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Abstract Seed development is a complex period of the
ﬂowering plant life cycle. After fertilization, the three main
regions of the seed, embryo, endosperm and seed coat,
undergo a series of developmental processes that result in
the production of a mature seed that is developmentally
arrested, desiccated, and metabolically quiescent. These
processes are highly coordinated, both temporally and
spatially, to ensure the proper growth and development of
the seed. The transcription factor, LEAFY COTYLEDON1
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INTRICACIES OF SEED DEVELOPMENT
Overview of seed development
Seed development is a complex period of the
ﬂowering plant life cycle. As shown in Figure 1, the
seed consists of three different regions, each with a
distinct variation on a common genotype: diploid and
ﬁlial embryo, triploid and ﬁlial endosperm, and diploid
and maternal seed coat. Moreover, each region is
comprised of distinct subregions, tissues, and cell
types.
Seed development begins with the double fertilization of the egg and central cells of the embryo sac with
two sperm cells that generate the embryo and
endosperm, respectively (Goldberg et al. 1994).

(LEC1), is a central regulator that controls several aspects of
embryo and endosperm development, including embryo
morphogenesis, photosynthesis, and storage reserve accumulation. Thus, LEC1 regulates distinct sets of genes at
different stages of seed development. Despite its critical
importance for seed development, an understanding of the
mechanisms underlying LEC1’s multifunctionality is only
beginning to be obtained. Recent studies describe the roles
of speciﬁc transcription factors and the hormones,
gibberellic acid and abscisic acid, in controlling the activity
and transcriptional speciﬁcity of LEC1 across seed development. Moreover, studies indicate that LEC1 acts as a pioneer
transcription factor to promote epigenetic reprogramming
during embryogenesis. In this review, we discuss the
mechanisms that enable LEC1 to serve as a central regulator
of seed development.
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Fertilization also initiates seed coat development
(Roszak and Kohler 2011).
Embryo and endosperm development can be
divided temporally into two distinct phases: the
morphogenesis phase, which is initiated immediately
after fertilization, and the maturation phase, which
partially overlaps and follows the morphogenesis phase
(Figure 1). The morphogenesis phase is characterized by
cell proliferation and differentiation that occur in both
the embryo and endosperm. During this phase, the
shoot and root apical meristems of the embryo are
formed to set up the apical
basal plant axis, and
the protoderm, ground meristem, and procambium
develop as the tissue system progenitors that constitute the embryo’s radial axis (reviewed by Lau et al.
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Figure 1. Overview of the major biological events that occur during seed development
Seed images diagram Arabidopsis seeds at the indicated stages and days after pollination (DAP). Bars indicate the
morphogenesis and maturation phases and the major cellular processes that occur in embryos and endosperm.

2012; Palovaara et al. 2016). This basic body pattern
which is established during embryogenesis is maintained throughout the sporophytic life cycle of the
plant. The endosperm undergoes nuclear and cell
proliferation, regionalization, and cell differentiation
during the morphogenesis phase, and it develops
into tissues that will provide nutrients for the developing embryo and/or postgerminative seedling (Li and
Berger 2012).
By contrast, the maturation phase represents an
interruption of the patterning, proliferation, and
differentiation events that occur during the morphogenesis phase and that are reinitiated during seedling
and vegetative development (Raz et al. 2001; VicenteCarbajosa and Carbonero 2004). The maturation phase
is characterized by the synthesis and massive accumulation of storage compounds, such as seed storage
lipids and proteins (Harada 1997; Gutierrez et al. 2007;
Baud et al. 2008). Storage compound accumulation
results in cell expansion and a considerable increase in
embryo cell size. It is also during the maturation phase
that the embryo acquires the ability to survive
desiccation that occurs at the latest stage of seed
development through the accumulation of disaccharides, oligosaccharides, storage proteins, and late
embryogenesis abundant proteins that preserve the
integrity of membranes, proteins, and nucleic acids in
www.jipb.net

