altered
upregulated or downregulated genes in non-dormant seeds such as gpat5
16°C, awe1 16°C and Col-0 22°C, did not include any known dormancy,
germination or flowering time related genes (Table 5.2.6). The few genes
identified could be responsible of the dormancy phenotype of awe1 and gpat5
however this was not tested. In Arabidopsis, the seed coat of the seeds is
sufficient to regulate seed dormancy and these results suggest that do not
affect the expression of dormancy, germination or flowering time genes in the
endosperm or embryo. Notably, DOG1 was downregulated in awe1 at 16°C and
Col-0 at 22°C (Table 5.2.4) however qRT-PCR did not show any changes in
DOG1 expression in awe1 at 16°C (Figure 5.2.11). The dataset was affected by
variability within replicates of each genotype (Figure 5.2.19) and not many
significantly different expressed genes were counted (Figure 5.2.20) in
comparison to previously published dataset (Kendall et al., 2011). This may be
the reason why cool and warm WT transcriptome comparison did not show
known accounted difference in ABA metabolism. Cool temperature affected
DOG1 and it was downregulated in warm transcriptome (Table 5.2.5) as
previously described in Kendall et al. (2011).

To summarise, this chapter supports a new role for GPAT5 in the induction of
dormancy by cool temperature and in germination. It suggests that suberin
deposition in seeds may be temperature regulated and important for seed
dormancy. Gpat5 and awe1 are both maternal mutations which alter seed
dormancy in Arabidopsis and they do not complement. Also the segregation
analysis reveals that awe1 is a single recessive maternal mutation and
segregate 3:1 in BC1F3 seed population.
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6. General discussion
Cool environmental temperatures have profound effect on the induction of seed
dormancy and germination (Vonabrams & Hand, 1956; Donohue et al., 2008;
Chiang et al., 2011; Kendall et al., 2011). Although these phenomena have
been historically known in agronomy for long time, most of the studies focused
on dormancy breakage of the seeds (Fenner, 1991; Finkelstein et al., 2008).
Little is known on the molecular mechanism behind the temperature regulation
of dormancy and many of the genetic and environmental factors appears to
regulate the ratio of antagonistic phytohormones such as ABA, which promotes
dormancy, and GA which promotes germination (Chiang et al., 2011; Kendall et
al., 2011). In agriculture, seeds are required to germinate uniformly in the field
but at the same time dormancy is essential to avoid precocious germination, a
problem well known in cereals, rice and maize (Bewley, 2013). This project
aimed to identify new loci involved in the induction of seed dormancy by
temperature during seed set. For this scope, a forward genetic screen has been
performed to select mutant seeds with reduced dormancy level when exposed
to cool temperature during seed set (Figure 3.2.1). Forty three awake seed lines
were selected as mutant incapable or less capable to enter into a dormant state
when exposed to cool temperature during seed maturation (Figure 3.2.3).
Different characteristics were observed among the awe lines and awe1 was
further characterised because of reduced dormancy phenotype, seed coat
characteristics and responses to different physiological assays. This mutant
appeared to share many features with loss of function mutant seeds of GPAT5
which is required for suberin biosynthesis and displays reduced suberin content
(Beisson et al., 2007) and reduced seed dormancy (Figure 5.2.1). Genetic
analysis was carried out to verify the genetic relation among these two mutants
and finally awe1 was backcrossed to create a bulk segregant population to map
by sequencing the mutation along the genome.

