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Once liberated in their environment, orthodox seeds live in a quiescent dehydrated state not
totally exempt of essential molecular events as, for example, the capacity of breaking dormancy
during after-ripening. Upon imbibition, if internal regulatory padlocks are released and given
adequate external conditions, the quiescent seed is able to “reboot” its system and, thus,
germinate. Recent studies unraveled the crucial importance of protein PTMs in seed dormancy,
longevity and vigor. As compared to other plant developmental stages, the seed proteome
appears quite unique and diverse. Seed proteins encompass several functional classes from
primary and secondary metabolism to structural and antimicrobial defense. In the dry state,
oxidative damages can occur due to reactive oxygen and nitrogen species produced by non-
enzymatic reactions. These reactive species can affect proteins by the oxidation of their amino
acids in a post-translational manner. The hormone abscisic acid regulates major aspects of seed
life including dormancy and germination. This signaling pathway has been shown to rely on
several PTMs such as protein phosphorylation or ubiquitination.
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1 Introduction

Seeds represent the main dispersal unit of flowering plants
(Angiosperms). They contain an embryo (the future plant
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resulting from the fusion of the gametes), storage tissues
(necessary for the establishment of the seedling) and a
protective outer coat. According to their desiccation-toler-
ance properties, three main seed groups are differentiated:
(i) viviparous, (ii) recalcitrant and (iii) orthodox seeds. This
last group concerns most plant species of temperate
climates. Orthodox seeds acquire tolerance to desiccation
during their maturation on the mother plant and are
dispersed in the environment in a quiescent dehydrated
state [1]. Remarkably, they may remain in this state for
many years, from decades to millennia, and still retain their
viability [2]. Two milestones projects, namely the Millen-
nium Seed and the Svalbard Global Seed Banks emerged as
means to preserve seeds from Earth plant diversity for
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centuries to go [3]. If seed banks provide a valuable mean to
preserve biodiversity, it becomes utterly clear that once
needed, seeds stored in such facilities will have to germinate
with high vigor. However, even under the best storage
conditions, naturally occurring physiological features such
as dormancy or aging can limit germination performance.
Seed dormancy is an innate seed property ensuring that
germination will only occur at the appropriate time to
optimize subsequent seedling growth [4]. Dry storage (after-
ripening), cold-stratification and chemical treatments (e.g.
nitrate) are effective factors in breaking dormancy. Upon
imbibition, non-dormant seeds reactivate their metabolism
to give rise to a new plant [5]. The plant hormones abscisic
acid (ABA) and gibberellins (GAs) are central regulators of
various aspects of seed physiology, ABA inhibiting and GAs
promoting germination [6-12]. Global gene expression
profiling approaches have brought a wealth of information
on seed physiology [13, 14]. These studies provided evidence
that post-translational control is crucial for seed germination
[15, 16]. Because of mRNA processing, protein proteolysis
and PTMs, a single gene can produce many different
protein variants. Indeed, proteins can be subjected to more
than 300 potential PTMs in vivo (http://www.abrf.org/
index.cfm/dm.home), which may affect their functions
including localization, complex formation, stability and
activity [17]. Here, we discuss recent advances in our
understanding of the processes associated with germination
and vigor resulting from analyses of PTMs of essential seed
proteins. These studies reveal novel aspects of seed biology
and provide clues that will aid future investigations into this
fascinating phase of plant development.

2 Seed proteome diversity

Seed proteome investigations carried out on crops and
model plant species have revealed the high complexity of
seed proteomes that generates a large diversity of protein
functions by means of genetic polymorphism (inter- and
intra-species), post-transcriptional modifications and PTMs
(Supporting Information Table S1). Seeds contain a
considerable array of proteins associated with a large variety
of molecular functions, a number of which being unique in
the plant life cycle. Furthermore, proteins are compart-
mentalized within seed tissues, suggesting a cooperation of
these tissues for the success of seed maturation and
germination [18-20]. Precursor forms of the seed storage
proteins (SSPs, e.g. prolamins, 2S albumins, 7S globulins
and 11/12S globulins) are synthesized during seed
maturation in the ER, and the processed forms are accu-
mulated in protein storage vacuoles to form the protein
bodies [21]. It is well established that SSPs contribute to
germination vigor and support early seedling growth when
mobilized upon germination [22]. In Arabidopsis seeds, more
than 100 isoforms of 12S cruciferins (12S globulins) have
been characterized by 2-D PAGE [23]. Since Arabidopsis 12S
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cruciferins are encoded by only four genes (At4g28520,
At5g44120, At1g03880 and At1g03890), this suggests that
these SSPs are subjected to a wide range of PTMs [24, 25].
Proteomic analyses also disclosed the accumulation in
germinating seeds of an astonishing number of proteins
involved in amino acid metabolism, energy pathway,
secondary and hormone metabolism, protein translation
and metabolism and stress response [26-28] (Supporting
Information Table S1). Proteomic data highlighted the
unexpected defense response protein levels in dry and
germinating seeds, which most presumably are required for
protection of the embryo until the establishment of a
vigorous plantlet.

