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Abstract

Besides the deposition of storage reserves, seed maturation is characterized by the acquisition of functional traits
including germination, desiccation tolerance, dormancy, and longevity. After seed filling, seed longevity increases up
to 30-fold, concomitant with desiccation that brings the embryo to a quiescent state. The period that we define as late
maturation phase can represent 10-78% of total seed development time, yet it remains overlooked. Its importance
is underscored by the fact that in the seed production chain, the stage of maturity at harvest is the primary factor
that influences seed longevity and seedling establishment. This review describes the major events and regulatory
pathways underlying the acquisition of seed longevity, focusing on key indicators of maturity such as chlorophyll deg-
radation, accumulation of raffinose family oligosaccharides, late embryogenesis abundant proteins, and heat shock
proteins. We discuss how these markers are correlated with or contribute to seed longevity, and highlight questions
that merit further attention. We present evidence suggesting that molecular players involved in biotic defence also
have a regulatory role in seed longevity. We also explore how the concept of plasticity can help understand the acqui-

sition of longevity.

Key words: ABA, chlorophyll, desiccation tolerance, longevity, LEA proteins, raffinose family oligosaccharides.

Introduction

With the human population unlikely to stabilize before 2070,
at around 9 billion, and with the prospect of climate changes
that are shaping future agricultural practices and threatening
natural habitats, seeds are at the centre stage of food secu-
rity and conservation of genetic resources. The production of
highly vigorous seeds is a key lever to improve and stabilize
yield. Seed vigour is a concept used in the seed industry to
define seed performance in the field, namely the rate and uni-
formity of seed germination and seedling growth, emergence
ability under unfavourable environmental conditions, and the
retention of these characteristics after storage (see Finch-
Savage and Bassel, 2015, for a review). The latter of these
characteristics is conferred by the longevity of the seed, which
is defined as its capacity to remain viable for long periods

during storage in the quiescent dry state. Seed longevity is
also pivotal to ex situ conservation of plant genetic resources
as an ‘insurance policy’ against endangered biodiversity (Hay
and Probert, 2013). Seed persistence in an in situ environ-
ment (i.e. the soil of a field or a forest) is equally important
both in agricultural and ecological contexts, such as weed
management and flora rehabilitation programmes and plant
community dynamics (Long et al, 2015). Thus, inherent seed
longevity is seen as one of the adaptive mechanisms to allow
a plant population to disperse in time and space.

For successful crop production, the stage of maturity at
harvest is the primary factor in the seed production chain
that influences seed vigour (Finch-Savage and Bassel, 2015).
Harvesting too early may result in low longevity, low vigour,
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and poor establishment because not all the seed vigour charac-
teristics have been acquired yet. Delaying harvest, meanwhile,
increases the risks of either shattering or seed deterioration in
the field due to unfavourable weather conditions. Despite the
central importance of longevity and seed vigour in agricul-
ture, how they are acquired during seed development is still
poorly understood. The stage of maturity is also of practical
importance during collection of seeds of non-cultivated spe-
cies for seed banking. It is often necessary to harvest seeds
before they are fully ripe as this will secure collection prior to
dispersal. However, this practice also leads to the collection
of a significant proportion of immature seeds that are unsuit-
able for long-term storage (Hay and Probert, 2013).

Survival in the dry state is a result of a series of molecu-
lar and cellular processes during seed development that start
with the acquisition of desiccation tolerance, defined as the
ability to survive a loss of water that rapidly brings the seed
moisture content to equilibration with that of ambient air
[i.e. the relative humidity (RH) of the air]. In practice, this
moisture content is around 10% on a fresh weight basis, cor-
responding to a water potential of around —150 MPa. Upon
further maturation, mechanisms are put in place to confer
seed longevity in the dry state. During this period, a progres-
sive loss of water occurs, which needs to be precisely con-
trolled to allow preparation for the incipient germination and
the timing of fruit abscission from the parent plant. Whereas
the definition of desiccation tolerance implies a threshold
value of moisture content during drying, longevity involves a
time component. Indeed, being able to survive the water loss
is one thing; remaining alive in the dry state is another. This
cannot be more powerfully illustrated than with the recent
progress made on the preservation of human cells in the dry
state. By increasing the intracellular concentration of treha-
lose and overexpressing two late embryogenesis abundant
(LEA) proteins in human HepG2 cells, Li et al. (2012) were
able to dry these transgenic cells, with 98% survival at 12%
moisture, but were unable to maintain them alive in the dry
state for more than a few minutes. The time component of
survival in the dry state originates from the nature and speed
of chemical and physical reactions that cause slow deterio-
ration of seeds during storage, despite the extremely severe
limitations in molecular diffusion and motion brought about
by the glassy state. That the threshold (desiccation tolerance)
and time (longevity) components are acquired separately dur-
ing seed development implies the existence of different regula-
tory factors acting sequentially and/or different mechanisms
of regulation if the molecular players are identical.

In this review, we describe the current knowledge on the
so-called late seed maturation programme and present recent
advances concerning the molecular determinism of seed
longevity. For extensive reviews with regard to desiccation
tolerance, the reader should refer to Hoekstra et al. (2001),
Leprince and Buitink (2010), and Dekkers et al. (2015), and
with regard to longevity, to Buitink and Leprince (2004),
Walters et al. (2010), and Sano et al. (2016). Here we focus
on the major events and regulatory pathways underlying
late seed maturation, including the acquisition of seed lon-
gevity. We argue that, in contrast to embryogenesis and seed

maturation, the late seed maturation programme is poorly
understood and deserves further attention.

Physiological and biochemical events
of late seed maturation: more than just
water loss

A useful starting place to illustrate the importance of the late
maturation phase is a comparison of its relative length in time
during seed development across species (Fig. 1). There is no
consensus as to when late seed maturation starts, but the easi-
est criterion to use is the end of seed filling, when the embryo
and/or endosperm ceases to expand and accumulates storage
reserves. Fig. 1 shows that, using this criterion, the relative
time span of late seed maturation varies tremendously among
species, ranging from 78% of the total developmental time in
rice to 10% in red cabbage. Arabidopsis exhibits a late matu-
ration phase that is among the shortest, providing an expla-
nation as to why this phase has not yet received a great deal
of attention at the molecular level. Other markers associated
with late maturation are the loss of chlorophyll and the accu-
mulation of the raffinose family oligosaccharides (RFO). In
Medicago truncatula, both processes start when seed filling
has ceased (Fig. 2). In contrast, in Arabidopsis and other
Brassicaceae, chlorophyll loss and RFO accumulation start
when seed filling is still underway (Fig. 2; Baud et al., 2002;
Jolivet et al., 2011; Righetti et al., 2015). This suggests that
the end of seed filling is not an appropriate marker of the
start of the late maturation process, and that maturation
sensu stricto (seed filling) and late seed maturation compo-
nents strongly overlap in species such as Arabidopsis. This
was confirmed by the expression of certain marker genes of
seed filling and late maturation that show distinct expression
profiles in developing seeds of M. truncatula, whereas they
overlap in Arabidopsis (Righetti ef al, 2015). Another exam-
ple illustrating that late seed maturation implies different
regulatory controls compared with seed filling comes from
[1-'*C]decanoate feeding experiments, which show that path-
ways of lipid metabolism during desiccation are clearly differ-
ent from those during seed maturation (Chia et al., 2005). In
oily seeds, desiccation is accompanied by a 10-16% decrease
in lipid reserves that are used for respiration, triacylglycerol
turnover, and the production of malate and asparagine (Chia
et al., 2005). Species in which maturation sensu stricto and the
late seed maturation programme are well separated are excel-
lent models to distinguish the regulatory modules associated
with late maturation from seed filling, and to decipher the
regulatory networks that are involved in the acquisition of
seed longevity (Chatelain et al., 2012; Righetti et al., 2015;
Rosnoblet ef al., 2007; Verdier et al., 2013).

From a physiological point of view, seeds entering the
late maturation phase have already gained their germina-
tion capacity and desiccation tolerance, both occurring
much earlier, when seeds are being filled (Fig. 2). During late
maturation, longevity is acquired gradually, increasing 30-
to 50-fold to reach a maximum just before or near the dry
state, depending on the species, genotype, and environment

6102 U2IBIN G| U0 1sanB Aq 6E1/292/228/7/89N0eSqe-8[o1Ee/qX]/W00 dNo"dlWaped.//:Sd)Y Wolj PapEojUMOQ



Oryza sativa (1)
Hordeum vuigare (2)
Trifolium ambiguum (3)
Cucumis melo (4)
Glycine max (5)

Brassica campestris (6)
Digitalis purpurea (7)
Medicago truncatula (8)
Phaseolus vulgaris (9)
Daucus carota (10)
Ricinus communis (11)
Brachipodium distachyon (12)
Triticum aestivum (13)
Capsicum annuum (14)
Ipomea lacunosa (15)
Gossypium hirsutum (16)
Camelina sativa (17)
Arabidopsis thaliana (18)
Sinapis alba (19)
Brassica oleracea (20)
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Fig. 1. Relative importance of the three phases of seed development. Data are taken from the literature showing the evolution of fresh and dry weight
and water content during seed development. The switch from embryogenesis to seed filling is defined as the onset of the increase in dry weight. Late
seed maturation starts when seed filing ceases. Seed development is considered to be terminated when seed moisture content is less than 20%. Data
are from Ellis et al., 1993 (1); Bartels et al., 1988 (2); Hay et al., 2010 (3); Welbaum and Bradford, 1988 (4); Zanakis et al., 1994 (5); Sinniah et al., 1998
(6); Hay and Probert, 1995 (7); Chatelain et al., 2012 (8); Sanhewe and Ellis, 1996 (9); Gray et al., 1988 (10); Kermode and Bewley 1985 (11); Guillon

et al., 2012 (12); Ellis and Pieta Filho, 1992 (13); Demir and Ellis, 1992 (14); Jayasuriya et al., 2007 (15); Galau et al., 1987 (16); Rodriguez et al., 2013
(17); Baud et al., 2002 (18); Fischer et al., 1988 (19); Still and Bradford, 1998 (20). (This figure is available in colour at JXB online.)