the desiccated state (Angelovici et al. 2010; Leprince
et al. 2017). Germination of the developing embryo is
actively inhibited during the maturation phase, initially
through accumulation of the hormone abscisic acid
(ABA) and later through a reduction in water content
(Kermode 1990). At the end of the maturation phase,
the embryo and endosperm are developmentally
arrested and metabolically quiescent, and they are
typically maintained in this state until conditions
favorable for germination are encountered.
Gene networks in seed development
The complexity of seed development suggests that the
cellular processes that underlie speciﬁc seed functions
must be highly coordinated both temporally and
spatially. The onset and termination of these processes
are controlled largely by changes in gene expression
patterns. Therefore, understanding the mechanisms
that control gene expression could aid in the development of strategies that can be used to modify the
processes that occur during seed development and,
potentially, improve seed quality in many important
crop species.
The mRNA proﬁles of whole seeds and/or seed
regions and subregions at different stages of development in several plant species have provided fundamental insights into the processes and regulatory
May 2019 | Volume 61 | Issue 5 | 564–580
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mechanisms that control seed development (Le et al.
2007; Benedito et al. 2008; Verdier and Thompson 2008;
Xiang et al. 2011; Chen et al. 2012; Harada and Pelletier
2012; Belmonte et al. 2013; Terrasson et al. 2013; Becker
et al. 2014; Chen et al. 2014; Khan et al. 2014; Li et al.
2014; Pradhan et al. 2014; Aghamirzaie et al. 2015;
Gonzalez-Morales et al. 2016; Huang et al. 2017; Rangan
et al. 2017). Gene expression patterns reﬂect spatial
differences in seed regions and subregions and temporal
differences in developmental stages. However, the most
conspicuous change is a major reprogramming of gene
expression that occurs in the embryo and endosperm
during the transition between the morphogenesis and
maturation phase of seed development (Verdier et al.
2008; Severin et al. 2010; Xiang et al. 2011; Chen et al. 2012;
Belmonte et al. 2013; Chen et al. 2014). Many genes
involved in patterning and morphological differentiation
processes are preferentially expressed during the
morphogenesis phase, whereas genes that are involved
with seed storage macromolecule accumulation and
desiccation tolerance are activated at the onset of the
maturation phase. Although some aspects of gene
expression are regulated posttranscriptionally in seeds
(D’Ario et al. 2017), these ﬁndings suggest that
transcriptional control mechanisms play major roles in
regulating seed development.
An introduction to LEAFY COTYLEDON1
Many transcription factors have been shown to regulate
biological processes during seed development (reviewed by Le et al. 2007; Verdier and Thompson 2008;
Le et al. 2010; Jia et al. 2014; Pradhan et al. 2014; Baud
et al. 2016; Devic and Roscoe 2016). Among these
transcription factors, LEAFY COTYLEDON1 (LEC1) has
been identiﬁed as a key, central regulator of seed
development (Meinke 1992; Meinke et al. 1994; West
et al. 1994; Lotan et al. 1998; Harada 2001; To et al. 2006;
Braybrook and Harada 2008; Pelletier et al. 2017). LEC1
is a novel subunit of the nuclear factor Y (NF-Y) transcription factor that accumulates primarily in the embryo and
endosperm, speciﬁcally during seed development
(Figure 2A) (Lotan et al. 1998; Calvenzani et al. 2012;
Gnesutta et al. 2017b). Although LEC1 has long been
considered to be a central regulator of seed development, we are only beginning to understand the
mechanisms by which LEC1 controls several aspects of
seed development, including the biosynthesis of storage
macromolecules, desiccation tolerance, photosynthesis,
May 2019 | Volume 61 | Issue 5 | 564–580

and hormone biosynthesis. In this review, we discuss the
multifunctionality of LEC1 during seed development and
recent ﬁndings that describe potential mechanisms by
which LEC1 can regulate distinct biological processes
across seed development.

LEC1 IS A KEY REGULATOR OF THE
MATURATION PHASE
LEC1 is a central regulator of seed development that
controls cellular processes that occur during the
morphogenesis and maturation phases. Initial insights
into LEC1 function were obtained through analyses of
loss-of-function mutations of Arabidopsis LEC1 that were
identiﬁed in genetic screens for embryo lethal mutants
(Harada 2001). Several characteristics of lec1 mutants
suggest that the transcription factor regulates several
processes related to the maturation phase. First, LEC1 is
required for embryos to acquire desiccation tolerance.
Embryos with null mutations in LEC1 die, because they
do not survive maturation drying at the end of seed
development (Meinke 1992; Meinke et al. 1994; West
et al. 1994). Second, LEC1 is required for storage
macromolecule accumulation. Storage protein and lipid
accumulation are severely restricted in lec1 mutants
(Meinke 1992; Meinke et al. 1994; West et al. 1994). A
genome-wide comparison of mRNA populations in wild
type and lec1 mutant seeds showed that the major
difference in mRNA proﬁles is observed at the
maturation phase of seed development (Pelletier
et al. 2017). Genes involved with maturation processes,
such as protein and lipid storage, desiccation tolerance,
and seed dormancy, are downregulated in lec1 mutant
seeds. Third, postgerminative seedling development is
suppressed during seed development by LEC1. The
shoot apices of lec1 mutant embryos are activated and
possess leaf primordia, whereas wild type embryonic
shoot apices are inactive and do not initiate leaf
development (Meinke et al. 1994; West et al. 1994). One
interpretation of these ﬁndings is that the maturation
program prevents the precocious initiation of vegetative development during embryogenesis. Consistent
with this interpretation, genes expressed seedlingspeciﬁcally are prominently upregulated in lec1 mutant
embryos during the late stages of seed development
(Pelletier et al. 2017). Thus, pleiotropic effects of the lec1
mutation led to the conclusion that LEC1 is an essential
www.jipb.net
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Figure 2. Modulation of LEC1 activity during seed development
(A) Heat map representations of LEC1 and L1L mRNA levels in embryo, endosperm, and seed coat subregions during
Arabidopsis seed development (top panel) and GA and ABA levels at the indicated stages of seed and
postgerminative development, with darker colors indicating higher relative hormone levels (bottom panel). mRNA
data are taken from Belmonte et al. (2013). (B) Mechanistic effects of GA and ABA on LEC1 activity. Morphogenesis
panel. Because bioactive GA levels are high, DELLA is degraded, releasing LEC1 to activate gene encoding auxin
biosynthetic enzymes, YUC4 and YUC10, although the subunits with which LEC1 interacts is not known. Maturation
panel. ABA levels are high, and the ABA-inducible transcription factor bZIP67 accumulates and forms a complex with
a LEC1-NF-YC (or L1L-NF-YC) dimer. The complex binds ABRE-like DNA sequence motifs and activates maturation
genes, such as CRU and FAD3. Postgermination panel. DELLA is degraded, because GA levels become high prior to
and during germination and postgermination. PKL is released, resulting in an increase in H3K27me3 occupancy of
the LEC1 promoter and silencing of the LEC1 gene. An increase in VAL activity, which is thought to be mediated by GA,
also results in an increase in H3K27me3 occupancy.