3 Role of ROS in protein quality and
germination control

ROS play a key role in regulating seed germination through
specific oxidation phenomena [29]. Protein structure and
function can be altered by ROS produced either by cell
metabolism or by external oxidants. There is evidence that
proteins are the most important targets for oxidants [30].
Irreversible oxidative protein carbonylation, which is the most
frequent type of PTM in response to oxidative stress [31, 32],
plays a major role in protein turnover by provoking the
degradation of aberrant, damaged or unnecessary proteins.
Correlated with an important accumulation of ROS during
stress and aging, protein carbonylation can become a trou-
blemaker by alteration of vital functions ultimately leading to
cell death. The role of protein carbonylation has been investi-
gated in the context of seed physiology (Fig. 1). In sunflower
seeds, dormancy breaking is associated with an increased level
in the carbonylation of specific proteins [33]. In Arabidopsis
seeds, carbonylation also targets specific proteins including
12S cruciferins, late embryogenesis abundant (LEA) proteins
and HSPs [24]. While SSPs and LEA proteins are plant
specific, HSPs are ubiquitous and known to be preferential
targets of oxidative modifications in various systems [34]. Their
high sensitivity toward oxidation suggests that HSPs could
protect nascent proteins from oxidative damage. In agreement,
transgenic Arabidopsis seeds over-accumulating a heat stress
transcription factor display enhanced accumulation of HSPs
and improved germination vigor [35, 36]. During germination,
the carbonylated proteome is subject to profound modifica-
tions associated with an elimination of carbonylated proteins
accumulated in dry seeds and with an increase in the carbo-
nylation level of a large number of proteins involved in energy
pathway (e.g. glycolytic enzymes) [24]. These results are in
harmony with previous work, suggesting that blocking glyco-
lysis could be beneficial for germination [37]. In these condi-
tions, the glucose flux would be reoriented to the pentose
phosphate pathway (PPP), providing cells with reducing power
in the form of NADPH to surmount oxidative stress.
NADPH oxidases play a crucial role in germination by
modulating ABA inhibition during this process [38].
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Figure 1. Model for the regulation of seed performance through protein carbonylation induced by ROS. (A) Orthodox seeds are almost
metabolically inactive (quiescent) in the mature dry state. During dry storage or following seed imbibition, a wide range of PTMs can
occur to modulate germination ability according to the seed environment. Red curve represents the germinative capacity (Gmax: maxi-
mum of germination) of a seed lot according to the time of dry storage. Blue bars correspond to 1/time to reach 50% of seed germination
(Tso%) as an indicator of seed vigor. (B) Proteins are the most important targets for ROS. The level of protein carbonylation increases
during dormancy breaking by after-ripening [33] and during seed aging [40]. The specificity of the proteins targeted by ROS is reduced
according with the time of storage, whereas functional damage progressively increases.

Recently, a role for the NADPH oxidase AtrbohB in after-
ripening has been documented [39]. The atrbohB mutant
fails to after-ripen and displays a reduced protein carbony-
lation pattern compared to the wild-type [39]. This suggests
that ROS produced by AtrbohB during after-ripening could
act either via ABA signaling or PTMs to control germina-
tion. Also, the progressive accumulation of oxidative damage
in aged seeds was shown to contribute to the decline in
germination ability [2], both during natural and artificial
aging [40]. Importantly, these findings revealed that seed
protein oxidation is not a random process but targets very
specific proteins.