(Hay et al., 2015; Probert et al., 2007; Righetti et al., 2015).
Upon abscission and final drying, seed water content decreases
and reaches an equilibrium with ambient atmospheric condi-
tions. When water content is below approximately 0.1 g H,O
g DW! (equilibrium RH values below 65%), the cytoplasm
transforms into a glassy state, where the molecular mobility
and relaxation rates of molecules are severely slowed down,
thereby imposing a state of quiescence (Ballesteros and
Walters, 2011; Buitink and Leprince, 2004).

Below, we summarize the different molecular events
that characterize the late seed maturation programme
together with their underlying regulatory factors (Fig. 3).
The regulation of seed coat components and their impli-
cations for longevity are thoroughly described in a recent
review by Sano et al. (2016), and will not be discussed here
further.

Longevity and the degradation of photosynthetic
pigments: a continuing conundrum

The most visible change associated with late seed matura-
tion is the degradation of photosynthetic pigments, includ-
ing chlorophyll and carotenoids (Fig. 3; Delmas et al., 2013;
Gonzales-Jorge et al., 2013; Nakajima et al., 2012; Teixeira
et al., 2016). Taken together, this makes the presence of chlo-
rophyll molecules in dry non-chlorophyllous seeds a charac-
teristic of immaturity that can be used to discriminate highly
vigorous seed in a seed lot (Jalink ef al., 1998).

In developing Arabidopsis and M. truncatula seeds, the
degradation of chlorophyll is regulated by abscisic acid
(ABA), acting through the transcription factor ABSCISIC
ACID3 (ABI3), since seeds of «hi3 mutants remain green
at maturity (Fig. 3; Delahaie et al., 2013; Delmas et al.,
2013). ABI3 controls degreening by activating the expres-
sion of a series of genes encoding chlorophyll degradation
enzymes, namely NON-YELLOW COLORINGI (NYCI)
and NON-YELLOW COLORINGI-like (NOL), acting in
the first steps of chlorophyll breakdown (Nakajima et al.,
2012), and STAY-GREEN2 (SGR2, Delmas et al., 2013).
The SGR gene is the Mendel’s I locus responsible for the col-
our of pea cotyledons and leaf greenness during senescence
(Sato et al., 2007), although its precise role in chlorophyll
catabolism is still unclear. Seeds of the SnRK2 triple mutant
(snrk2.2/snrk2.3/snrk2.6) also show chlorophyll persistence
(Nakashima et al., 2009). In Arabidopsis, several enhancers
of the ABI3-dependent green phenotype have been identified,
such as the GREEN SEED (GRS) and DOGI1 (Clerkx et al.,
2003; Dekkers et al., 2016). Their precise function in the regu-
lation of chlorophyll catabolism and whether they act in par-
allel or upstream of one another remain to be established.

The physiological reasons why chlorophyll is degraded dur-
ing late seed maturation are still unclear. Seeds of most species
acquire their desiccation tolerance when they are still green,
indicating that the presence of chlorophyll is not detrimental
to their survival of drying. However, chlorophyll retention
could be detrimental to longevity. Seeds of all but one mutant
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Fig. 2. Main physiological and biochemical events related to seed filling
and the acquisition of longevity during late seed maturation are overlapping
in Medlicago truncatula (above) in contrast to Arabidopsis thaliana (below).
The broken line indicates the loss of water during development. DT,
desiccation tolerance; EMB, embryogenesis; P50, half-life of viability loss
during storage; RFO, raffinose family oligosaccharide content. Adapted
from Righetti et al. (2015).

affected in chlorophyll degradation and the regulation thereof
that have been studied so far exhibit reduced longevity. Seeds
of abi3 and snrk2.2/snrk2.3/snrk2.6 exhibit both chlorophyll
retention and decreased longevity compared with wild type.
Seeds of the grs mutant of Arabidopsis contain twice as
much chlorophyll as wild type and show reduced shelf-life
(Clerkx et al., 2003). The dogl-1 abi3-1 double mutant seeds
also exhibit both a strongly reduced storability and higher
chlorophyll content compared with abi3-1 (Dekkers et al.,
2016). Direct evidence linking genes that specifically affect
chlorophyll degradation to longevity comes from the char-
acterization of nycl nol double mutants. These seeds contain
10-fold more chlorophyll than wild type and their longevity
is strongly reduced (Nakajima et al., 2012). The only gene for
which a mutation leads to a green seed phenotype without
apparent reduction of longevity is SGR (Delmas et al., 2013;
Sato et al., 2007). To explain this discrepancy, Nakajima et al.
(2012) proposed that, depending on the mutated gene in the

chlorophyll breakdown pathway, unbalanced degradation
might occur, leading to the accumulation of unphysiological
degradation products of chlorophyll. In leaves, SGR does not
function as a chlorophyll catabolic enzyme but is a key regu-
lator of this process (Christ and Hortensteiner, 2014).

An alternative hypothesis to explain the function of
degreening during late seed maturation could be that chloro-
phyll breakdown is necessary to release phytyl tails to serve as
a substrate for the synthesis of tocopherols, a known antioxi-
dant involved in seed longevity (reviewed in Sano et al., 2016).
In support of this, seeds of the Arabidopsis mutant defective
in VITAMIN E DEFICIENT6 (VT6), a phytyl-phosphate
kinase that links phytol release from chlorophyll to tocoph-
erol synthesis, exhibited reduced longevity and increased
chlorophyll content (Fig. 3; Vom Dorp et al., 2015). Thus, any
mutation that leads to chlorophyll retention could affect the
synthesis of tocopherols during maturation, thereby impact-
ing the storability of the seed. Late seed maturation triggers
not only chlorophyll degradation but also carotenoid catabo-
lism. These pigments, which are accessory to photosynthesis,
play crucial roles in photosystem assembly, protection against
light-induced reactive oxygen species (ROS), and as substrates
for the synthesis of ABA and strigolactones. The regulation
of carotenoid metabolism is very well described in fruits and
leaves (reviewed in Liu et al., 2015), but only a few studies
on seed maturation have been performed. Degradation of
carotenoids is regulated by carotenoid cleavage dioxygenases
(CDD). In seeds, they include 9-cis-epoxycarotenoid dioxyge-
nases (NCED) that are involved in ABA synthesis, and sev-
eral CCDs with broad substrate specificities. In Arabidopsis,
four CCDs (CCD1, CCD4, CCD7, and CCD8) are active
during development. The CCDI and CCD4 genes are
induced during the onset of the desiccation phase, and seeds
of ccdl and ccd4 mutants were impaired in the degradation
of B-carotenes (Gonzales-Jorge et al., 2013). Recent results
showed that ABI4 could act as a negative regulator of CCD
gene expression (Yu et al., 2016). Over-expression of ABI4
in Arabidopsis resulted in an increase in transcript levels of
CCD7 and CCD§ and a decrease in carotenoid contents in
seeds. ABI4 is mainly expressed during late seed maturation
and early germination and appears to regulate after-ripening,
a period of dry storage that releases dormancy (Shu et al.,
2013). It is also known to be involved in chloroplast-nucleus
retrograde signalling in leaves (Leoén et al., 2012), although
there is no evidence so far on whether this regulation takes
place in late-maturing seeds.

The role of oligosaccharides in longevity remains
elusive

Changes in soluble sugar content and composition are also
a characteristic of late seed maturation. Typically, hexoses
(Glc and Fru) and Fru6P and GIc6P progressively disappear,
whereas Suc, Ara, Gal, and RFO increase (Fait et al., 2006;
Verdier et al., 2013). The presence of reducing monosaccha-
rides is negatively correlated with longevity. They are consid-
ered to be detrimental for seed shelf life because the carbonyl
groups of these reducing sugars can react with amino acids
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(the so-called Maillard reaction) and release toxic molecules
during seed storage. In dry mature seeds, the most abun-
dant soluble non-reducing sugars are either Suc, represent-
ing 60-80% of total soluble sugars (Arabidopsis, maize, Acer
ssp.) or RFO (legumes) (Fig. 2).

RFO are synthesized from Suc by the subsequent addi-
tion of galactinol, a reaction catalysed by raffinose (Raf)
SYNTHASE (RafS) and stachyose (Sta) SYNTHASE
(StaS), both of which exhibit broad substrate specificities,
whereas galactinol is synthesized from UDP-Gal and myo-
inositol by GALACTINOL SYNTHASE (GOLS), which is
putatively the committed enzymatic step in the RFO synthe-
sis (reviewed in Sengupta et al., 2015). Regulation of RFO
content appears to be controlled transcriptionally during late
seed maturation, since there is a tight correlation between
RFO accumulation and the increase in transcripts of GOLS,
StaS, and SEED IMBIBITION PROTEINI and 2 (SIP, a
RafS; Downie et al., 2003; Verdier et al., 2013).

The regulation of RFO accumulation is under the tran-
scriptional control of ABA and gibberellic acid (GA).
GOLS transcripts remain high in the dry seeds of ABA-
and GA-deficient mutants of tomato (Downie et al., 2003).
Expression of both SIPs is regulated by ABA, at least in
part via ABI3 and ABIS (Sengupta et al., 2015). Both genes
possess ABRE elements in their promoter region. In seeds
of Arabidopsis abi3 and abal abi3 mutants, RFO levels are
lower than wild type and accumulation could be re-induced
by exogenous ABA (Dekkers et al., 2016). In M. truncatula,

Mt-SIP2 is also a potential target of ABI3, as its transcripts
are down-regulated in Mt-abi3 mutants during late seed mat-
uration, and up-regulated when Mt-ABI3 is overexpressed
in hairy roots (Verdier et al, 2013). However, the increase
in Mt-SIP2 transcript level occurs later during develop-
ment compared with increases in Mt-ABI3 and Mt-ABI5
transcripts, suggesting that additional downstream factors
might be involved in their regulation. One possibility is the
SUCROSE NONFERMENTING-RELATED KINASE
COMPLEX (SnRK1), which is known for its central role in
energy metabolism, linking stress, sugar, and developmental
signals to regulate plant metabolism, energy balance, growth,
and stress responses (Baena-Gonzalez and Sheen, 2008).
Silencing SNF4b expression, a seed-specific regulatory subu-
nit of the SnRK1, resulted in an increase of Suc and decrease
of Sta contents during seed maturation, as well as a reduction
in seed longevity (Rosnoblet et al., 2007).