The initial forty three awe lines with strong reduction of dormancy were furtherly
screened to attempt to exclude mutants involved in ABA biosynthesis and
mutants with decreased sensitivity to NaCl and to germination inhibitors ABA
and PAC (Figure 3.2.3). Sensitivity to ABA or PAC does not necessarily exclude
the presence of alleles of all known mutants which display reduced seed
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dormancy behaviour. The germination response of many awe lines to different
chemical was not as strong as mutants of ABA biosynthesis, ABA and GA
signalling. Therefore, it does not define the other thirty two awe lines as less
interesting mutant seed lines. However, since the central role that ABA and GA
shows in the regulation of seed dormancy, these assays aimed to exclude
mutants of genes which participate directly or indirectly in the control of seed
dormancy through ABA or GA, and to select mutants of putative dormancy
genes acting with different mechanism, such as temperature sensing in seeds.
Mutant seeds of dog1 show WT sensitivity to ABA suggesting that dormancy
phenotype of dog1 is not related to altered ABA signalling (Nakabayashi et al.,
2012). Also, dog1 seeds are sensitive to PAC and they are not capable to
germinate in absence of GA (Bentsink et al., 2006; Nakabayashi et al., 2012).
For this reason, alleles of this locus could be responsible for the phenotype of
some awe lines. Also, mutant seeds of athb20, another dormancy specific gene,
are more sensitive to ABA and they germinate thirty percent more than WT
(Barrero et al., 2010). Epigenetic regulator such as rdo1 to 4 shows WT seeds
sensitivity to ABA and they are not part of GA signalling since their sensitivity to
PAC during germination are normal (Peeters et al., 2002). Recently, seeds were
shown to require functional CBFs to enter into dormancy when matured at cool
temperature, although freshly harvested mutant seeds matured at 15°C have
different dormancy level from the awe lines (Kendall et al., 2011). It is possible
that mutant of well-known genes required for seed dormancy show a milder
phenotype when matured at low temperature. For example, dog1 and rdo4
mutant seeds are more dormant when matured at cool temperature (Kendall et
al., 2011) and the selection of highly non-dormant seed lines may help to
exclude alleles of those loci above mentioned.

The eleven awe mutants revealed different dormancy and germination
behaviour in response to temperature (Figure 4.2.10) (Figure 4.2.11) (Figure
4.2.12). Most of them were impaired in both primary and secondary dormancy
(Figure 4.2.11 & 12). Also, they responded differently when maturation
temperature was lowered by two degrees from 16°C to 14°C (Figure 4.2.10).
Maturation temperature equal or below 14°C drives the viable seeds to a deep
dormant state making this a temperature switch for seed dormancy induced by
cool temperature (Springthorpe & Penfield, 2015). Failure to enter into a
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dormant state at this temperature suggests that some awe mutant lines are
disrupted in important parts of the regulation of seed dormancy by cool
temperature.
Interestingly, after self-pollination of mutant plants, the phenotype of some awe
lines selected at M2 stage (Figure 3.2.1) (Mendelian pattern of inheritance)
disappeared. After five generations, lines such as awe25, awe41 displayed a
dormancy phenotype similar to WT although they initially showed reduction of
dormancy (Figure 3.2.1). The phenotype is not likely to originate from a somatic
mutation since seeds were screened at the M2 generation. In the case of a
somatic mutation, this would not be transmitted to the progeny because the
germline is not mutated. Generally, EMS alkylates the DNA at the O-6 of
guanines, however DNA duplications, translocations, and inversions have been
also accounted along the genome after chemical mutagenesis, although at low
rate (Koornneef et al., 1982a) (Zhu et al., 2012). One explanation could be
epigenetic nature of these mutations which are not inherited. Surprisingly, after
four generations, awe24 was more dormant than WT (Figure 4.2.11 A) and it
will require further investigation to explain the opposite phenotype observed and
examine the nature of this mutant line.