regulator of the maturation phase (Meinke et al. 1994;
West et al. 1994; Lotan et al. 1998; Harada 2001; To et al.
2006; Braybrook and Harada 2008; Lepiniec et al. 2018).
LEC1’s role during the maturation phase was also
demonstrated in gain-of-function genetic experiments.
Ectopic expression of LEC1 in Arabidopsis results in the
upregulation of several genes involved in processes that
occur during the maturation phase, such as seed
storage proteins and lipid accumulation, desiccation
tolerance, and seed dormancy (Lotan et al. 1998). For
www.jipb.net

example, overexpression of LEC1 in developing seeds
results in the upregulation of key genes involved in fatty
acid biosynthesis and storage and an increase in lipid
content in a number of plant species (Kagaya et al. 2005;
Mu et al. 2008; Tan et al. 2011; Elahi et al. 2016; Pelletier
et al. 2017; Tang et al. 2018). These ﬁndings open the
possibility that manipulating LEC1 expression might be
useful to enhance the seed quality of crop plants.
The phenotypes induced by loss- and gain-of-function
mutations suggest that LEC1 is a key regulator of the
May 2019 | Volume 61 | Issue 5 | 564–580
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maturation phase. Genome-wide characterization of LEC1
binding sites revealed that LEC1 can directly regulate
several genes involved in processes that occur during the
maturation phase of developing Arabidopsis and soybean
seeds (Junker et al. 2012; Pelletier et al. 2017).
LEC1 has been implicated to have played a critical
role in the evolution of the seed habit. In contrast to
plant lineages that do not produce seeds, seed plant
embryos undergo biochemical and physiological
changes during the maturation phase that allow them
to withstand maturation drying and metabolic quiescence and undergo the reinitiation of growth after
germination. The processes that occur during the
maturation phase account, in part, for the evolutionary
success of seed plants (Steeves 1983; Harada 2001;
Vicente-Carbajosa and Carbonero 2004). Thus, understanding the regulatory circuitry controlling seed
maturation could provide insights into the mechanisms
that underlie evolution of the seed habit. The requirement of LEC1 to regulate maturation processes opens
the possibility that LEC1 may have played a critical role in
the evolution of the maturation phase and the seed
habit. Consistent with this possibility, phylogenetic
analysis revealed that LEC1-type genes, which are shared
among all spermatophytes, are ﬁrst detected among
basal land plant lineages in lycophytes (Xie et al. 2008;
Kirkbride et al. 2013; Cagliari et al. 2014; Fang et al. 2017;
Han et al. 2017), suggesting that LEC1 originated at least
30 million years before the appearance of seed plants in
the fossil record. Based on their expression patterns,
LEC1orthologs have been suggested to play roles in
promoting desiccation tolerance and lipid accumulation
in Selaginella (lycophyte) species and storage macromolecule accumulation in reproductive organs of the
fern, Adiantumcapillus-veneris (Xie et al. 2008; Kirkbride
et al. 2013; Fang et al. 2017; Han et al. 2017). Further
studies of LEC1 function in basal plants could advance
our understanding of seed plant evolution.