The functional role of Suc and RFO in dry seeds remains
elusive. Seeds can become desiccation-tolerant without any
accumulation of RFO (Black et al., 1999, Hagely et al.,
2013). Rather, the increase of RFO during maturation is in
parallel with the acquisition of seed longevity (Black et al.,
1999, Verdier et al., 2013), although a genetic connection, if
any exists, has not been discovered yet. A correlation between
longevity and the Suc:RFO ratio or the amount of RFO has
been reported, although this relationship does not always
hold true (Buitink et al., 2000; Gurusinghe and Bradford,
2001; Horbowicz and Obendorf, 1994; Verdier et al., 2013).
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Likewise, galactinol was found to be a marker for seed
longevity in Arabidopsis, cabbage, and tomato (de Souza
Vigidal et al., 2016). Yet, in the same study, Arabidopsis
mutants of StaS a showed three-fold increase in galactinol
levels, whereas germination after artificial ageing was not
affected. The authors suggested that galactinol might reach
a threshold level above which longevity no longer increases.
However, in soybean and M. truncatula, galactinol accumu-
lates transiently, showing that this correlation is not always
valid. Further genetic evidence demonstrated a role for RFO
metabolism in longevity, as seeds of Arabidopsis alpha-galac-
tosidase2 mutants exhibited reduced longevity, although only
Suc levels were significantly higher in the mutants but not
RFO levels (Righetti et al., 2015).

Although the role of RFO metabolism in longevity
remains elusive, several studies have made an attempt to
understand its function. Protective roles for RFO in the dry
state have been surmised from in vitro studies, but in vivo
experimental data have shown that these hypotheses were
not correct. One such hypothesized role, recurrently quoted
in the literature, is that RFO prevents crystallization in the
dry state. This hypothesis comes from the observation that
a pure solution of Suc crystallizes when dried, whereas a
mixture of different sugars does not. However, the composi-
tion of the cytoplasm is so complex that no crystallization
of any molecule is likely to ever occur during drying; rather,
the cytoplasm is transformed into a glassy state on drying,
thereby preventing crystallization (Buitink and Leprince,
2004). A glass is defined as a supercooled liquid with an
extremely high viscosity—typically in the order of 10" Pas™!.
The high viscosity and low molecular mobility and diffu-
sion in the cytoplasmic glass play an important role in slow-
ing down detrimental reactions, thus enhancing longevity
(Ballesteros and Walters, 2011; Buitink and Leprince, 2004;
Walters et al., 2010).

A second hypothesis that was put forward to explain the
role of RFO in protection in the dry state is related to oligo-
saccharides having a higher molecular weight than sucrose.
The higher the molecular weight of the sugar, the higher the
glass transition temperature (Tg), resulting in earlier glass
formation during drying. Since Raf and Sta have a higher
Tg than Suc, it was deduced that the RFO:Suc ratio might
be linked to longevity. However, decreasing the oligosaccha-
ride composition in primed seeds did not lead to a change
in Tg or molecular mobility in the cytoplasm (Buitink et al.,
2000). In addition, cytoplasmic glasses do not have the same
behaviour as simple sugar mixtures (Buitink and Leprince,
2004). Further studies need to focus on alternative roles for
RFO during the establishment of seed longevity, including
protection against oxidative damage (Nishizawa et al, 2008).
Interestingly, galactinol and RFO also act as signalling mol-
ecules following pathogen attack, suggesting a role in biotic
stress signalling (Kim ez al, 2008). Both GolS and RafS
contain W-box cis-elements in their promoters, regulated
by ABA-inducible WRKY (Wang et al., 2009). This links
RFO metabolism during seed development to biotic defence
pathways activated during late seed maturation (see ‘Biotic
defence and longevity’).

Chromatin condensation: to protect or requlate?

During seed desiccation, the size of the nuclei markedly
reduces and the chromatin undergoes a high but reversible
condensation (Fig. 3; van Zanten et al., 2011). This conden-
sation is probably not induced by desiccation per se but by
a regulated phenomenon controlled by ABI3 (van Zanten
et al., 2011). In vitro, chromatin extracted from nuclei of
vegetative tissues readily decondenses in the absence of salts
and denatures upon heating. However, chromatin extracted
from dry maize embryo is poorly soluble, fails to decondense
in vitro, and denatures at a much higher temperature during
heating (Leprince et al., 1995). Chromatin extracted from
dried desiccation-sensitive germinated radicles also fails to
decondense in vitro. However, it exhibits different physico-
chemical characteristics compared with those of dry desicca-
tion-tolerant seeds, such as increased solubility and decreased
denaturation temperature, suggesting that the condensation/
decondensation properties are lost in these desiccation-sen-
sitive tissues (Leprince er al., 1995). Taking this evidence
together, we speculate that the chromatin acquires intrinsic
properties during late seed maturation that enable a revers-
ible condensation/decondensation upon desiccation and
imbibition. Chromatin condensation does not prevent tran-
scriptional activities during late seed maturation, since a sig-
nificant amount of transcripts change during the late phase
of desiccation, when the tissue water content falls below 0.4 g
H,0 g DW! (Verdier et al., 2013). This suggests the existence
of specific mechanisms enabling efficient transcription in very
dense chromatin. Maintenance of genomic integrity is critical
to seeds to prevent mutations before the onset of germination
and is associated with seed vigour (reviewed by Waterworth
et al., 2015). Highly condensed chromatin that induces high
genomic DNA compaction is known to offer increased tol-
erance against oxidative damage and radiation-induced dou-
ble-strand breakage (Falk et al., 2010 and references therein).
Whether chromatin condensation contributes to seed longev-
ity by protecting the genome integrity in the dry state remains
to be investigated.

The developmental regulation of heat-shock proteins:
no need for heat

Another aspect of the genetic programme of late matura-
tion is the induction of HSP and sHSP genes (Fig. 3).
Despite the absence of heat stress, sHSP transcripts typi-
cally accumulate during late maturation (Kotak et al., 2007,
Wehmeyer et al., 1996; Wehmeyer and Vierling, 2000). By
analogy with their chaperone function in response to heat
stress, sHSPs are likely to have a protective role in seed lon-
gevity (Kaur et al., 2015; Prieto-Dapena et al., 2006). HSP
gene expression is induced by heat shock factors (HSF), a
large and highly diversified family of transcription factors
that are the terminal components of the signalling path-
way inducing HSPs upon stress. During maturation, HSP
expression is upregulated by a seed-specific HEAT SHOCK
TRANSCRIPTION FACTORY (HSFA9). HSFA9 is notable
because it is exclusively expressed from maturation onwards
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to the dry state (Kotak et al., 2007). Overexpression of the
sunflower HaHSFAY in tobacco seeds led to an increase
in HSP101 and a subset of sHSPs. These seeds were more
resistant to deterioration when incubated at 50 °C while
their moisture content increased to 15%, a so-called con-
trolled deterioration test used to assess seed vigour (Personat
et al., 2014; Prieto-Dapena et al., 2006). Likewise, loss of
function of HaHSFA9 obtained by fusion with an SRDX
motif, a potent active repressor, induces a drastic reduction
in the accumulation of sHSPs and resistance against con-
trolled deterioration. Dry viable transgenic seeds can still be
obtained, suggesting that desiccation tolerance is not under
the regulation of HSFAO9 (Tejedor-Cano et al., 2010). HSFs
can act with accessory HSFs and/or need additional HSFs
for their activation during maturation. For instance, tobacco
seeds that overexpress both HaHSFA4a and HaHSFA9
show better resistance against controlled deterioration com-
pared with seeds overexpressing HSFAY9 only (Personat
et al., 2014). HaHSFA9 also interacts with the sunflower
drought-responsive factor HaDREB2 (DEHYDRATION
RESPONSIVE ELEMENT BINDING PROTEIN B2) in a
seed-specific manner to enhance stability during controlled
deterioration (Fig. 3; Almoguera et al., 2009). During matu-
ration, HSFA9 is controlled by developmentally regulated
ABI3 (Kotak et al., 2007), in interaction with ABI5 and
DOGTI (Dekkers et al., 2016). HSFA9 is also a target of Aux/
IAA protein repression (Carranco et al., 2010). The sun-
flower AUXIN-RESPONSIVE PROTEIN 27 (HalAA27)
directly interacts with HaHSFA9, and when expressed in
transgenic seeds it represses the transcriptional activation
of sHSP by HaHSFAO. Interestingly, overexpression of an
auxin-resistant form of HalAA27 leads to increased activ-
ity of HaHSFAY, suggesting that auxin signalling pathway
could be involved in seed longevity (Fig. 3, Carranco et al.,
2010). This hypothesis received further support by a gene
coexpression network analysis of seed maturation (Righetti
et al., 2015). In this network, the genes forming a module
associated with longevity are significantly enriched in the cis-
element AUXIN RESPONSE FACTOR in their promoter
region.

Late embryogenesis abundant proteins or late seed
maturation proteins: calling a spade a spade

Accumulation of LEA proteins is a landmark of seed mat-
uration (Fig. 4). Plants contain a large number of different
LEA genes (up to 51 in Arabidopsis) that are divided into
seven groups according to their PFAM domains (Bies-Etheve
et al., 2008; Hundertmark and Hincha, 2008). There have
been considerable efforts to understand the regulation and
function of LEA proteins, and we refer the reader to some
of the excellent reviews (Banerjee and Roychoudhury, 2016;
Battaglia et al., 2008, Leprince and Buitink, 2010; Tunnacliffe
et al., 2010). In this section, we will highlight the role of those
LEA proteins that accumulate during (late) seed maturation
and discuss their regulation and possible functions.

In M. truncatula, 12 LEA transcripts appeared to be exclu-
sively present in seeds, whereas a proteome study detected,
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besides these 12 gene products, additional LEA polypeptides
that were encoded by six other LEA genes (Chatelain et al.,
2012; Fig. 4). The 12 seed-specific LEA proteins belong to dif-
ferent LEA families: LEA_S (EM1 and EM6), Seed Maturation
Proteins (SMP) (D341, 11, and III, PM25), and several mem-
bers of the LEA_4 group (LEAl4-like ¢, LEAm, SBP65,
PM18, PM12, PM10). Homologues of these LEA proteins
in Arabidopsis localize in both cytosol and nucleus, whereas
PM10 is localized in the vacuole and endoplasmic reticulum,
and LEAm in the mitochondria (Candat et al., 2014). A tempo-
ral study on the accumulation of the LEA polypeptides showed
that a limited number of them accumulated at the acquisition
of desiccation tolerance. Rather, their abundance increased
further during late maturation (Fig. 4A). Strikingly, most of
the LEA polypeptides appeared at the final stages of seed mat-
uration, while their transcripts were detected 10-20 days earlier
(Fig. 4B-D). Two interesting conclusions can be made from
this analysis: (i) the abundance of most LEA proteins coin-
cides with the final decrease in water content from 1 g H,O g
DW! onwards; (ii) the considerable delay between transcripts
and proteins suggests a post-transcriptional regulation of LEA
protein abundance, coinciding with an over-representation of
transcripts involved in post-transcriptional regulation (Verdier
et al., 2013). Possibly, this regulation ensures the timely pro-
duction of LEA proteins to improve seed storability, consid-
ering that environmental conditions can rapidly accelerate or
delay the time to abscission and final maturation drying. Post-
transcriptional regulation was previously reported for EM pro-
teins in Arabidopsis seeds (Bies et al., 1998), but little is known
about the underlying mechanisms.