Cool temperature cannot delay flowering in awe1, 4, 24, and 41 (Figure 4.2.4).
On the other hand, flowering of awe25, 33, and 38 is incredibly delayed when
grown in cool temperature in LD (Figure 4.2.4 A) as reported for two known
mutants of the photoreceptor of blue light CRY1 and 2 (Figure 4.2.4)
(Balasubramanian et al., 2006). The altered expression of FT, a strong
promoter of flowering, may explain these phenotypes (Lee et al., 2007).
Therefore the quantification of the expression of FT in the awe mutant lines may
suggest whether FT integrates temperature signals in mutant candidate lines as
in svp, cry1 or cry2 (Balasubramanian et al., 2006) (Lee et al., 2007). The
flowering time phenotype might not be linked to the dormancy phenotype and
further investigation will be required. The flowering time pathway and dormancy
pathways could share common mechanism but further experiment would be
required. For example, the influence of flowering time genes could alter the
expression of dormancy gene, suggesting an indirect effect of flowering time
gene in dormancy regulation.
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The response of the eleven awe seed lines was evaluated with different
physiological assays to better understand the nature of these lines and to select
a good candidate line. The PHYB-mediated promotion of germination in the awe
lines was altered and most of seed lines germinated after a FR pulse (Figure
4.2.9). Since FR light repress seed germination by altering ABA, GA
metabolism and also DELLA protein synthesis (Oh et al., 2006; Oh et al., 2007;
Lee et al., 2010), these responses may help to determine how awe mutants
give rise to the reduced dormancy phenotype. The plant phenotype of the
eleven awe mutants was not striking and it could not be immediately associated
to previously known mutants (Figure 4.2.2 & 3).
Instead, the characterisation of the seed coat shows that awe1 is more
permeable to TZ and lack autofluorescence at the hilum when illuminated with
UV light. The reduced dormancy and seed coat defects of awe1 seeds
distinguished this line from the other ten selected mutants (Figure 4.2.15 & 16).
For this reason, awe1 line was considered a good dormancy candidate line and
its behaviour was further investigated. The lack of autofluorescence in awe1
seeds could also be correlated with the reduced dormancy phenotype. The
autofluorescence of the hilum has been associated with suberin deposition
which is synthesised to seal the scar left by the mother plant at the time seeds
separate (Rost, 1992). Suberin is a polymer mainly composed of polyaliphatic
and polyaromatic domains (Vishwanath et al., 2015), and structural
representation of suberin in plants have been inferred mainly from the analysis
of the depolymerisation products analysed via GC-MS (Gou et al., 2009). Four
genes such as TT15, GPAT5, RWP1 and HORST, have been associated to
suberin biosynthesis in seeds. HORST which encodes a cytochrome P450 fatty
acid ω-hydroxylase is involved only in lipid polyesters in roots (Höfer et al.,
2008). RWP1 and GPAT5 are responsible for the biosynthesis of aromatics and
aliphatics respectively, and gpat5 displays a dormancy phenotype (Figure
5.2.2)(Beisson et al., 2007; Gou et al., 2009). TT15 is a UDP-Glucose:sterol
glucosyltransferase which affects flavonoid and suberin biosynthesis and by
consequence seed coat permeability. (DeBolt et al., 2009). It has reduced
dormancy phenotype and seeds are much lighter than WT (Figure 3.2.5). Only
tt15 and gpat5 lacked autofluorescence of the hilum (Beisson et al., 2007;
DeBolt et al., 2009). Since the seed coat of tt15 mutant has reduced
pigmentation and awe1 seeds are slightly darker (Figure 4.2.7.1), gpat5 mutant
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was the most similar to awe1. In addition, far1, 4 and 5 are required for the
biosynthesis of fatty alcohol fraction in suberin but mutant seeds are less
permeable to TZ than awe1 (Domergue et al., 2010). Similarly, mutant seeds of
cyp86b1, which encodes a hydroxylase for VLCFA polyester monomers, are not
as permeable to TZ as awe1 seeds (Compagnon et al., 2009). Therefore gpat5
mutant seed phenotypes were the best match to awe1 (Figure 5.1.1) (Figure
5.2.1). In addition, seeds and the juvenile roots of both mutants showed
reduction of suberin when stained with Sudan red, a lipophilic dye (Figure
5.2.5). Surprisingly, gpat5 seeds displayed reduced dormancy when freshly
harvested seeds matured at 16°C were sown on plates (Figure 5.2.1). This was
in contrast with the dormancy phenotype shown by Beisson et al. (2007) where
gpat5 seeds lose dormancy later than WT. Therefore, GPAT5 is required to
impose primary and secondary dormancy induced by cool and warm
temperature. In this scenario, these phenotypes were consistent with possible
role of the putative AWE1 in suberin deposition or biosynthesis. Also, my
analysis of GPAT5 which is required for suberin biosynthesis, suggests that
suberin affects seed dormancy in opposite manner than previously reported
results (Beisson et al., 2007). The after ripening phenotype of gpat5 seeds was
not verified, however mutant seeds of gpat5 display reduction of seed dormancy
when freshly harvested. When complementation test between awe1 and gpat5
was performed they did not complement suggesting that mutations reside in two
different loci (Table 5.2.1).