BEYOND MATURATION ROLES FOR
LEC1 IN OTHER ASPECTS OF SEED
DEVELOPMENT

seed development. First, LEC1 is expressed within 24 h
after fertilization, suggesting that it functions at the
earliest stages of seed development (Figure 2A) (Lotan
et al. 1998). Second, LEC1 is required to maintain
embryonic suspensor identity early in seed development. The wild-type Arabidopsis suspensor is a transient
structure comprised of a single ﬁle of six to eight cells.
lec1 mutant suspensors undergo abnormal cell divisions
and often consist of more than eight cells (Lotan et al.
1998). Furthermore, combining the lec1 mutation with
mutations in ABA INSENSITIVE3 (ABI3) or FUSCA3 (FUS3)
genes that encode other seed development regulators
results in polyembryony, in which a second embryo
proper forms from cells derived from proliferating
suspensor cells (Vernon and Meinke 1994; Lotan et al.
1998). Thus, LEC1 is required to suppress the embryogenic potential of the suspensor early in embryo
development. Third, LEC1 is required to specify cotyledon identity during embryogenesis (Meinke 1992;
Meinke et al. 1994; West et al. 1994). lec1 mutant
embryo cotyledons, unlike wild type, undergo a
heterochronic conversion in which they acquire leaf
traits, such as trichomes on their adaxial surfaces and a
cellular organization that is intermediate between
cotyledons and leaves (Meinke et al. 1994; West et al.
1994). Consistent with this interpretation, trichome
development is suppressed in plants overexpressing
LEC1 (Lotan et al. 1998; Huang et al. 2015a). Fourth, LEC1
regulates the expression of genes involved in embryo
morphogenesis, including those encoding the transcription factors PHAVOLUTA and SCARECROW, and in auxin
biosynthesis in Arabidopsis and soybean embryos early
in seed development (Junker et al. 2012; Pelletier et al.
2017; Hu et al. 2018). Finally, a striking indication of
LEC1’s role in embryo morphogenesis is its ability to
induce somatic embryo development in vegetative
tissues of several plant species (Lotan et al. 1998; Lowe
et al. 2003; Yang and Zhang 2010; Ledwon and Gaj 2011;
Guo et al. 2013; Nic-Can et al. 2013; Orlowska et al. 2017).
The mechanisms that underlie LEC1’s ability to promote
somatic embryogenesis are not fully understood, but it
has been speculated that it acts to enhance embryogenic competence.

Importance of LEC1 for embryo morphogenesis
Although LEC1 is a key regulator of the maturation
phase, several lines of evidence indicate that LEC1 also
acts as a regulator during the morphogenesis phase of

Involvement of LEC1 in photosynthesis and
chloroplast development during seed development
Embryos of many angiosperm taxa possess chloroplasts
that are highly shade adapted because of the light

May 2019 | Volume 61 | Issue 5 | 564–580
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quality to which they are exposed but that, nonetheless,
photosynthesize during embryo development (reviewed by Puthur et al. 2013). In oilseeds, photosynthesis
generates oxygen, which is limited in the internal tissues
of the embryo, for mitochondria respiration, and it may
aid in recycling carbon dioxide that is lost with each cycle
of fatty acid elongation (Vigeolas et al. 2003; Rolletschek
et al. 2005; Allen et al. 2009). LEC1 has been implicated to
regulate photosynthesis and chloroplast biogenesis
during seed development. Arabidopsis lec1 mutants
have a paler green coloration than wild-type embryos,
suggesting that LEC1 promotes but is not absolutely
required for proper chloroplast biogenesis during
embryogenesis (Meinke 1992; West et al. 1994; Junker
et al. 2012; Pelletier et al. 2017). LEC1 also transcriptionally activates the expression of representatives of most
genes encoding the light-reaction components of
photosystems I and II and of many other genes involved
in chloroplast biogenesis in Arabidopsis and soybean
embryos (Pelletier et al. 2017). These ﬁndings indicate a
role for LEC1 in controlling photosynthesis and chloroplast biogenesis during seed development.
LEC1 plays a role in controlling endosperm
development
mRNA proﬁles of Arabidopsis seeds revealed an extensive
overlap in gene activity between embryo and endosperm
subregions (Belmonte et al. 2013). Many of the same
genes that are involved in processes that occur during the
morphogenesis and maturation phases in the embryo are
also expressed in the endosperm. The ﬁndings that
chloroplasts and storage protein and oil bodies are
present not only in the embryo but also in the endosperm
support the functional signiﬁcance of this overlap in gene
expression programs (Belmonte et al. 2013).
LEC1 is expressed in the endosperm of many plant
species, including Arabidopsis, maize, rapeseed, rice,
and soybean (Figure 2A) (Lotan et al. 1998; Huang et al.
2009; Belmonte et al. 2013; Zhan et al. 2015; Pelletier
et al. 2017; E et al. 2018). Moreover, Arabidopsis LEC1
directly activates genes that act both in the embryo and
endosperm in processes related to the morphogenesis
and maturation phases, suggesting the LEC1 regulates
aspects of endosperm development, although the lec1
mutant does not display obvious morphological defects
in endosperm (Meinke 1992; Meinke et al. 1994; Lotan
et al. 1998). Similarly, it was proposed that LEC1 can
control endosperm development in rice through its
www.jipb.net
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interaction with AP2 transcription factors (Zhang and
Xue 2013; Xu et al. 2016).
Thus, substantial evidence indicates that LEC1’s role
in seed development extends beyond simply control of
the maturation phase. The ability of LEC1 to regulate
cellular processes during both the morphogenesis
and maturation phases and in distinct regions of the
seed demonstrates that LEC1 is a central regulator of
seed development.