The transcriptional regulation of a number of LEA genes
during development has received more attention, and is in
part governed by a network of transcription factors includ-
ing ABI3, ABI4, ABIS, EEL, and DOGI (Bies-Ethéve et al.,
2008; Dekkers et al., 2016; Delahaie et al., 2013; Monke et al.,
2012; Reeves et al., 2011). In Arabidopsis, a number of LEA
transcripts are reduced in mature mutant seeds of abi3, abi5,
leafy cotyledonl, and fusca3, although the identity and num-
ber of the LEA genes that are deregulated varies for each
mutant (Bies-Etheve et al., 2008). A proteomic study of abi3
mutants from M. truncatula showed that all the seed-specific
LEA proteins were lower in abundance compared with wild-
type seeds, whereas other LEA proteins were not affected
(Delahaie et al., 2013). Interestingly, the dehydrin MtDHN3
was more abundant in seeds of Mt-abi3 mutants compared
with wild type (Delahaie et al, 2013), and dehydrin tran-
scripts were also higher in abi3 seeds of Arabidopsis (Bies-
Ethéve et al, 2008), suggesting that an intricate regulatory
network is set up during maturation to fine-tune the level of
LEA proteins. It is noteworthy that a number of LEA genes
expressed in seeds are not deregulated in any of the stud-
ied mutants (Bies-Etheve er al., 2008), and their regulators
remain to be elucidated. In this respect, Verdier ez al. (2013)
identified several candidate transcription factors coregulated
with LEA transcripts during seed maturation that deserve
further attention.

To our knowledge, only one study has demonstrated that
LEA proteins are implicated in seed longevity. In Arabidopsis,
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the strong down-regulation of three seed-specific dehy-
drins resulted in a decrease in seed survival during storage
(Hundertmark et al., 2011). In M. truncatula, the four most
abundant seed LEA proteins correlated with the increase in
longevity during maturation (Fig. 4; Chatelain et al., 2012)
and these are therefore putative candidates for further studies.
The molecular functions of LEA proteins in seed longevity
and why such a diversity exists in dry seeds remain speculative
and can only be inferred from in vitro studies. LEA proteins
are likely to have multiple functions during seed maturation.
In the hydrated state they are mainly in an unstructured con-
formation, whereas upon drying, many LEA proteins readily
adopt a more structured conformation. It has been specu-
lated that they exert different functions depending on the
water status of the cell (Boudet et al., 2006; Tunnacliffe et al.,
2010). Due to their hydrophilic nature and hydration buffer
capacity, certain LEA proteins may participate in the control
of water loss during maturation. In vitro, MtEM6 was found
to bind water much more efficiently at 75% RH compared
with the control lysozyme, acting as a molecular sponge. At

low RH, when MtEM6 has adopted a change in conforma-
tion, no difference in water absorption was found compared
with the control (Boucher et al., 2010). Consistent with this,
Arabidopsis em6 mutants showed defects in maturation dry-
ing (Manfre et al., 2009). Upon progressive drying, LEA pro-
teins may protect the cells from the resulting decrease in water
potential by stabilizing proteins and preventing them from
aggregation (Chakrabortee et al., 2007; Li et al., 2012). They
could also buffer an increase in ion concentration, notably
Fe?", a catalyst of ROS production (Hara et al., 2005). Based
on in vitro studies showing that dehydrins bind to phospholip-
ids and modulate membrane properties (Eriksson et al., 2016
and references therein), certain LEA proteins could also pro-
mote membrane fluidity and integrity. Upon further drying,
they could participate in the glass formation in combination
with Suc and oligosaccharides (Ballesteros and Walters, 2011;
Buitink and Leprince, 2004; Walters et al., 2010; Wolkers
et al., 2001). In support of this hypothesis, combining the
LEA proteins D7, MtEM6, or MtPM25 with Suc increased
the density of the dry glassy matrix (Tunnacliffe et al., 2010;

6102 Yot G| uo jsenb Aq 6ev.292/228/7/89/0eNSqe-8oIE/qXI/WO00 dNO"dIWBpEDE//:SA}Y WOy POPEOJUMOQ



Wolkers et al., 2001). The advantage of a denser glass could
be improved long-term stability in the dry state by restricting
molecular mobility and relaxation.

Biotic defence and longevity: two sides of
the same coin

Seed longevity relies on antioxidants, such as tocopherols,
glutathione, and secondary metabolites such as flavonoids
(see Sano et al., 2016 for review). Defects in the testa structure
and composition such as flavonoid pigmentation are known
to affect seed storability (Sano et al., 2016). These components
also have an important role in defence against pathogens.
Using a gene regulatory network of developing M. trunca-
tula and Arabidopsis seeds, Righetti ez al. (2015) found that
defence process-related GO categories were highly enriched
in a gene module co-regulated with the acquisition of longev-
ity. These authors also showed that mutant seeds of wrky3
and nfx/l (nuclear factor-XI-likel ), two biotic stress-related
transcription factors present in the module, exhibit reduced
longevity. WRKY3 is a positive regulator of defence against
necrotrophic pathogen (Lai et al., 2008). Furthermore, in the
wrky3 mutant, WRK33, a regulator of the jasmonate-related
defence pathway, is also down-regulated (Righetti et al.,
2015). The NFXLI is involved in salicylic acid-dependent
defence responses (Asano et al., 2008). These two mutants
display a weakened physical barrier, reflected by increased
seed coat permeability. These data suggest that during late
maturation, developing seeds activate regulatory defence
pathways to set up protective processes ensuring survival in
the dry state.

Several molecular players in plant immunity have pleio-
tropic effects on plant growth and development, pointing
to a link between both processes in terms of function and
evolution. For example, the seed-specific regulatory subunit
SNF4b of the SnRK1 complex plays a role in plant defence
in dormant seeds of M. truncatula and was also shown to be
involved in longevity (Bolingue et al., 2010). The longevity
module of M. truncatula contains not only sHSP, but also
HSP70 and HSP90, two chaperones assisting protein folding
during abiotic stress responses (Jungkunz et al., 2011; Wang
et al., 2016). The HSP90 chaperone machinery is also impli-
cated in immunity, light signalling, and chloroplast biology,
as well as in growth and development (Kadota and Shirasu
2012), making it an interesting candidate for connecting chlo-
roplast dismantling and defence during late seed maturation.
Mechanisms involved in passive defence also include physical
barriers related to thickened cell walls, or substances such as
cutin, suberin, or pectin. Interestingly, seeds of mutants with
defects in cutin deposition exhibited reduced longevity (De
Giorgi et al., 2015). Likewise, the thick layer of p-glucans,
which can act as a physical barrier against pathogen infec-
tion, also plays a key role in regulating seed coat-imposed
dormancy (Leubner-Metzger, 2003).

The connection between plant development and defence
has been highlighted by many studies (reviewed in Huot
et al., 2014; Whalen, 2005). In seeds, a recent study using the
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pathosystem M. truncatula and Xanthomonas campestris pv.
campestris (Xcc), a Brassicaceae pathogen, shows an active
interaction between the presence of the bacterium and the
developing seeds at different stages of maturation (Terrasson
et al., 2015). These contaminated seeds are able to mount a
defence response through a transcriptional reprogramming of
the maturation programme. Evidence for a dialogue was also
observed in developing soybean seeds, where the expression
of pathogenesis-related genes is induced upon infection with
Cercospora kikuchii or Diaporthe phaseolorum (Upchurch
and Ramirez, 2011). Interestingly, the activation of a defence
response in the Xcc-infected developing seeds results in a
down-regulation of genes related to seed maturation, such as
genes involved in chlorophyll degradation and genes encod-
ing seed storage proteins (Terrasson et al., 2015). As a result,
a higher chlorophyll content and lower weight is observed in
mature infected seeds compared with the control. Transcripts
of major ABA-related signalling transcription factors, ABI3,
ABI5, bZIP67, and their target genes are also affected by
this interaction. This shows that, like vegetative tissues, upon
interaction with pathogens, developing seeds undergo a simi-
lar fine-tuning of resources, resulting in a trade-off between
seed filling and defence activation.

As well as regulating seed development, ABA interacts in
either an antagonistic or a synergistic manner with salicylic
acid and jasmonate, two plant defence hormones (Anderson
et al., 2004; Mosher et al., 2010). For instance, ABA accu-
mulates in leaves upon infection with Leptosphaeria mucu-
lans in an ABI1- and ABI4-dependent manner, resulting in
callose deposition and induction of RLMI (RESISTANCE
to L. muculans) gene expression. ABI4 appears to have a
dual role in this resistance by controlling a feedback loop
through its upstream regulator ABI1 (Kaliff et al, 2007).
In response to bamboo mosaic virus infection, Arabidopsis
mutants in ABA signalling show an opposite defence pheno-
type. Mutations in 4 BA2 positively affect resistance, whereas
mutations in the downstream components ABII, ABI3, and
ABI4 affect it negatively (Alazem et al., 2014). Whether
upregulation of ABI3 and ABI4 during the late maturation
phase confers immunity against pathogen attack on develop-
ing seed merits further investigation.