The expression of pGPAT5:GUS is localised in outer integuments of the seed
coat (maternal origin) and suberin in seeds is known to be deposited in the seed
coat to regulate solute uptake (Figure 5.2.14 C)(Figure5.2.3)(Beisson et al.,
2007). Therefore the maternal inheritance of dormancy phenotype was
expected. Notably, cool temperature during seed set affects seed coat
pigmentation and mutant seeds with altered seed coat pigmentation and/or
structural defects display reduced dormancy (MacGregor et al., 2015).
However, awe1 and gpat5 seeds did not clearly have altered PA content and
the seed colour may be consequence of increased flavonoid oxidation (Figure
5.2.9). Therefore, altered pigmentation is not responsible of awe1 phenotype.
Lack of suberin deposition in gpat5 seeds alters seed coat structure (Beisson et
al., 2007) although transmission electron microscopy (TEM) imaging of seed cot
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section were not examined. For example, TEM imaging of wound-induced
periderm of potatoes (Solanum tuberosum) revealed altered suberin deposition
(Schreiber et al., 2005). Therefore, it is more likely that awe1 seed coat
structure is affected by lack suberin. Although the identity of awe1 is unknown,
altered seed coat structure in awe1 and gpat5 seeds may explain the increased
permeability to TZ and also the hypersensitivity to germination inhibitor and
salts. Similar responses to TZ and germination inhibitors are known for mutants
with seed coat defects such as transparent testa mutants which are also less
dormant (Debeaujon et al., 2001; Molina et al., 2008; MacGregor et al., 2015).
Therefore, the integrity of the seed coat in awe1 and gpat5 appear to be
essential to regulate solute entry into seed. It could be also important to release
specific compounds from the seeds (Edwards, 1968).
Seedlings of both awe1 and gpat5 mutants appeared to lack aliphatics in roots
when stained with Sudan red, however gpat5 seedlings are more sensitive than
WT to salts whereas awe1 is not much different from WT seedlings. It is
possible that awe1 has a specific role for suberin biosynthesis in seeds. For
example, HORST has a tissue-specific role and it is required for suberin
biosynthesis in roots but not in seeds although it also has reduction in C22 and
C24 FA which are present in seeds (Höfer et al., 2008).

Both mutants lack autofluorescence at the hilum of the seeds. The
autofluorescence of suberin or lignin is owed to the absorption of UV energy by
aromatic rings present in the phenolic groups (Rost, 1992). The aromatic
fraction is mainly composed by p-hydroxycinnamate, mainly p-coumarate,
ferulate, sinapate and little quantities of monolignols (Bernards & Lewis, 1998;
Pollard et al., 2008). Therefore it could be hypothesised different aromatics
content in awe1 and gpat5. This, however is not true for gpat5 seeds which has
unaltered p-hydroxycinnamate content (Beisson et al., 2007). On the other
hand, rwp1 seeds have reduced ferulate but the hilum of the mutant seeds are
still autofluorescent (Gou et al., 2009). The nature of suberin made difficult to
have a realistic and non-speculative representation of suberin structure and the
presence or the absence of cross links among different components could affect
the overall suberin deposition in the cell wall (Kolattukudy, 1980; Bernards,
2002; Franke & Schreiber, 2007). For example, the reduction of ferulate in rwp1
mutant seeds is associated to stoichiometric decrease of C22 and C24 ω-OH
125

Chapter 6: General discussion

FA (Molina et al., 2009). In contrast, the same mutant line is reported to show a
decrease of ferulate and a concomitant increase of ω-DCA (Gou et al., 2009)
which could be explained by either an increase of the ω-OH FA precursor.
Another explanation could be the influence that suberin aromatics and aliphatics
deposition could exert to one another. For this reason, lack of autofluorescence
in gpat5 seeds could be the consequence of altered deposition of aromatics.
Instead, the presence of autofluorescence in rwp1 seeds could be caused by pcoumarate or sinapate although the WT quantity detected of this latter is
minimal (Gou et al., 2009).