4 Nitric oxide-related protein
modifications in seeds

Nitric oxide (NO*) is a gaseous free radical involved in
numerous signalization pathways both in animals and
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plants [41]. Studies on several plant species have shown that
NO* can break seed dormancy [42] and promote germina-
tion in abiotic stress conditions [43, 44]. A transient accu-
mulation of NO* has been observed during germination of
soybean and sorghum seeds [45]. The same NO* burst was
observed during the first hours of imbibition of Arabidopsis
seeds resulting in an induction of ABA catabolism [46].
Although nitric oxide has been shown to modulate the
metabolic activity in seeds, most of its direct primary targets
remain unknown. NO* can bind to transition metals of
metalloproteins (metal nitrosylation) or cause protein PTMs
such as cysteine S-nitrosylation or tyrosine nitration [41].
These modifications remain poorly characterized in plants
and particularly in seeds. However, as discussed below,
there is strong experimental evidence supporting the
contention that nitric oxide signaling in seeds could prin-
cipally rely on PTMs of specific proteins [47].

Nitration consists in the addition of a nitro group (-NO,).
Tyrosine nitration has been intensively studied [48]. Peroxy-
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nitrite (ONOO™) produced through the very fast reaction
between NO* and O3 is considered as the main nitrating
agent in vivo [49, 50]. Until recently, tyrosine nitration was
considered as being irreversible, suggesting that the
presence of nitrotyrosine in proteins represents a footprint
of nitrosative stress. However, increasing evidence suggests
the existence of a denitration mechanism in vivo [50].
Protein nitration can result in an alteration of diverse
protein functions. For example, a-tubulin nitration was
shown to affect plant cell division [51]. To our knowledge,
only one study has been carried out on seeds, more precisely
on sorghum embryonic axes [52]. This study revealed the
appearance of several nitrated proteins after 24-h seed
imbibition. Exogenous application of sodium nitroprussiate
(a NO* donor) resulted in an alleviation of several oxidative
damages but also in a significant increase in protein nitra-
tion [52]. Consequently, nitration may be more than a
biological marker of nitrosative stress and could participate
in protein turnover or signal transduction [53, 54].

S-nitrosylation consists in the covalent attachment of a
NO* moiety to a reactive cysteine thiol resulting in the
formation of a S-nitrosothiol group (S-NO). This PTM,
which is thought to be particularly labile, is associated with a
precise spatiotemporal regulation and can potentially result
in the activation or inactivation of target proteins [55]. It
occurs mainly through non-enzymatic reactions being
dependent on the physiochemical environment of the
protein cysteinyl residues and the proximity of susceptible
proteins to NO* production sites in cells [56]. On the
contrary, protein denitrosylation seems to be catalyzed by
several enzymes, such as thioredoxins (Trxs) or Cu/Zn
superoxide dismutases, as well as by reducing metals and
intracellular reducing agents [56].

Due to the limited permeability of most of their outer
layers, seeds can experience hypoxia [57]. Consequently, a
fine regulation of oxygen consumption is necessary. This
seems to be achieved through NO-mediated inhibition of
seed mitochondrial activity [58]. Thus, NO* can bind to the
heme a3/copper B binuclear center of cytochrome c oxidase
(COX), thereby inhibiting its activity [59]. Moreover, under
very low oxygen concentrations, hemeproteins, like cyto-
chrome c and cytochrome c oxidase, could reduce nitrite to
NO* [60]. Consequently, NO* -related protein modifica-
tions are likely to be increased in seed mitochondria and
therefore play an important role in regulating the activity of
these organelles. Many S-nitrosylated proteins identified in
plants are implicated in metabolic processes [61-65],
suggesting that NO* could participate in the regulation of
the energy status of the seeds. In agreement, a beta subunit
of the mitochondrial ATP synthase complex was found to be
S-nitrosylated in dry Arabidopsis seeds (Supporting Infor-
mation Fig. S1). Since a homologous protein was shown to
Dbe inactivated by S-nitrosylation in alcoholic fatty liver of rats
[66], the seed mitochondrial ATP synthase activity might be
inhibited by this PTM. Further experiments are required to
assess this hypothesis.
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Hypoxia also induces plant non-symbiotic class 1 hemo-
globins (Hb1) expression. These hemeproteins display a
very high affinity for O, and play a central role in the
regulation of NO* internal content in plants [67, 68]. This is
achieved either through an NADPH-dependent reduction of
NO* to NOj; or through NO® scavenging potentially
involving S-nitrosylation of the Hb1 protein [67, 68]. These
hemeproteins are therefore important in protection against
nitrosative stress and modulation of NO* signaling [69]. In
cereals and Arabidopsis, the Hb1 gene is induced upon seed
imbibition [69, 70], concomitant with NO* release and the
resumption of metabolism notably ATP synthesis [69, 71].
Consequently, Hb1 may play an important role in the
germination process by regulating NO® homeostasis,
thereby preventing nitrosative stress and maintaining
energy and redox status [69].