TEMPORAL REGULATION OF LEC1
ACTIVITY BY HORMONES DURING SEED
DEVELOPMENT
LEC1 regulates distinct processes at different stages of
seed development, and its activity must be repressed
after germination to promote vegetative development
(Figure 2A, 2B). Thus, LEC1 activity must be highly
temporally regulated during plant development.
Recent ﬁndings provide insight into the mechanisms
by which LEC1 responds to the physiological cues that
govern seed development. For example, gibberellic acid
(GA) regulates LEC1 activity during seed development
(Hu et al. 2018). As shown in Figure 2A, bioactive GA
isoforms display a dynamic accumulation pattern,
achieving highest levels during the early stages of
seed development. In the absence of GAs, LEC1’s ability
to activate at least some of its target genes is repressed
through its interaction with DELLA proteins, which are
repressors of GA signaling pathways (Figure 2B).
Bioactive GAs promote the degradation of DELLA
proteins, releasing LEC1 to activate gene transcription.
GAs have been shown to release LEC1 to activate the
expression of YUCCA (YUC) genes involved in auxin
biosynthesis (Hu et al. 2018).
Abscisic acid (ABA) accumulation during the late
stages of seed development is at least partially
responsible for the onset of the maturation phase
and other developmental changes (Figure 2A)
(Finkelstein et al. 2002; Gutierrez et al. 2007;
Holdsworth et al. 2008; Nakashima and YamaguchiShinozaki 2013). Given the importance of LEC1 and ABA
in controlling the maturation phase, it is not surprising
that ABA has been shown to augment LEC1’s activation
of genes involved in maturation. For example, ABA
enhances the ability of LEC1 to activate the expression
of the storage protein gene, CRUCIFERIN (CRU), and
the lipid biosynthesis gene, FATTY ACID DESATURASE3
May 2019 | Volume 61 | Issue 5 | 564–580
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(FAD3), by promoting the activity of ABA RESPONSIVE
ELEMENT BINDING (AREB) proteins, such as the
transcription factor, BASIC LEUCINE ZIPPER67
(bZIP67) (Figure 2B) (Yamamoto et al. 2009; Mendes
et al. 2013). It is not clear, however, if promotion results
from enhanced bZIP67 transcription or posttranslational
phosphorylation of bZIP67, as has been shown to occur
for another bZIP transcription factor, ABA INSENSITIVE5 (Lopez-Molina et al. 2001; Nakashima et al. 2009).
The mechanistic relationship between LEC1 and bZIP
transcription factors will be discussed, but it is likely that
ABA modulates LEC1 function at least in part, by
inducing AREB protein activity.
The central role of LEC1 in promoting seed development emphasizes a requirement to repress LEC1 activity
during vegetative development. For example, ectopic
LEC1 expression in seedlings results in the repression of
vegetative growth and the development of embryo-like
seedlings (Lotan et al. 1998). Two lines of evidence
indicate that chromatin conformation plays integral
roles in regulating LEC1 expression postgermination (Jia
et al. 2014; Pu and Sung 2015; Lepiniec et al. 2018). First,
PICKLE (PKL), a CHD3 chromatin remodeling factor,
negatively regulates LEC1 expression and, therefore,
embryonic programs during seedling development
(Ogas et al. 1999; Dean Rider et al. 2003; Li et al.
2005). The seedling roots of pkl mutants display
characteristics of embryos and accumulate storage
lipids and proteins normally found in seeds. This
phenotype results from the ectopic expression of
LEC1 and other maturation regulators in pkl seedlings
(Ogas et al. 1997; Henderson et al. 2004). Moreover, pkl
mutants show spontaneous development of somatic
embryos in postgerminative roots (Ogas et al. 1997).
Second, the VIVIPAROUS ABI3-LIKE (VAL) proteins, also
act to repress LEC1 activity during postgerminative
development. VAL1 and VAL2 genes, also known as
HIGH-LEVEL EXPRESSION OF SUGAR-INDUCIBLE GENE2
(HSI2) and HSI2-LIKE genes, respectively, are B3 domain
transcription factors that contain conserved CW and
PHD domains frequently found in chromatin remodeling
factors (Suzuki et al. 2007; Tsukagoshi et al. 2007).
Monogenic val mutants do not display striking mutant
phenotypes, however, val1 val2 double mutants develop
somatic embryos in shoot apical meristem regions of
germinating seedlings (Suzuki et al. 2007). Although not
normally active in wild-type seedlings, LEC1 is expressed
in val1 val2 seedlings after germination, indicating that
May 2019 | Volume 61 | Issue 5 | 564–580