All these observations illustrate the link between the devel-
opmental programme of (late) seed maturation, longevity,
and defence. The optimal defence hypothesis proposes that
under biotic threat, a plant will defend best those tissues or
organs that contribute most to its fitness and/or exhibit a high
probability of being attacked by pathogens (Meldau et al.,
2012). Thus, the expression of defence-related components
during seed maturation could be a programmed mechanism
to install passive barriers as a pre-emptive strategy to protect
the embryos from pathogen attack, as in the dry quiescent
state the seed will not be able to activate defence responses.
In turn, these mechanisms will also have an impact on the
longevity of the seed. This raises the question as to whether
seed longevity evolved by co-opting existing genetic pathways
regulating the activation of defence against pathogens, to
ensure proper protection during storage in the soil until they
are ready to germinate.
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The concepts of robustness and plasticity
should help understanding of the
acquisition of survival in the dry state

The concepts of robustness and the other extreme, sensitiv-
ity or plasticity, in developmental biology have been reviewed
by Donohue (2003), Félix and Wagner (2008), Lempe et al.
(2013), and Boukhibar and Barkoulas (2016). Robustness is
the persistence of a trait under perturbation. In other words,
robustness ensures an invariant phenotype in the presence of
considerable ‘noise’, which can be due to environmental or
genetic variations. Robustness is essential to keep processes
and traits in any living organism within narrow limits (Lempe
et al., 2013). In contrast, plasticity is defined as the ability
to adjust phenotypes predictably in response to specific envi-
ronmental stimuli. Phenotypic plasticity, or high phenotypic
variation, is a key means to cope with environmental chal-
lenge and spark evolutionary innovation. Recognition of the
importance of robustness and plasticity will help with the
identification of regulatory genes that are responsible for the
amplification or restriction of seed traits, not only in rela-
tion to the survival in the dry state that is acquired during
maturation, but also for other traits relevant for seed vigour
(Boukhibar and Barkoulas, 2016).

Desiccation tolerance is a robust trait

In orthodox seeds, the acquisition of desiccation tolerance
during development is resilient to both environmental and
genetic perturbations. For example, in Arabidopsis, the per-
centage of desiccation tolerance was not altered in seeds
obtained from 13 different environments and 12 different
genotypes, whereas gene X environment interactions were
found for many other seed traits, such as seed weight, dor-
mancy, or germination under unfavourable conditions (He
et al.,2014). The authors’ group also showed that the acquisi-
tion of desiccation tolerance occurs at the same developmen-
tal age in developing M. truncatula seeds regardless of the
growth conditions of the parent plant, including drought or
heat stress conditions (Righetti ez al., 2015). Considering that
the acquisition of desiccation tolerance is a prerequisite for
species dispersal, the robustness of this trait is probably not
surprising, since the dry quiescent state offers a stable state
that is tolerant to environmental extremes.

What the underlying molecular mechanisms are that explain
how desiccation tolerance achieves robustness remains an
open question. This robustness is likely to be due to a complex
regulatory network where both redundancy and topology of
interactions among genes play an important role (Righetti
et al., 2015). Comparison of transcriptomes obtained upon
acquisition of desiccation tolerance in different genotypes of
M. truncatula under several developmental conditions led to
the identification of 49 transcription factors with expression
profiles associated with the induction of desiccation tolerance
(Terrasson et al., 2013). However, except for certain alleles of
abi3, none of these transcription factors, when mutated, are
known to produce seeds that are desiccation-sensitive, sug-
gesting a strong redundancy or the existence of compensation

mechanisms. Indirect evidence for the presence of redundant
regulatory factors during maturation comes from studies on
the re-induction of desiccation tolerance in desiccation-sen-
sitive germinated radicles upon osmotic or ABA treatment.
In M. truncatula and Arabidopsis, mutants of abi5 produced
desiccation-tolerant seeds during maturation, but desiccation
tolerance could no longer be re-established in germinated
abis radicles upon osmotic or ABA treatment in contrast to
wild type (Maia et al., 2014; Terrasson et al., 2013). Likewise,
Costa et al. (2015) identified three genes from the ABI3 regu-
lon whose mutants were affected in the re-establishment of
desiccation tolerance in germinated seeds, while they pro-
duced dry, viable mature seeds. These genes encode a homolog
of the LEA protein ECP63, CBSX4, a regulatory protein
sensing adenosine-containing ligands, and 414g25580, whose
function is unknown. Interestingly, these mutants exhibited a
significant increase in their ability to re-establish desiccation
tolerance upon osmotic treatment compared to wild type,
suggesting the presence of repressors of desiccation tolerance.
This redundancy complicates the dissection of the regulatory
pathways leading to desiccation tolerance. The use of differ-
ent physiological models and comparative analyses between
sensitive and tolerant species that are closely related might
help us move forward in the future (Delahaie et al., 2013).

Longevity exhibits plasticity

In contrast to desiccation tolerance, longevity is increasingly
recognized to be under the strong influence of environmental
cues perceived by both the parent plant and zygote, show-
ing that this trait exhibits plasticity towards the environment.
Environmental cues include temperature, drought, nutrition,
and light (Contreras et al., 2008; Ellis et al., 1993; He et al.,
2014; Nagel et al., 2015; Righetti et al., 2015). During matu-
ration, they can speed or retard the acquisition of longevity,
thereby inducing large variations in the interval between the
end of seed filling (mass maturity) and maximum shelf-life
(Ellis and Pieta Filho, 1992; Ellis et al., 1993; Righetti et al.,
2015). Longevity can also be modulated by processing treat-
ments after harvest before the seeds are totally dry (Probert
et al., 2007; Whitehouse et al., 2015 and references therein).
Phenotypic plasticity can be quantified as the slope of
the so-called reaction norms, a mathematical function relat-
ing the phenotype and the environment. Three examples
are shown in Fig. 5. In rice, the conditions in which seeds
were dried induced a stronger plasticity response in geno-
type IRGC117273 compared with genotype IRGC117276
(Fig. SA, Whitehouse et al., 2015). Environmental conditions
can influence seed longevity even before meiosis and seed
set, as reported by two fascinating studies on wild species
(Kochanek et al., 2011, Mondoni et al., 2014). Fig. 5B illus-
trates the extent to which the prezygotic growing conditions
of the parent plants of Plantago cunninghamii affect seed
longevity. Parents were grown in suboptimal conditions, then
moved to optimal conditions shortly before or after flower-
ing. In each condition, the parental response was passed on
to their offspring, whose longevity was affected. When plants
were moved shortly before flowering, warm and wet prezygotic
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conditions were associated with a two-fold decrease in lon-
gevity compared with cold and dry conditions, whereas the
opposite response was obtained with plants moved after flow-
ering (Fig. 5B). This indicates that the responses to the envi-
ronment of both maternal and paternal plants contributed to
seed longevity, suggesting a role for pollen quality in this pro-
cess. Whether this suggestion also applies to crops deserves
attention in the future. In Silene vulgaris, the parental envi-
ronment also affects longevity with high plasticity (Mondoni
et al., 2014). However, adding a new twist to this influence,
the authors showed functionally adaptive transgenerational
effects on longevity (Fig. 5C). Using two wild populations
from Alpine and lowland locations, the authors showed that
the parental response to the growing conditions was trans-
lated into the longevity of their offspring (Fig. 5C, open
symbols). However, when the seeds obtained from parents
grown in Alpine conditions were sown and grown in lowland
conditions to produce new seed lots, longevity of their oft-
spring increased almost two-fold compared with the first gen-
eration (Fig. 5C, arrow). Interestingly, this adaptive response
was associated with differential accumulation of SvHSPI7,
which encodes a small heat shock protein putatively associ-
ated with longevity (Mondoni et al., 2014). In the future, the
influence of the parental environment should be incorporated
into studies aimed at deciphering the protective mechanisms
conferring seed longevity.

Considering that longevity is essential for the plant cycle
and exhibits a plasticity response, one can wonder about the
trade-offs between longevity and other seed traits. Longevity
trade-offs are suggested by the crossings in norm reactions
between genotypes shown in Fig. 5. Recently, a negative cor-
relation between seed longevity and dormancy was observed
using six RIL populations of Arabidopsis, with low shelf-life
correlating with high dormancy levels (Nguyen et al., 2012).
Interestingly, there is also a significant correlation between
the presence of endosperm and longevity, with endosper-
mic seeds being shorter lived than non-endospermic seeds
(Probert et al., 2009). Another interesting question pertains

to the molecular machinery that passes the parental response
to the zygote and how it induces the expression of genes and
biochemical pathways conferring long-term protection in the
dry state. In Arabidopsis, DELAY OF GERMINATIONI
(DOG]I) is a likely candidate gene, as dogl-1 mutant seeds
exhibited reduced longevity and lower expression of LEA and
sHSP genes (Dekkers et al., 2016). DOG1, whose function is
unknown, acts as a thermal sensing mechanism that trans-
lates the temperature during seed maturation into abundance
of DOGTI protein in freshly harvested seeds. The amount of
DOGT1 protein will subsequently determine the after-ripening
requirement to release seed dormancy during storage (Footitt
et al., 2015; Kendall et al., 2011; Nakabayashi et al., 2012).
However, whether this mechanism is relevant to the regula-
tion of the plasticity response of longevity remains to be
investigated.

Acknowledgements

This work was funded in part by the project REGULEG ANR-15-CE20-0001
of the French National Research Agency (ANR) and grants from the Region
des Pays-de-la-Loire, France (QUALISEM, 2009-2013, ‘Objectif Végétal,
Research, Education and Innovation in Pays-de-la- Loire’).

References

Alazem M, Lin KY, Lin NS. 2014. The abscisic acid pathway has
multifaceted effects on the accumulation of Bamboo mosaic virus.
Molecular Plant-Microbe Interactions 27, 177-189.

Almoguera C, Prieto-Dapena P, Diaz-Martin J, Espinosa JM,
Carranco R, Jordano J. 2009. The HaDREB2 transcription factor
enhances basal thermotolerance and longevity of seeds through functional
interaction with HaHSFA9. BMC Plant Biology 19, 75.

Anderson JP, Badruzsaufari E, Schenk PM, Manners JM, Desmond
0J, Ehlert C, Maclean DJ, Ebert PR, Kazan K. 2004. Antagonistic
interaction between abscisic acid and jasmonate-ethylene signaling
pathways modulates defense gene expression and disease resistance in
Arabidopsis. The Plant Cell 16, 3460-3479.

Asano T, Masuda D, Yasuda M, Nakashita H, Kudo T, Kimura M,
Yamaguchi K, Nishiuchi T. 2008. AtINFXL1, an Arabidopsis homologue
of the human transcription factor NF-X1, functions as a negative regulator

6102 Yot G| uo jsenb Aq 6ev.292/228/7/89/0eNSqe-8oIE/qXI/WO00 dNO"dIWBpEDE//:SA}Y WOy POPEOJUMOQ



838 | Leprince et al.

of the trichothecene phytotoxin-induced defense response. The Plant
Journal 53, 450-464.