5 Redox regulation of thiol groups by
Trxs

In seeds, both ROS, such as hydrogen peroxide or hydroxyl
and superoxide radicals, and reactive nitrogen species
(RNS), such as NO* and peroxynitrite, play important roles.
For example, upon imbibition, exogenous H,0, can
stimulate NO* production leading to an increased ABA
catabolism and in turn to dormancy release [46]. On the
other hand, a NO application can alleviate ROS-induced
oxidative damages [43]. All these reactive species can induce
protein oxidation, resulting either in signaling or protein
alterations depending on their cellular concentrations. To
get a clear picture of the redox mechanisms occurring in
seeds, it is necessary to take ROS and RNS into account and
to precisely characterize the redox status of the seeds at each
developmental state. Gradual change upon time in seed
ROS and RNS concentrations could have a large impact on
seed developmental processes as it will regulate the redox
environment of crucial proteins. Several amino acids can be
affected by oxidative modifications, leading to a precise
modulation of protein physicochemical properties and
functions constituting the so-called “redox proteomics”
[72, 73]. The redox state can influence protein levels and
induce either specific reversible covalent PTMs, participat-
ing in the redox-based signaling, or oxidative irreversible
damages such as protein carbonylation (see above). There-
fore, focusing on a single modification does not render the
complexity of the cellular response to oxidative stress or
redox protein regulation [72]. Among amino acids suscep-
tible to redox modifications, cysteinyl residues represent a
major site of action due to their easily oxidized thiol groups.
Consequently, “cysteine-based redox switches are now
increasingly being found to underpin many different
signaling systems and regulate physiological output across
kingdoms” [73]. ROS- and RNS-promoted cysteine oxidation
can result in S-nitrosylation (P-SNO), S-glutathionylation
(P-S-S-G), intra or intermolecular disulfide bond (P-S-S-P)
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and sulfenic (P-SOH), sulfinic (P-SO,H) or sulfonic acid
(P-SO;H) formation [72, 73]. To our knowledge, sulfinic and
sulfonic acid formation have not yet been studied in seeds.
On the other hand, reversible disulfide bond formation,
which can be mediated via sulfenic acid formation, and
reduction have been well characterized [74]. This PTM
strongly impacts protein folding, stability and potential
multimerization of target proteins. The resulting disulfide
bridges, being relatively stable, can also constitute a
protection against more damaging oxidation [73].

Protein disulfide bonds can be selectively reduced by Trxs
and glutaredoxins, two protein families containing a
conserved Trx motif composed of two cysteinyl residues
separated by two amino acids (CxxC). This PTM is known to
alter both protein target conformation and function [74, 75].
Hence, the cellular redox status is linked to the activity and
regulations mediated by these enzymes. Trx activity relies
on NADPH and NADPH-dependent Trx reductase catalyz-
ing its reduction, hence the recycling of an active Trx. Many
Trx targets have been identified in plants [76], especially in
seeds [77, 78]. During seed development, proteins would be
accumulated in their reduced state being subsequently
oxidized during maturation and drying. Accordingly, many
metabolic enzymes would be inactivated in dry mature
quiescent seeds. In contrast, upon seed imbibition, Trx will
reduce crucial oxidized proteins, thereby initiating the
molecular switch leading to productive germination [77, 79].
The redox state of such important metabolic proteins could
contribute to ensure maintenance of metabolic quiescence
in the dry state and full resumption of metabolic activity
during germination (Fig. 2). Owing to disulfide bond
reduction during germination, Trx would increase the
solubility of SSPs and in turn their susceptibility toward
further proteolytic attack. Trxs would also inactivate several
proteins such as enzyme inhibitors, notably protease or a-
amylase inhibitors. In this way, Trxs can promote the
remobilization of the seed storage reserves during germi-
nation [74, 76]. Studies conducted in animal systems
suggested that Trxs can also reduce S-nitrosothiols [56].
Several other enzymes implicated in redox regulation and
detoxification such as catalases, superoxide dismutases,

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2-cys peroxiredoxins or glutaredoxins have been identified as
putative S-nitrosylated proteins [61-65].