VAL1 and VAL2 inhibit embryonic development by
repressing the expression of LEC1 and other transcriptional regulators of maturation during seedling growth
(Suzuki et al. 2007; Tsukagoshi et al. 2007).
Both PKL and VAL act epigenetically to repress LEC1
expression (Figure 2B) (Jia et al. 2014; Pu and Sung 2015;
Lepiniec et al. 2018). Repression of seed maturation genes
by PKL is mediated through the trimethylation of the
lysine 27 residue of histone H3 (H3K27me3), a repressive
epigenetic mark, as indicated by the observation that pkl
mutants display reduced H3K27me3 occupancy on LEC1
postgermination (Zhang et al. 2008; Zhang et al. 2012).
Similarly, val1 val2 mutants show reduced accumulation of
H3K27me3 and increased accumulation of active histone
marks, such as histone H3 lysine 4 trimethylation,
histone H3 acetylation, and histone H4 acetylation, in
the promoter and coding regions of LEC1 during seed
germination (Zhou et al. 2013). VAL1 and VAL2 interact
with HISTONE DEACETYLASE19 and 6, respectively, to
inhibit LEC1 activity (Zhou et al. 2013; Chhun et al. 2016).
VAL2 binds with the promoter and coding/intron regions
of LEC1 to recruit HDA6 and suppress LEC1 activity during
seed germination.
The concerted actions of PKL and VAL1/VAL2 emphasize the importance of repressing the activities of LEC1 and
other maturation regulators and, consequently, the
embryonic program during vegetative development.
GAs have been proposed to play an important role in
controlling PKL and VAL activities (Figure 2B) (Ogas et al.
1997; Ogas et al. 1999; Suzuki et al. 2007; Zhang et al. 2014).
An increase in GA levels prior to germination is responsible
for breaking seed dormancy and promoting seed
germination. In pkl mutant and val1 val2 double mutant
seedlings, the development of embryo-like structures is
enhanced by GA biosynthesis inhibitors (Ogas et al. 1997;
Suzuki et al. 2007). In addition, DELLA proteins interact
with PKL to negatively regulate PKL activity (Figure 2B)
(Zhang et al. 2014). Thus, GA induced degradation of
DELLA proteins appears to activate PKL to repress
embryonic gene expression after germination. The
mechanism by which GAs inﬂuence VAL function remains
to be determined. Nevertheless, the GA-mediated
repression of LEC1 and other maturation regulators by
PKL and VAL1 provides insight into the transition between
seed and vegetative development in spermatophytes.
Together, these ﬁndings indicate that hormones play
important roles in modulating LEC1 activity during seed
development in response to physiological changes.
www.jipb.net
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LEC1 REGULATES SEED DEVELOPMENT
DIRECTLY AND INDIRECTLY THROUGH
THE ACTIVATION OF OTHER KEY
TRANSCRIPTION FACTORS
Genome-wide characterization of LEC1 occupancy
coupled with gene expression analyses indicates that
LEC1 can directly regulate many genes involved in the
processes that occur during seed development (Junker
et al. 2012; Pelletier et al. 2017). For instance, LEC1
directly regulates genes encoding enzymes involved in
hormone biosynthesis and seed storage macromolecule
accumulation. These studies also show that LEC1’s
involvement in controlling distinct processes during
seed development may reﬂect, in part, its ability to
regulate different sets of downstream transcription
factors.
LEC1’s function early in seed development is
mediated, at least in part, through its direct activation
of transcription factors involved in morphogenetic
processes (Junker et al. 2012; Pelletier et al. 2017; Hu
et al. 2018). For example, LEC1 directly regulates the
transcription of the HD-ZIPIII transcription factors,
PHABULOSA and PHAVOLUTA, that have been characterized as master regulators of apical fate early in
embryogenesis and of SCARECROW, a key regulator of
root architecture (Di Laurenzio et al. 1996; Smith and
Long 2010; Pelletier et al. 2017). Moreover, LEC1
regulates genes involved in the biosynthesis of auxin,
a hormone that plays key roles in embryonic pattern
formation (Junker et al. 2012). Thus, LEC1 regulates the
establishment of embryo body pattern by controlling
the expression of genes involved in embryonic axis
differentiation.
Among genes directly regulated by LEC1 are the
“AFL” B3 domain transcription factors, ABI3, FUS3, and
LEAFY COTYLEDON2 (LEC2), which are all key regulators
of seed maturation (Braybrook and Harada 2008;
Santos-Mendoza et al. 2008; Boulard et al. 2017). Single
mutants for each gene display phenotypic similarities to
lec1 mutants and to each other (Finkelstein and
Somerville 1990; Meinke 1992; Keith et al. 1994;
Meinke et al. 1994; West et al. 1994; Harada 2001).
The lack of redundancy among AFL genes indicates that
they play similar though not identical roles during seed
maturation. For example, abi3 and lec1 mutants but not
fus3 and lec2 mutants have reduced sensitivity to
exogenous ABA (To et al. 2006). lec1, abi3 and fus3
www.jipb.net
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mutants are embryo lethal mutants, because they are
desiccation intolerant, whereas lec2 mutant embryos
display only partial desiccation intolerance (Nambara
et al. 1995; Harada 2001). LEC1 appears to act upstream
of ABI3, FUS3, and LEC2 in that ABI3 and FUS3 expression
is reduced in lec1 mutants, and overexpression of LEC1
results in increased ABI3 and FUS3 expression in
Arabidopsis seeds (Parcy et al. 1997; Kagaya et al.
2005; To et al. 2006; Mu et al. 2008; Pelletier et al. 2017).
Moreover, Arabidopsis ABI3, FUS3, and LEC2 are directly
transcriptionally regulated by LEC1 (Pelletier et al. 2017).
Many maturation genes that are direct targets of
LEC1 are also direct targets of ABI3 and FUS3 (Monke
et al. 2012; Wang and Perry 2013; Pelletier et al. 2017).
Thus, it appears that LEC1 activates both ABI3 and
FUS3, and all three transcription factors act to
promote maturation gene transcription during seed
development. This type of network architecture is
known as a feed-forward loop that can accelerate the
response time of target gene expression following
induction (Mangan and Alon 2003). Another potential
example of a feed-forward loop is the relationship
between LEC1 and WRINKLED1 (WRI1), another
transcription factor that plays a key role in the
maturation phase. WRI1 is a direct target of LEC1, and
it is thought to directly regulate genes involved with
fatty acid accumulation in Arabidopsis seeds that are
also directly regulated by LEC1 (Baud et al. 2007; To
et al. 2012; Pelletier et al. 2017). Thus, LEC1 works in
concert with WRI1 to control fatty acid biosynthesis
during seed development.
LEC1 indirectly controls seed development by
regulating the expression of transcription factors that
control independent developmental programs during
seed development. However, LEC1’s ability to directly
regulate many of the structural genes in the regulatory
network that are, in turn, regulated by its downstream
transcription factor suggests a feed-forward mechanism of regulation that reinforces speciﬁc gene
expression programs during seed development.