Baena-Gonzalez E, Sheen J. 2008. Convergent energy and stress
signaling. Trends in Plant Science 13, 474-482.

Ballesteros D, Walters C. 2011. Detailed characterization of mechanical
properties and molecular mobility within dry seed glasses: relevance to the
physiology of dry biological systems. The Plant Journal 68, 607-619.

Banerjee A, Roychoudhury A. 2016. Group |l late embryogenesis
abundant (LEA) proteins: structural and functional aspects in plant abiotic
stress. Plant Growth Regulation 79, 1-17.

Bartels D, Singh M, Salamini F. 1988. Onset of desiccation tolerance
during development of the barley embryon. Planta 175, 485-492.

Battaglia M, Olvera-Carrillo Y, Garciarrubio A, Campos F, Alejandra
A. 2008. The enigmatic LEA proteins and other hydrophilins. Plant
Physiology 148, 6-24.

Baud S, Boutin J-P, Miquel M, Lepiniec L, Rocha C. 2002. Integrated
overview of seed development in Arabidopsis thaliana ecotype WS. Plant
Physiology and Biochemistry 40, 151-160.

Bies N, Aspart L, Carles C, Gallois P, Delseny M. 1998. Accumulation
and degradation of Em proteins in Arabidopsis thaliana: evidence

for posttranscriptional controls. Journal of Experimental Botany 49,
1925-1933.

Bies-Ethéve N, Gaubier-Comella P, Debures A, Lasserre E, Jobet
E, Raynal M, Cooke R, Delseny M. 2008. Inventory, evolution and
expression profiling diversity of the LEA (late embryogenesis abundant)
protein gene family in Arabidopsis thaliana. Plant Molecular Biology 67,
107-124.

Black M, Corbineau F, Gee H, Come D. 1999. Water content, raffinose
and dehydrins in the induction of desiccation tolerance in immature wheat
embryos. Plant Physiology 120, 463-471.

Bolingue W, Rosnoblet C, Leprince O, Ly Vu B, Aubry C, Buitink J.
2010. The MtSNF4b subunit of the sucrose non-fermenting-related kinase
complex connects after-ripening and constitutive defense responses in
seeds of Medicago truncatula. The Plant Journal 61, 792-803.

Boucher V, Buitink J, Lin X, Boudet J, Hoekstra FA, Hundertmark
M, Renard D, Leprince O. 2010. MtPM25 is an atypical hydrophobic late
embryogenesis-abundant protein that dissociates cold and desiccation-
aggregated proteins. Plant, Cell & Environment 33, 418-430.

Boudet J, Buitink J, Hoekstra FA, Rogniaux H, Larre C, Satour P,
Leprince O. 2006. Comparative analysis of the heat stable proteome of
radicles of Medicago truncatula seeds during germination identifies late
embryogenesis abundant proteins associated with desiccation tolerance.
Plant Physiology 140, 1418-1436.

Boukhibar LM, Barkoulas M. 2016. The developmental genetics of
biological robustness. Annals of Botany 117, 699-707.

Buitink J, Hemminga MA, Hoekstra FA. 2000. Is there a role for
oligosaccharides in seed longevity? An assessment of the intracellular
glass stability. Plant Physiology 122, 1217-1224.

Buitink J, Leprince O. 2004. Glass formation in plant anhydrobiotes:
survival in the dry state. Cryobiology 48, 215-228.

Candat A, Paszkiewicz G, Neveu M, Gautier R, Logan DC,
Avelange-Macherel MH, Macherel D. 2014. The ubiquitous distribution
of LEA proteins across cell compartments offers tailored protection against
abiotic stress. The Plant Cell 26, 3148-3166.

Carranco R, Espinosa JM, Prieto-Dapena P, Aimoguera C, Jordano
J. 2010. Repression by an auxin/indole acetic acid protein connects auxin
signaling with heat shock factor-mediated seed longevity. Proceedings of
the National Academy of Sciences of the United States of America 107,
21908-21913.

Chakrabortee S, Boschetti C, Walton LJ, Sarkar S, Rubinsztein
DC, Tunnacliffe A. 2007. Hydrophilic protein associated with desiccation
tolerance exhibits broad protein stabilization function. Proceedings of

the National Academy of Sciences of the United States of America 104,
18073-18078.

Chatelain E, Hundertmark M, Leprince O, Gall SL, Satour P,
Deligny-Penninck S, Rogniaux H, Buitink J. 2012. Temporal

profiling of the heat-stable proteome during late maturation of Medicago
truncatula seeds identifies a restricted subset of late embryogenesis
abundant proteins associated with longevity. Plant, Cell & Environment 35,
1440-1455.

Chia TYP, Pike MJ, Rawsthorne S. 2005. Storage oil breakdown during
embryo development of Brassica napus (L.). Journal of Experimental
Botany 56, 1285-1296.

Christ B, Hértensteiner S. 2014. Mechanism and significance of
chlorophyll breakdown. Journal of Plant Growth Regulation 33, 4-20.

Clerkx EJM, Blankestijn-De Vries H, Ruys GJ, Groot SPC,
Koornneef M. 2003. Characterization of green seed, an enhancer of
abi3-1 in Arabidopsis that affects seed longevity. Plant Physiology 132,
1077-1084.

Contreras S, Bennett MA, Metzger JD. 2008. Maternal light
environment during seed development affects lettuce seed weight,
germinability and storability. HortScience 43, 845-852.

Costa MC, Righetti K, Nijveen H, Yazdanpanah F, Ligterink W,
Buitink J, Hilhorst HW. 2015. A gene co-expression network predicts
functional genes controlling the re-establishment of desiccation tolerance
in germinated Arabidopsis thaliana seeds. Planta 242, 435-449.

De Giorgi J, Piskurewicz U, Loubery S, Utz-Pugin A, Bailly C,
Méne-Saffrané L, Lopez-Molina L. 2015. An endosperm-associated
cuticle is required for Arabidopsis seed viability, dormancy and early control
of germination. PLOS Genetics 11, e1005708.

Dekkers BJW, Costa MCD, Maia J, Bentsink L, Ligterink W, Hilhorst
HWM. 2015. Acquisition and loss of desiccation tolerance in seeds: from
experimental model to biological relevance. Planta 241, 563-577.

Dekkers BJW, He H, Hanson J, Willems LA, Jamar DC, Cueff G,
Rajjou L, Hilhorst HW, Bentsink L. 2016. The Arabidopsis DELAY OF
GERMINATION 1 gene affects ABSCISIC ACID INSENSITIVE 5 (ABI5)
expression and genetically interacts with ABI3 during Arabidopsis seed
development. The Plant Journal 85, 451-465.

Delahaie J, Hundertmark M, Bove J, Leprince O, Rogniaux H,

Buitink J. 2013. LEA polypeptide profiling of recalcitrant and orthodox
legume seeds reveals ABI3-regulated LEA protein abundance linked to
desiccation tolerance. Journal of Experimental Botany 64, 4559-4573.

Delmas F, Sankaranarayanan S, Deb S, Widdup E, Bournonville C,
Bollier N, Northey JGB, McCourt P, Samuel MA. 2013. ABI3 controls
embryo degreening through Mendel’s | locus. Proceedings of the National
Academy of Sciences of the United States of America 110, 3888-3894.

Demir I, Ellis RH. 1992. Development of pepper (Capsicum annuum)
seed quality. Annals of Applied Biology 121, 385-399.

de Souza Vidigal D, Willems L, van Arkel J, Dekkers BJ, Hilhorst
HW, Bentsink L. 2016. Galactinol as marker for seed longevity. Plant
Science 246, 112-118.

Donohue K. 2003. Setting the stage: phenotypic plasticity as habitat
selection. International Journal of Plant Sciences 164, 79-92.

Downie B, Gurusinghe S, Dahal P, Thacker RR, Snyder JC,
Nonogaki H, Yim K, Fukanaga K, Alvarado V, Bradford KJ. 2003.
Expression of a GALACTINOL SYNTHASE gene in tomato seeds is
up-regulated before maturation desiccation and again after imbibition
whenever radicle protrusion is prevented. Plant Physiology 131,
1347-1359.

Ellis RH, Hong TD, Jackson MT. 1993. Seed production environment,
time of harvest and the potential longevity of seeds of three cultivars of rice
(Oryza sativa L.). Annals of Botany 72, 583-590.

Ellis RH, Pieta Filho C. 1992. The development of seed quality in spring
and winter cultivars of barley and wheat. Seed Science Research 2, 9-15.

Eriksson S, Eremina N, Barth A, Danielsson J, Harryson P. 2016.
Membrane-induced folding of the plant stress dehydrin LTi30. Plant
Physiology 171, 932-943.

Fait A, Angelovici R, Less H, Ohad |, Urbanczyk-Wochniak E, Fernie
AR, Galili G. 2006. Arabidopsis seed development and germination is
associated with temporally distinct metabolic switches. Plant Physiology
142, 841-854.

Falk M, Lukasova E, Kozubek S. 2010. Higher-order chromatin
structure in DSB induction, repair and misrepair. Mutation Research/
Reviews in Mutation Research 704, 88—100.

Félix M-A, Wagner A. 2008. Robustness and evolution: concepts,
insights and challenges from a developmental model system. Heredity
100, 132-140.

Finch-Savage WE, Bassel GW. 2015. Seed vigour and crop
establishment: extending performance beyond adaptation. Journal of
Experimental Botany 67, 567-591.

6102 U2IBIN G| U0 1sanB Aq 6E1/292/228/7/89N0eSqe-8[o1Ee/qX]/W00 dNo"dlWaped.//:Sd)Y Wolj PapEojUMOQ



Fischer W, Bergfeld R, Plachy C, Schéfer R, Schopfer P. 1988.
Accumulation of storage materials, precocious germination and
development of desiccation tolerance during seed maturation in mustard
(Sinapis alba L.). Botanica Acta 101, 344-354.

Footitt S, Miiller K, Kermode AR, Finch-Savage WE. 2015. Seed
dormancy cycling in Arabidopsis: chromatin remodeling and regulation of
DOGH1 in response to seasonal environmental signals. The Plant Journal
81, 413-425.