In conclusion, the accumulated evidence supports the
central implication of redox-related protein modifications in
seed physiology although the precise underlying mechan-
isms have not been entirely discovered yet. Importantly,
seeds appear not only to be able to cope with reactive species
but to use them as essential signaling elements.

6 Involvement of protein
phosphorylation in seed physiology

Protein phosphorylation/dephosphorylation is the most
widely known and well-studied form of reversible PTM. In
plants, tyrosine, serine and threonine residues in polypep-
tide chains can be phosphorylated by protein kinases by the
addition of a covalently bound phosphate group [80, 81].
Protein phosphorylation/dephosphorylation is involved in
regulation of a large range of cellular functions through
activation/inhibition of enzymes and transporters, protein
degradation by the ATP-dependent ubiquitin/proteasome
pathway and in the regulation of protein—protein interac-
tions [80, 81]. The main studied role of protein phosphor-
ylation is cell signaling through MAP kinase cascades for
gene network regulation [82, 83]. However, the phospho-
proteome of dry and germinating seeds is poorly
documented. Yet, as shown in Fig. 3, de novo protein
phosphorylation occurs specifically during Arabidopsis seed
germination. A previous work showed that 12S cruciferins
are the predominant phosphorylated proteins in dry mature
Arabidopsis seeds [25]. A comparison of these previous
results [25] with those shown in Fig. 3 indicates that phos-
phorylation of 12§ cruciferins mainly occurs during seed
maturation and not during germination. Considering the
abundance of SSPs in mature seeds, the phosphorylation of
these proteins could constitute a way to store phosphorus
until germination. Thirty-three phosphorylated proteins
have been revealed from a shotgun proteomic investigation
of germinating maize embryos [84], including the
mismatch binding protein Mus3 and the poly(ADP)-ribose
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polymerase 1 (PARP1). This suggests that Mus3 phos-
phorylation might be involved in mismatched DNA mole-
cular recognition in the embryo during germination.
Moreover, poly(ADP)-ribose polymerase 1 was shown to be
essential to initiate early germination in Arabidopsis [85],
supporting the finding that the maintenance of a functional
DNA repair system is essential to ensure high germination
vigor [2]. Thus, phosphorylation of enzymes involved in
DNA repair might be crucial to allow a proper molecular
control of seed germination. Protein translation plays a
major role in germination vigor [14-16]. Indeed, Arabidopsis
seed germination is strongly inhibited in the presence of
cycloheximide (an inhibitor of translation) and protein
translation ability is markedly reduced during seed aging
[15, 40]. Initiation factors elF4B, elF2o and elF2p are known
to be differentially phosphorylated during wheat seed
development and germination [86]. Phosphorylated
isoforms of elF4B strongly accumulate in the embryo at 10-
h postimbibition, a time point that correlates with the
resumption of protein synthesis during germination. In
contrast, elF2 phosphorylation level in the embryo remains
unchanged between 10 and 20 h of germination. Moreover,
two 60S ribosomal subunits were shown to become phos-
phorylated upon formation of the cytosolic 60S ribosomal
complex [87]. Altogether, these data suggest that during
germination protein translation is under regulation of
protein phosphorylation. Genetic and biochemical studies
have identified a diversity of kinases, kinase inhibitors and
phosphatases correlated with ABA response in seed biology
[88]. For example, protein phosphorylation via mitogen-
activated protein kinases (MAPKs) has been suggested to be
important in ABA signaling and therefore in the control of
seed maturation, dormancy and germination [88]. Further-
more, members of the sucrose nonfermenting-1 (Snfl)-
related protein kinases (SnRKs) behave as key regulators of
ABA signaling in seeds [89]. These kinases can be grouped
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phosphorylation during germi-
" nation of Arabidopsis seeds.
Seeds were incubated for 48h
in water in the presence of [*°P]
phosphoric acid (Supporting
Information text S1). Following
2-D PAGE, the radiolabeled
proteins were revealed by
phosphorimager analysis. (A)
Silver-stained 2-D gel of total
soluble proteins from Arabi-
dopsis seeds incubated for 48 h
in water. (B) Radiolabeled
phosphoproteins from same gel
as in (A).