LEC1 FUNCTION IS MODULATED BY
INTERACTIONS WITH OTHER
TRANSCRIPTION FACTORS
The ﬁnding that LEC1 regulates distinct processes
at different stages of development prompted the
May 2019 | Volume 61 | Issue 5 | 564–580
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question of how a single transcription factor can control
different sets of genes. Genetic analyses suggested that
LEC1 may interact synergistically with other transcription factors to regulate different processes during seed
development (Parcy et al. 1997; To et al. 2006). Recent
studies suggest that LEC1 acts sequentially during seed
development to respond to different developmental
signals by interacting with different combinations of
transcription factors to alter the transcriptional speciﬁcity of LEC1 (Pelletier et al. 2017). In this section, we
discuss LEC1’s interactions with other transcription
factors during seed development.
LEC1 as a subunit of a Nuclear Factor-Y transcription
factor
LEC1 is a novel NF-YB subunit of the NF-Y complex, a
transcription factor that is conserved among eukaryotes and binds the CCAAT DNA motif (Lotan et al. 1998;
Calvenzani et al. 2012; Dolﬁni et al. 2012). In addition to
NF-YB, the NF-Y complex is comprised of two other
subunits, NF-YA and NY-YC (Petroni et al. 2012; Zhao
et al. 2016). Different from other organisms, such as
animals and yeast which contain only one gene for each
subunit, plants possess NF-Y subunit gene families that
consist of 8 to 14 members (Petroni et al. 2012; Zhao
et al. 2016). This diversity of subunits offers the
potential for the functional specialization of different
combinations of NF-Y subunits (Siefers et al. 2009;
Laloum et al. 2013). Seed plants possess two types of
NF-YB subunits: the non-LEC1 type with B domains that
are conserved across eukaryotes and the LEC1-type
that, in Arabidopsis, consists of LEC1 (NF-YB9) and its
paralog, LEC1-LIKE (L1L, NF-YB6), although LEC1 and L1L
exhibit distinct accumulation patterns (Figure 2A)
(Kwong et al. 2003b). LEC1-type subunits confer LEC1
activity whereas the non-LEC1 subunits do not (Kwong
et al. 2003a; Lee et al. 2003). The B domains of LEC1-type
subunits share sequence similarity with non-LEC1 type
subunits, but they also possess unique amino acid
residues. These unique residues are responsible for
conferring LEC1 activity only to NF-Y complexes
containing the LEC1-type subunits (Lee et al. 2003).
The LEC1-type NF-YB subunits are found primarily in
seed plants although they appear to have originated in
land plant lineages in lycophytes (Xie et al. 2008;
Kirkbride et al. 2013; Cagliari et al. 2014). Thus, non-LEC1
type and LEC1 type NF-YB subunits appear to have
fundamentally different function.
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The ability of NF-Y complexes containing non-LEC1type NF-YB subunits to bind the CCAAT motif and to
regulate gene transcription has been extensively
studied in yeast, mammals and plants (Dolﬁni et al.
2012; Zhao et al. 2016; Myers and Holt 2018). The initial
step in NF-Y complex formation involves dimerization
between NF-YB and NF-YC through their histone-fold
domains. NF-YC subunits possess nuclear localization
sequences, whereas NF-YB subunits do not. Therefore,
NF-YB/NF-YC dimers localize to the nucleus (Frontini
et al. 2002; Kahle et al. 2005). The nuclear localized
NF-YA subunit binds with the NF-YB/NF-YC dimer to
form a functional transcription factor that binds the
CCAAT DNA motif. All three subunits, particularly NF-YA,
confer DNA binding speciﬁcity to the complex (Sinha
et al. 1996; Zemzoumi et al. 1999).
Despite their difference from non-LEC1 subunits,
both Arabidopsis LEC1 and L1L form functional NF-Y
complexes, as diagramed in Figure 3 (Calvenzani et al.
2012; Gnesutta et al. 2017b). Assembly of the LEC1 NF-Y
complex appears to occur similarly with non-LEC1 NF-Y
complexes in that rice LEC1 preferentially localizes to
tobacco epidermal cells nuclei only when a rice NF-YC
subunit is coexpressed, suggesting that LEC1 lacks a
nuclear localization sequence (E et al. 2018). Protein
crystallography studies predict that the structure of the
NF-Y complex containing L1L is very similar to NF-Y
complexes from animals, and NF-Y complexes containing LEC1 or L1L bind CCAAT DNA motifs (Calvenzani et al.
2012; Nardini et al. 2013; Gnesutta et al. 2017b).
Consistent with this ﬁnding, the CCAAT DNA motif is
overrepresented in the promoter of several genes that
are regulated by LEC1 during the early stages of embryo
development in Arabidopsis and soybean (Pelletier et al.
2017). Thus, it is likely that LEC1 promotes transcription
as a functional NF-Y complex during seed development.
LEC1 interactions with other transcription factors
Genome-wide analysis of LEC1 binding sites in the
upstream regions of Arabidopsis and soybean genes
that are transcriptionally regulated by LEC1 revealed a
distinct set of DNA sequence motifs that were enriched
in their promoter regions (Pelletier et al. 2017). The
CCAAT DNA motif is enriched in genes that are LEC1
regulated early in seed development. By contrast, LEC1
regulated genes expressed at later stages of seed
development were overrepresented for DNA motifs
that resemble the G-Box (CACGTG), ABRE-like ((C/G/T)
www.jipb.net
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Figure 3. LEC1 regulates distinct processes during seed development through its interaction with other
transcription factors
Binding of LEC1 with NF-YC enables transport of the dimer into the nucleus where it can interact with the indicated
transcription factors, dependent on developmental stage. NF-YC subunits marked with a question mark indicate
that NF-YC has not been shown to be required for the interaction of LEC1 with the transcription factor. In many
cases, L1L may replace LEC1 in the complexes. The DNA sequence motif bound by TCL2 is not known.