Galau GA, Bijaisoradat N, Hughes DW. 1987. Accumulation kinetics of
cotton late embryogenesis-abundant mRNAs and storage protein mRNAs:
coordinate regulation during embryogenesis and the role of abscisic acid.
Developmental Biology 123, 198-212.

Gonzalez-Jorge S, SH, Magallanes-Lundback M. et al. 2013
CAROTENOID CLEAVAGE DIOXYGENASE4 is a negative regulator of
[B-carotene content in Arabidopsis seeds. The Plant Cell 25, 4812-4826.

Gray D, Steckel JRA, Dearman J, Brocklehurst PA. 1988. Some
effects of temperature during seed development on carrot (Daucus carota)
seed growth and quality. Annals of Applied Biology 112, 361-376.

Guillon F, Larré C, Petipas F, et al. 2012. A comprehensive overview of
grain development in Brachypodium distachyon variety Bd21. Journal of
Experimental Botany 63, 739-755.

Gurusinghe S, Bradford KJ. 2001. Galactosyl-sucrose oligosaccharides
and potential longevity of primed seeds. Seed Science Research 11,
121-133.

Hagely KB, Palmquist D, Bilyeu KD. 2013. Classification of distinct
seed carbohydrate profiles in soybean. Journal of Agricultural and Food
Chemistry 61, 1105-1111.

Hara M, Fujinaga M, Kuboi T. 2005. Metal binding by citrus dehydrin
with histidine-rich domains. Journal of Experimental Botany 56,
2695-2703.

Hay FR, Probert RJ. 1995. Seed maturity and the effects of different
drying conditions on desiccation tolerance and seed longevity in foxglove
(Digitalis purpurea L.). Annals of Botany 76, 639-647.

Hay FR, Probert RJ. 2013. Advances in seed conservation of wild plant
species: a review of recent research. Conservation Physiology 1, cot030.

Hay FR, Smith RD, Ellis RH, Butler LH. 2010. Developmental changes
in the germinability, desiccation tolerance, hardseededness, and longevity
of individual seeds of Trifolium ambiguum. Annals of Botany 105,
1035-1052.

Hay FR, Timple S, van Duijin B. 2015. Can chlorophyll fluorescence
by used to determine the optimal time to harvest rice seeds for long-term
genebank storage? Seed Science Research 25, 321-334.

He H, de Souza Vidigal D, Snoek LB, Schnable S, Nijveen H,
Hilhorst H, Bentsink L. 2014. Interaction between parental environment
and genotype affects plant and seed performance in Arabidopsis. Journal
of Experimental Botany 65, 6603-6615.

Hoekstra FA, Golovina EA, Buitink J. 2001. Mechanisms of plant
desiccation tolerance. Trends in Plant Science 6, 431-438.

Horbowicz M, Obendorf RL. 1994. Seed desiccation tolerance and
storability: dependence on flatulence-producing oligosaccharides and
cyclitols—review and survey. Seed Science Research 4, 385-405.
Hundertmark M, Buitink J, Leprince O, Hincha DK. 2011. The
reduction of seed-specific dehydrins reduces seed longevity in Arabidopsis
thaliana. Seed Science Research 21, 165-173.

Hundertmark M, Hincha DK. 2008. LEA (late embryogenesis abundant)
proteins and their encoding genes in Arabidopsis thaliana. BMC Genomics
9, 118.

Huot B, Yao J, Montgomery BL, He SY. 2014. Growth-defense
tradeoffs in plants: a balancing act to optimize fitness. Molecular Plant 7,
1267-1287.

Jalink H, van der Schoor R, Frandas A, van Pijlen JG, Bino RJ. 1998.
Chlorophyll fluorescence of Brassica oleracea seeds as a non-destructive
marker for seed maturity and performance. Seed Science Research 8,
437-443.

Jayasuriya KMGG, Baskin JM, Geneve RL, Baskin CC. 2007.
Seed development in [pomea lacunosa (Convolvulaceae), with particular
relevance to anatomy of the water gap. Annals of Botany 100, 459-470.

Jolivet P, Boulard C, Bellamy A, Valot B, d’Andréa S, Zivy M, Nesi N,
Chardot T. 2011. Oil body proteins sequentially accumulate throughout

Late maturation and longevity | 839

seed development in Brassica napus. Journal of Plant Physiology 168,
2015-2020.

Jungkunz I, Link K, Vogel F, Voll LM, Sonnewald S, Sonnewald

U. 2011. AtHsp70-15-deficient Arabidopsis plants are characterized by
reduced growth, a constitutive cytosolic protein response and enhanced
resistance to TuMV. The Plant Journal 66, 983-995.

Kadota Y, Shirasu K. 2012. The HSP90 complex of plants. Biochimica et
Biophysica Acta 1823, 689-697.

Kaliff M, Staal J, Myrenas M, Dixelius C. 2007. ABA is required for
Leptosphaeria maculans resistance via ABI1- and ABI4-dependent
signaling. Molecular Plant-Microbe Interactions 20, 335-345.

Kaur H, Petla BP, Kamble NU, Singh A, Rao V, Salvi P, Ghosh S,
Majee M. 2015. Differentially expressed seed aging responsive heat shock
protein OsHSP18.2 implicates in seed vigour, longevity and improves
germination and seedling establishment under abiotic stress. Frontiers in
Plant Science 6, 713.

Kendall SL, Hellwege A, Marriot P, Whalley C, Graham |, Penfield
S. 2011. Induction of dormancy in Arabidopsis summer annuals requires
parallel regulation of DOG1 and hormone metabolism by low temperature
and CBF transcription factors. The Plant Cell 23, 2568-2580.

Kermode AR, Bewley JD. 1985. The role of maturation drying in

the transition from seed development to germination. I. Acquisition of
desiccation-tolerance and germinability during development of Ricinus
communis L. seeds. Journal of Experimental Botany 36, 1906-1915.

Kim MS, Cho SM, Kang EY, et al. 2008. Galactinol is a signalling
component of the induced systemic resistance caused by Pseudomonas
chlororaphis OB root colonization. Molecular Plant-Microbe Interactions
21, 1643-1653.

Kochanek J, Steadman KJ, Probert RJ, Adkins SW. 2011. Parental
effects modulate seed longevity: exploring parental and offspring
phenotypes to elucidate pre-zygotic environmental influences. New
Phytologist 191, 223-233.

Kotak S, Vierling E, Baumlein H, von Koskull-D&ring P. 2007. A novel
transcriptional cascade regulating expression of heat stress proteins during
seed development of Arabidopsis. The Plant Cell 19, 182—-195.

Lai Z, Vinod K, Zheng Z, Fan B, Chen Z. 2008. Roles of Arabidopsis
WRKY3 and WRKY4 transcription factors in plant responses to pathogens.
BMC Plant Biology 8, 68.

Lempe J, Lachowiec J, Sullivan AM, Queitsch C. 2013. Molecular
mechanisms of robustness in plants. Current Opinion in Plant Biology 16,
62-69.

Leprince O, Buitink J. 2010. Desiccation tolerance: from genomics to
the field. Plant Science 179, 554-564.

Leprince O, Colson P, Houssier C, Deltour R. 1995. Changes in
chromatin structure associated with germination of maize and their relation
with desiccation tolerance. Plant, Cell & Environment 18, 619-629.

Leén P, Gregorio J, Cordoba E. 2012. ABI4 and its role in chloroplast
retrograde communication. Frontiers in Plant Science 3, 304.

Leubner-Metzger G. 2003. Functions and regulation of b-1,3-glucanases
during seed germination, dormancy release and after-ripening. Seed
Science Research 13, 17-34.

Li S, Chakraborty N, Borcar A, Menze MA, Toner M, Hand SC.
2012. Late embryogenesis abundant proteins protect human hepatoma
cells during acute desiccation. Proceedings of the National Academy of
Sciences of the United States of America 109, 20859-20864.

Liu L, Shao Z, Zhang M, Wang Q. 2015. Regulation of carotenoid
metabolism in tomato. Molecular Plant 8, 28-39.

Long RL, Gorecki MJ, Renton M, Scott JK, Colville L, Goggin DE,
Commander LE, Westcott DA, Cherry H, Finch-Savage WE. 2015.
The ecophysiology of seed persistence: a mechanistic view of the journey
to germination or demise. Biological Reviews 90, 31-59.

Maia J, Dekkers BJW, Dolle MJ, Ligterink W, Hilhorst HWM.
2014. Abscisic acid (ABA) sensitivity regulates desiccation tolerance in
germinated Arabidopsis seeds. New Phytologist 203, 81-93.

Manfre AJ, LaHatte GA, Climer CR, Marcotte WR Jr. 2009. Seed
dehydration and the establishment of desiccation tolerance during seed
maturation is altered in the Arabidopsis thaliana mutant atem6-1. Plant Cell
Physiology 50, 243-253.

Meldau S, Erb M, Baldwin IT. 2012. Defence on demand: mechanisms
behind optimal defence patterns. Annals of Botany, 110, 1503-1514.

6102 U2IBIN G| U0 1sanB Aq 6E1/292/228/7/89N0eSqe-8[o1Ee/qX]/W00 dNo"dlWaped.//:Sd)Y Wolj PapEojUMOQ



840 | Leprince et al.

Mondoni A, Orsenigo S, Doa M, Balestrazzi A, Probert RJ, Hay FR,
Petraglia A, Abeli T. 2014. Environmentally induced transgenerational
changes in seed longevity: maternal and genetic influence. Annals of
Botany 113, 1257-1268.

Monke G, Seifert M, Keilwagen J, et al. 2012. Toward the identification
and regulation of the Arabidopsis thaliana ABI3 regulon. Nucleic Acids
Research 40, 8240-8254.

Mosher S, Moeder W, Nishimura N, Jikumaru Y, Joo SH, Urquhart
W, Klessig DF, Kim SK, Nambara E, Yoshioka K. 2010. The lesion-
mimic mutant cpr22 shows alterations in abscisic acid signaling and
abscisic acid insensitivity in a salicylic acid-dependent manner. Plant
Physiology 152, 1901-1913.

Nagel M, Kranner I, Neumann K, Rolletschek H, Seal CE, Colville
L, Fernandez-Marin B, Borner A. 2015. Genome-wide association
mapping and biochemical markers reveal that seed ageing and longevity
are intricately affected by genetic background and developmental

and environmental conditions in barley. Plant, Cell & Environment 38,
1011-1022.