into three subfamilies: SnRK1, SnRK2 and SnRK3, the two
last being unique to plants. During rice seed germination,
a-amylases help to remobilize sugars by degrading the
starch stored in amyloplasts [90]. In this process, SnRK1
plays a signaling role by activating the expression of the
a-amylase3 gene [91]. The Arabidopsis genome contains 38
SnRK coding genes, 10 of which correspond to SnRK2 genes
[92]. The phosphorylation of a family of basic leucine zipper
transcription factors (ABFs/AREBs) by SnRK2 is involved in
positive regulation of ABA-responsive gene expression [93].
Three members of the SnRK2 subclass III family (SRK2.2,
SRK2.3 and SRK2.6) are mainly expressed in the nucleus
during seed development and germination [94]. Although
seed dormancy and germination are not affected in the
srk2.6 single mutant [95, 96], a viviparous phenotype is
observed with the triple SnRK2 mutant plants when grown
at high humidity [97], thus revealing a defect in the onset of
dormancy [94]. Strikingly, the seed ABA content of this
triple mutant is higher than that of wild type seeds. Among
plant protein phosphatases 2C (PP2Cs), a group A
subfamily (e.g. ABI1 and ABI2) behaves as negative regu-
lators of SnRK2-mediated phosphorylation [98]. Indeed, abil
and abi2 mutants display reduced dormancy [8]. Recently,
Regulatory Component of ABA Receptorl/Pyrabactin
Resistancel (RCAR1/PYR1) and RCAR3 were highlighted
as physical partners of ABI1 and ABI2 [99-101]. RCAR1/
PYR1 directly binds to ABA and mediates ABA-dependent
inactivation of ABI1 or ABI2 inducing a positive regulation
of SnRK2-mediated phosphorylation involved in seed
dormancy sustaining. Interestingly, several ethylene
response mutants exhibit contrasted germination ability in
close relation with ABA sensitivity [102]. Thus, CTR1 gene, a
negative regulator of the ethylene response pathway in
Arabidopsis, encodes a Raf-like protein kinase [103]. The ctr1
mutant seeds were less sensitive to ABA than the wild type.
In opposite, the ethylene-insensitive mutants ein2 and etrl
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display increased seed dormancy due to an enhanced
sensitivity to endogenous ABA [104]. Altogether, these data
suggest that ABA and ethylene cross signaling might be
involved in the control of seed germination through MAP
kinase and phosphatase pathways. However, further
research is needed to get a better understanding of these
signaling pathways. It is also worth noting that phosphory-
lation and removal of phosphate groups have been demon-
strated as effectors of the ABA transcription factor ABIS5 that
affects dormancy through the regulation of dormancy-rela-
ted genes (see below) [94]. The first quantitative measure-
ment of in vivo changes in the phosphoproteome following
ABA treatment in planta has only been recently highlighted
[105]. Several proteins have been characterized as potential
early targets of the phosphorylation/dephosphorylation
machinery involved in the ABA response in vivo. These
results clearly document the major role of protein phos-
phorylation in the control of seed physiology through ABA
signaling [94, 105].