The dormancy phenotype of awe1 and gpat5 seeds matured at cool
temperature appeared to be not related to ABA metabolism. Both mutant seeds
contained WT level of ABA (Figure 5.2.10) therefore suggesting that the
reduced dormancy phenotype is not attributable to altered ABA biosynthesis.
Also, the expression of GA3OX1 and CYP707a2 in freshly harvested seeds
matured at cool temperature is unaltered (Figure 5.2.11). These genes are
temperature regulated and they are involved in the temperature regulation of
ABA and GA metabolism during seed set at cool temperature (Kendall et al.,
2011). Also, DOG1 expression was also unaltered in awe1 seeds matured at
16°C (Figure 5.2.11).

Transcriptomic analysis showed that suberin biosynthetic genes are
upregulated by cool temperature in WT seeds (Figure 5.2.13). Genes involved
in VLCFA elongation for suberin biosynthesis and in fatty alcohol synthesis are
also temperature regulated (Figure 5.2.13). The effect of temperature on
suberin content in seeds was not evaluated therefore the role of a suberin
fraction or compound in the induction of dormancy by temperature can only be
hypothesised. Preliminary polyester profile of gpat5 seeds confirmed loss of
C24 FA and DCA (Figure 5.2.17)(Beisson et al., 2007) whereas awe1 seed
matured at 22°C is altered mainly in reduction of C18-C24 DCA (Figure 5.2.17).
The effect of abiotic stresses on suberin deposition and synthesis varies among
species. Chilling stress has been reported to increase suberisation of root
endodermis in cucumber (Cucumis sativus) but not in figleaf gourd roots
(Cucurbita ficifolia) (Lee et al., 2005). Also a hydroxyl-cinnamoyl-transferase
(RWP1), responsible for synthesizing suberin aromatics in different tissue in
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Arabidopsis (Pollard et al., 2008), displays optimal enzymatic activity at 10°C
(Gou et al., 2009). On the other hand, temperature lower than 17°C appears to
be deleterious for suberin deposition in potatoes (Solanum tuberosum) during
storage (Dean, 1989). In Arabidopsis suberin in seeds could act as mitigator of
chilling stress as already reported for drought stress and tissue injury in potato
periderm. By consequence, the increased suberisation of outer integuments
could directly constrain the embryos and delay germination. This is consistent
with the reduced seed dormancy of gpat5 seeds and the construction of an
overexpressor GPAT5 line could reveals if GPAT5 is sufficient to impose seed
dormancy in Arabidopsis seeds. Other genes such as DAG1 and 2 are also
involved in the maternal regulation of seed dormancy and germination with
opposite role. DAG1 negatively regulate seed germination whereas DAG2 is
required for germination. Dag1 loss of functions mutants show normal seed coat
structure but, interestingly, they have altered seed coat permeability and
mucilage release suggesting that the seed coat constrains on the embryo are
less than WT (Papi et al., 2000; Gualberti et al., 2002; Papi et al., 2002). The
expression of CUTICLE DESTRUCTIVE FACTOR 1 (CDEF1) under GPAT5
promoter reduces dramatically seed germination (Geldner Lab, personal
communication). Since CDEF1 has cutinase activity with a preference to
hydrolyse carboxylic ester bonds (Naseer et al., 2012), it is possible that α,ωDCAs which are part of suberin mixture could be involved in seed germination.
However, C24 α,ω-DCA are also reduced in gpat5 non-dormant seeds (Beisson
et al., 2007). The identification of a specific chemical signal participating in seed
dormancy by cool temperature will require a more extensive polyester analysis
of the awe1 mutant seed. A signalling role of suberin monomer could also be
responsible for the induction of seed dormancy in Arabidopsis. In Medicago
trunculata a signalling role for cutin monomers has been proposed to promote
appressoria formation during arbuscular mycorrhizal fungi colonisation in roots.
RAM2, strictly related to GPAT5 and 6 in Arabidopsis is essential for this
signalling process and the addition of C16 FA can restore WT colonisation level
in ram2 mutant (Wang et al., 2012). Very recently, MYB41 was shown to
activate ectopic suberin biosynthesis and many genes involved in suberin, cutin
and lignin biosynthesis were upregulated (Kosma et al., 2014). Based on the
hypothesis that suberin is required for seed dormancy loss of function mutant of
this TF could display reduction of seed dormancy.
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Awe1 and gpat5 affect seed dormancy through the maternal pathway (Figure
5.2.2 C). Since the maternal molecular mechanism that regulated seed
dormancy is not well known, a transcriptome comparison was performed to
address the question, does the seed coat affect the transcriptome of the embryo
in dry seeds to impose seed dormancy? If so, are the altered genes important
for dormancy? To answer this question the transcriptome of non-dormant Col-0
at 22°C, awe1 and gpat5 at 16°C were compared to Col-0 at 16°C. The seed
coat affected the transcriptome of the embryo, but most of the up or
downregulated genes were not immediately linked to dormancy control (Table
5.2.6). Only few genes were altered and shared by gpat5 and awe1
transcriptome and the gpat5 transcriptome was more similar to Col-0 seeds
matured at 16°C (Figure 5.2.20) (Table 5.2.6). The transcriptome of awe1
showed altered expression in TT3/DFR and TT4 and TT6 (Table 5.2.4). TT
genes which are responsible for the biosynthesis of flavonoid in the seed coat
are known to affect seed dormancy and permeability through maternal tissue
(Debeaujon et al., 2001). Interestingly, the TF TT2 was shown to participate in
the FA biosynthesis in the embryo suggesting a role for this gene both in the
seed coat and in the embryo (Wang et al., 2014).
For now, from this experiment it cannot be concluded that the seed coat affect
the expression of dormancy genes in the embryo. The addition of
transcriptomes of mutants affecting seed dormancy through the maternal
pathway would help to make these results more robust. It could be also possible
that, distinctively, both the maternal and the zygotic temperature signalling
pathways affect seed dormancy. For example, DOG1 appears to act solely
through the zygotic pathway to induce seed dormancy whether RGL2 is active
both in the maternal and zygotic pathway (Chen et al., 2014).