Nakabayashi K, Bartsch M, Xiang Y, Miatton E, Pellengahr S, Yano
R, Seo M, Soppe WJ. 2012. The time required for dormancy release in
Arabidopsis is determined by DELAY OF GERMINATION1 protein levels in
freshly harvested seeds. The Plant Cell 24, 2826-2838.

Nakajima S, Ito H, Tanaka R, Tanaka A. 2012. Chlorophyll b reductase
plays an essential role in maturation and storability of Arabidopsis seeds.
Plant Physiology 160, 261-273.

Nakashima K, Fujita Y, Kanamori N, et al. 2009. Three Arabidopsis
SnRK2 protein kinases, SRK2D/ SnRK2.2, SRK2E/SnRK2.6/0ST1 and
SRK21/SnRK2.3, involved in ABA signaling are essential for the control of
seed development and dormancy. Plant Cell Physiology 50, 1345-1363.

Nishizawa A, Yabuta Y, Shigeoka S. 2008. Galactinol and raffinose
constitute a novel function to protect plants from oxidative damage. Plant
Physiology 147, 1251-1263.

Nguyen T-P, Keizer P, van Eeuwijk F, Smeekens J, Bentsink L. 2012.
Natural variation for seed longevity and seed dormancy are negatively
correlated in Arabidopsis 160, 2083-2092.

Personat JM, Tejedor-Cano J, Prieto-Dapena P, Aimoguera C,
Jordano J. 2014. Co-overexpression of two Heat Shock Factors results in
enhanced seed longevity and in synergistic effects on seedling tolerance to
severe dehydration and oxidative stress. BMC Plant Biology 4, 56.

Prieto-Dapena P, Castaino R, Almoguera C, Jordano J. 2006.
Improved resistance to controlled deterioration in transgenic seeds. Plant
Physiology 142, 1102-1112.

Probert R, Adams J, Coneybeer J, Crawford A, Hay F. 2007. Seed
quality for conservation is critically affected by pre-storage factors.
Australian Journal of Botany 55, 326-335.

Probert RJ, Daws M, Hay FR. 2009. Ecological correlates of ex situ
seed longevity: a comparative study on 195 species. Annals of Botany
104, 57-69.

Reeves WM, Lynch TJ, Mobin R, Finkelstein RR. 2011. Direct
targets of the transcription factors ABA-Insensitive(ABI)4 and ABI5 reveal
synergistic action by ABI4 and several bZIP ABA response factors. Plant
Molecular Biology 75, 347-363.

Righetti K, Vu JL, Pelletier S, et al. 2015. Inference of longevity-related
genes from a robust co-expression network of seed maturation identifies

regulators linking seed storability to biotic defense-related pathways. The

Plant Cell 27, 2692-2708.

Rodriguez MF, Sanchez-Garcia A, Salas JJ, Garcés R, Martinez-
Force E. 2013. Characterization of the morphological changes and fatty
acid profile of developing Camelina sativa seeds. Industrial Crops and
Products 50, 673-679.

Rosnoblet C, Aubry C, Leprince O, Vu BL, Rogniaux H, Buitink

J. 2007 The regulatory gamma subunit SNF4b of the sucrose non-
fermenting-related kinase complex is involved in longevity and stachyose
accumulation during maturation of Medicago truncatula seeds. The Plant
Journal 51, 47-59.

Sanhewe AJ, Ellis RH. 1996. Seed development and maturation in
Phaseolus vulgaris 1. Ability to germinate and to tolerate desiccation.
Journal of Experimental Botany 47, 949-958.

Sano N, Rajjou L, North HM, Debeaujon I, Marion-Poll A, Seo M.

2016. Staying alive: molecular aspects of seed longevity. Plant and Cell
Physiology 57, 660-674.

Sato Y, Morita R, Nishimura M, Yamaguchi H, Kusaba M. 2007.
Mendel’s green cotyledon gene encodes a positive regulator of the
chlorophyll-degrading pathway. Proceedings of the National Academy of
Sciences of the United States of America 104, 14169-14174.

Sengupta S, Mukherjee S, Basak P, Majumder AL. 2015. Significance
of galactinol and raffinose family oligosaccharide synthesis in plants.
Frontiers in Plant Sciences 6, 656.

Shu K, Zhang H, Wang S, Chen M, Wu Y, Tang S, Liu C, Feng Y, Cao
X, Xie Q. 2013. ABI4 regulates primary seed dormancy by regulating the
biogenesis of abscisic acid and gibberellins in Arabidopsis. PLOS Genetics
9, e1003577.

Sinniah UR, Ellis RH, John P. 1998. Irrigation and seed quality
development in rapid-cycling Brassica: seed germination and longevity.
Annals of Botany 82, 309-314.

Still DW, Bradford KJ. 1998. Using hydrotime and ABA-time models
to quantify seed quality of Brassicas during development. Journal of the
American Society for Horticultural Science 123, 692-699.

Teixeira RN, Ligterink W, Franca-Neto Jde B, Hilhorst HW, da
Silva EA. 2016. Gene expression profiling of the green seed problem in
soybean. BMC Plant Biology 16, 37.

Tejedor-Cano J, Prieto-Dapena P, AlImoguera C, Carranco R,
Hiratsu K, Ohme-Takagi M, Jordano J. 2010. Loss of function of the
HSFA9 seed longevity program. Plant, Cell & Environment 33, 1408-1417.

Terrasson E, Darrasse A, Righetti K, Buitink J, Lalanne D, Ly Vu B,
Pelletier S, Bolingue W, Jacques MA, Leprince O. 2015. |dentification
of a molecular dialogue between developing seeds of Medicago truncatula
and seedborne Xanthomonas. Journal of Experimental Botany 66,
3737-3752.

Terrasson E, Buitink J, Righetti K, Ly Vu B, Pelletier S, Zinsmeister
J, Lalanne D, Leprince O. 2013. An emerging picture of the seed
desiccome: confirmed regulators and newcomers identified using
transcriptome comparison. Frontiers in Plant Sciences 4, 497.

Tunnacliffe A, Hincha DK, Leprince O, Macherel D. 2010. LEA
proteins: versatility of forms and function. In: Lubzens E, Cerda J, Clark M,
eds. Dormancy and Resistance in Harsh Environments. Berlin: Springer-
Verlag, pp. 91-108.

Upchurch RG, Ramirez ME. 2011. Effects of temperature during
soybean seed development on defense-related gene expression and
fungal pathogen accumulation. Biotechnology Letters 33, 2397-2404.

van Zanten M, Koini MA, Geyer R, Liu Y, Brambilla V, Bartels

D, Koornneef M, Fransz P, Soppe WJJ. 2011. Seed maturation in
Arabidopsis thaliana is characterized by nuclear size reduction and
increased chromatin condensation. Proceedings of the National Academy
of Sciences of the United States of America 108, 20219-20224.

Verdier J, Lalanne D, Pelletier S, et al. 2013. A regulatory network-
based approach dissects late maturation processes related to the
acquisition of desiccation tolerance and longevity of Medicago truncatula
seeds. Plant Physiology 163, 757-774.

Vom Dorp K, Holzl G, Plohmann C, Eisenhut M, Abraham M, Weber
APM, Hanson AD, Dérmann P. 2015. Remobilization of phytol from
chlorophyll degradation is essential for tocopherol synthesis and growth of
Arabidopsis. The Plant Cell 27, 2846-2859.

Walters C, Ballesteros D, Vertucci VA. 2010. Structural mechanic of
seed deterioration: standing the test of time. Plant Science 179, 565-573.

Wang R, Zhang Y, Kieffer M, Yu H, Kepinski S, Estelle M. 2016.
HSP90 regulates temperature-dependent seedling growth in Arabidopsis
by stabilizing the auxin co-receptor F-box protein TIR1. Nature
Communications 7, 10269.

Wang Z, Shu Y, Wang L, et al. 2009. A WRKY transcription factor
participates in dehydration tolerance in Boea hydrometrica by binding to
the W-box elements of the galactinol synthase (BhGolS1) promoter. Planta
230, 1155-1166.

Waterworth WM, Bray CM, West CE. 2015. The importance of
safeguarding genome integrity in germination and seed longevity. Journal
of Experimental Botany 66, 3549-3559.

Wehmeyer N, Hernandez LD, Finkelstein RR, Vierling E. 1996.

Synthesis of small heat-shock proteins is part of the developmental
program of late seed maturation. Plant Physiology 112, 747-757.

Wehmeyer N, Vierling E. 2000. The expression of small heat shock
proteins in seeds responds to discrete developmental signals and

6102 U2IBIN G| U0 1sanB Aq 6E1/292/228/7/89N0eSqe-8[o1Ee/qX]/W00 dNo"dlWaped.//:Sd)Y Wolj PapEojUMOQ



suggests a general protective role in desiccation tolerance. Plant
Physiology 122, 1099-1108.

Welbaum GE, Bradford KJ. 1988. Water relations of seed development
and germination in muskmelon (Cucumis melo L.). Plant Physiology 86,
406-411.

Whalen MC. 2005. Host defence in a developmental context. Molecular
Plant Pathology 6, 347-360.

Whitehouse KJ, Hay FR, Ellis RH. 2015. Increases in the longevity of
desiccation-phase developing rice seeds: response to high-temperature

drying depends on harvest moisture content. Annals of Botany 116, 247-259.

Late maturation and longevity | 841

Wolkers WF, McCready S, Brandt W, Lindsey GG, Hoekstra FA.
2001. Isolation and characterization of a D-7 LEA protein from pollen that
stabilizes glasses in vitro. Biochimica et Biophysica Acta 15644, 196-206.

Yu B, Gruber MY, Wei S, Zhou R, Hegedus D, Khachatourians GG,
Hannoufa A. 2016. Global gene expression and secondary metabolite
changes in Arabidopsis thaliana ABI4 over-expression lines. Botany 94,
615-634.

Zanakis GN, Ellis RH, Summerfield RJ. 1994. Seed quality in relation
to seed development and maturation in three genotypes of soyabean
(Glycine max). Experimental Agriculture 30, 139-156.

6102 U2IBIN G| U0 1sanB Aq 6E1/292/228/7/89N0eSqe-8[o1Ee/qX]/W00 dNo"dlWaped.//:Sd)Y Wolj PapEojUMOQ