7 Proteasome-related protein
modifications

During germination, protein degradation progressively
allows to switch from a quiescent developmental program to
a highly active metabolic state typical of seedling establish-
ment. The addition of at least four ubiquitin monomers to
the lysine residues of a target protein triggers its degrada-
tion by the 26S proteasome [106, 107]. In plants, ubiquitin
linkage to target proteins is mediated by E3 ligase enzymes
in which the Skpl/Cullin/F-box (SCF) ubiquitin E3 ligase
subfamily is particularly well described [106, 107]. The F-box
protein belonging to the SCF complex provides protein
substrate specificity. Given that as many as 700 F-box
proteins are putatively present in Arabidopsis, it is expected
that at least some of them play a role in seed physiology as
demonstrated by studies on the control of germination by
light or ABA [106]. First, red light is known to be a positive
regulator of Arabidopsis seed germination through the
conversion of phytochromes A and B (PHYA and PHYB) to
their active Pfr isoform [108, 109]. The phytochrome inter-
acting factor-3 (PIF3) was the first transcription factor
identified among a 15-member family that proved able to
interact with phytochromes and to regulate the expression of
light-regulated genes [110]. Moreover, the signaling pathway
encompassing light perception by PHYA and PHYB to the
production of bioactive GAs needed for seed germination,
through the action of PIL5, has been deciphered [89]. The
PILS protein level is negatively regulated by the two phyto-
chromes [89], most presumably through the action of the
26S proteasome as demonstrated for other PIL family
members [111]. Second, an increasing number of studies
pinpointed the ABI5 transcription factor, which is a
component of the ABA signaling pathway, as a potential
integrative node of PTMs [112, 113]. ABIS is a bZIP tran-
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scription factor identified as a key regulator of late seed
maturation program as well as of a post-germinative control
checkpoint [114]. In response to ABA, the stability of ABI5 is
negatively regulated by ubiquitination through the ABI5
binding protein 1 (AFP1) [112]. Thus, this latter mechanism
could represent a feedback regulatory process of the ABA
signaling pathway to fine-tune the level of active ABIS. Last
but not least, the ABI5 protein level was shown to be
negatively regulated by the RING-type E3 ligase KEEP ON
GOING (KEG), an essential regulator of ABA sensitivity. In
the presence of ABA, this ligase is first phosphorylated and
then subject to 26S proteasome degradation as it becomes
ubiquitinylated [115]. Finally, ABIS can also be sumoylated
by the E3 SUMO ligase SIZ1, which renders ABIS5 inactive
but also probably less sensitive to ubiquitinylation [113].

As stated above, GAs are major regulators of seed
physiology. Central to the GA signaling pathway, the DELLA
proteins, which belong to the GRAS family of transcription
factors, act as repressors of GA-mediated responses
[97, 116]. Among the five DELLA proteins identified in
Arabidopsis, RGL2 (RGA-like 2) is considered as being the
key player regulating germination in the light [117]. Upon
imbibition, the level of bioactive GAs rises substantially
while that of DELLA regulators drops [97]. GAs can bind to
the GIBERELLIN-INSENSITIVE DWARF1 (AtGID1) cyto-
solic GA receptor thereby allowing recognition between
GID1 and DELLAs [97, 118]. Then, the Arabidopsis F-box
SLEEPY1 or its rice orthologue GIBERELLIN-INSENSITIVE
DWARF1 (OsGID2) specifically interacts with DELLAs and
mediate their ubiquitination via the SCFS"Y'/S'P? E3 ligase
complex [97]. Upon linkage of several ubiquitin monomers,
the DELLA repressors are addressed to the 26S proteasome
thus releasing “the brakes” of germination [97].

When a protein exhibits destabilizing amino acids resi-
dues (N-degrons), a specialized and hierarchized protein
degradation pathway named the N-end rule pathway can
intervene [119-121]. Aspartate and glutamate residues
located at the N-end terminal of destabilized proteins
can be arginylated by the two Arabidopsis arginyl-tRNA:-
protein arginyltransferases (ATE) giving rise to secondary
N-degrons [121]. Then, two UBR-box containing E3 ligases,
namely PROTEOLYSIS1 (PRT1) and PRT6, recognize
respectively aromatic and basic residues and address the
destabilized proteins with a N-degron to the 26S proteasome
[119-121]. Alternatively, PRT1 and PRT6 can function
independently of ATEs. Concerning seed physiology, the
prt6 mutant displays an ABA-hypersensitive germination
phenotype together with pronounced dormancy [121].

8 Other PTMs occurring in seeds
8.1 Protein L-isoaspartyl formation

Among the reversible PTMs described in seeds, it is worth
mentioning the spontaneous and deleterious conversion of
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Figure 4. Formation of L-isoaspartyl residues during seed aging. (A) Mechanism of spontaneous L-isoaspartyl formation and enzymatic
repair by PIMT. (B) Quantitation of L-isoaspartyl — containing methyl-accepting substrates. (C) The level of isoAsp residues was quanti-
tated both in natural and artificial aged seed samples loaded onto a PVDF membrane. Protein extracts were methylated with recombinant
PIMT and [methyl-"*ClAdoMet (Supporting Information text S1). Radiolabeled proteins were revealed by phosphorimager analysis. The
signal intensity of radiolabeled proteins was quantified with ImageQuant 5.2 software.