The timing of plant developmental transitions can have a major impact on plant
fitness and important traits by deciding the environment each plant phase will
experience (Donohue, 2002; Donohue et al., 2012). How plants integrate
ambient temperature in order to coordinate life cycle with the passing of the
season is of great interest in light of the climate change and the increased
weather variability. Seed dormancy is an important agricultural trait which has
been long studied for the production of high quality seeds to obtain uniform
germination in the field. Seed dormancy is highly contingent on ambient
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temperature, It increases when seeds are matured at cool temperatures while at
warm temperatures dormancy is shallow (Kendall et al., 2011). The molecular
mechanism behind the regulation of temperature induced dormancy is not fully
understood. This study described a novel forward genetic screen for the
identification of new loci necessary for the induction of seed dormancy during
seed set by cool temperature. Mapping will be carried out using EMS-induced
changes along the genome which will segregate as natural polymorphisms
whereas the causal and closely linked mutation responsible for the phenotype
of interest will not (Weigel, 2012). The sequenced data will be aligned to
publically available Arabidopsis genome and candidate mutations will be
selected. For this reason, the number of individuals of mapping population is
crucial for the identification of the genome fragment containing the candidate
mutations. Sequencing coverage is also important for better mapping resolution
and a trade-off between cost and time is required to identify the best strategy
(Weigel, 2012). Previous studies have reported the success of this approach to
identify causal EMS-induced mutations in different species (Ashelford et al.,
2011; Abe et al., 2012; Zhu et al., 2012). The work described in this thesis
reported the selection of eleven seed mutant lines with reduced dormancy
phenotype and the characterisation of the awe1. It also suggests a role for
suberin in seed dormancy in contrast to what previously reported. Further
experiments will be required to asses 1) the effect of temperature on suberin
content in seeds, 2) the effect of mutations in candidate gene after mapping by
sequencing, 3) the nature of the other seed lines.
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