L-asparaginyl and r-aspartyl protein residues into r-iso-Asp,
yielding altered proteins that could be reversibly repaired by
protein i-isoaspartyl methyltransferase (PIMT) [122]. This
enzyme, which catalyzes the transfer of a methyl group
from S-adenosylmethionine to r-isoaspartyl residues in
proteins, is widely distributed in nature. Previous work
documented an increase in the extent of r-isoaspartyl resi-
dues during seed aging [123, 124]. Figure 4 shows that
accumulation of r-isoaspartyl residues displays common
features in artificially and naturally aged Arabidopsis seeds,
testifying the usefulness of controlled deterioration treat-
ment (CDT) for quickly assessing seed viability. Consistent
with this, genetic modulation of PIMT expression in
Arabidopsis showed that repair of age-related protein damage
contributes significantly to seed longevity [125].

8.2 Gene expression regulation through histone
modifications

Eukaryotic genomic DNA is wrapped around a tetramer of
histone proteins that can be subject to PTMs on their N-
terminal tails [126], associated with activation or repression
of gene expression [126, 127]. During germination, the
PICKLE SWI/SNF chromatin-remodeling factor is neces-
sary for the repression of ABI3 and ABI5 expression during
germination [128, 129]. Chromatin immunoprecipitation
experiments showed that H3 histones bound to the ABI3
and ABI5 promoters are methylated on their lysine residues
9 and 27 [129]. Similarly, several genes encoding LEA
proteins were shown to be transcriptionally repressed by
histone deacetylases [130]. Moreover, the reduced dormancy4
(rdo4) mutation proved to be affected in the HISTONE

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

MONOUBIQUITINATION1 (HUB1) RING finger protein
that is required to covalently attach an ubiquitin monomer
on histone H2B [127]. Thus, the single attachment of
an ubiquitin monomer could serve as an inactivating regu-
lation that does not necessarily drive to the target protein
degradation. Thus, epigenetic regulation might help to
switch from the mature seed quiescent state to seedling
establishment.

8.3 Farnesylation

ENHANCED RESPONSE TO ABA 1 (ERAI) encodes a
farnesyl transferase that transfers a 15-carbon farnesyl
group together with a pyrophosphate to proteins with a
specific COOH-terminal motif [131]. It is noteworthy that
the first identification of ERA1 function came from a seed-
based screening assay. The eral mutant, which is hyper-
sensitive to ABA, is both more dormant and more sensitive
to very small ABA concentrations during germination [131].
Thus, the addition of a farnesyl group to an as yet unknown
ABA-related signaling component serves as a powerful ABA-
sensitivity regulation mechanism.

8.4 Glycosylation

Protein glycosylation is an enzyme-driven PTM that adds a
sugar chain to a protein either on asparagine (N-glycosylation)
or on serine/threonine residues (O-glycosylation) [132, 133]. In
common bean seeds, SSPs have been shown to be glycosylated
in the ER [134]. A substantial number of SSPs can be glyco-
sylated (N- or O-) in the ER and the Golgi apparatus before
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being incorporated in the protein storage vacuoles [21]. While
the biological significance of glycosylation in seed germination
remains to be determined, de-N-glycosylation, i.e. the removal
of N-glycans either at the extremities or in the middle of
protein sequences by specific enzymes called respectively
ENGases and PNGases, was shown to occur in germinating
radish and Dbarley seeds [135, 136]. These two enzymatic
activities were found to occur in dry seeds with the ENGase
activity being predominant in the embryo while the PNGase
activity was similar in both seed compartments. Upon imbi-
bition, ENGase and PNGase activities increase rapidly in the
embryo and endosperm, respectively [135, 136].

9 Concluding remarks

The present review underpinned several specific features on the
role of PTMs in the control of seed germination. Seed proteins
undergo a wide array of non-enzymatic and enzymatic PTMs
during dry storage and upon imbibition. These PTMs play a
central role in dormancy release, metabolism resumption
during germination and aging processes. Proteome diversity
and plasticity resulting from PTMs give to seeds an important
adaptive capacity to their environment. However important
progress remains to be realized in two directions. First, tech-
nological advancements in high throughput quantitative assays
for PTMs are needed. Conception of “tool sets” for diverse
classes of PTMs would help researchers in seed science
research. Second, more intensive basic research is needed to
gain a better understanding of the roles PTMs play in
dormancy, germination vigor and aging processes. The discov-
ery phase of these modifications should be broadly inclusive and
involve a wide array of physiological conditions, mutant collec-
tions and natural genetic variations to study seed physiology.

The authors have declared no conflict of interest.
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