ACGTG(G/T)(A/C)), RY (CATGCA) and BPC1 ((A/G)GA(A/
G)AG(A/G)(A/G)A) cis-regulatory elements (Pelletier
et al. 2017). Because NF-Y complexes bind CCAAT DNA
motifs, it is hypothesized that LEC1 can interact with
several other transcription factors and that these
interactions specify which set of genes are regulated
by LEC1 (Pelletier et al. 2017). Interactions between NF-Y
subunits and other transcription factors have been
reported extensively for plants and animals, and these
interactions are important to specify the activity of
these other transcription factors (Dolﬁni et al. 2012;
Zhao et al. 2016; Myers and Holt 2018). Here, we discuss
interactions between LEC1 and other transcription
factors.
Studies of the B-BOX-type zinc ﬁnger transcription
factor, CONSTANS (CO) that controls ﬂowering in
plants, provide insight into a potential mechanism by
which the transcriptional speciﬁcity of LEC1 may be
modulated. CO interacts with a NF-YB/NF-YC dimer to
www.jipb.net

form a functional transcription factor by essentially
replacing NF-YA in the NF-Y complex (Gnesutta et al.
2017a). Given that the NF-YA subunit participates in
determining the DNA binding speciﬁcity of NF-Y
complexes, the CO/NF-YB2/NF-YC3 complex does not
bind the CCAAT DNA motif, but rather it binds the CORE
element (CCACA) in the promoter regions of the CO
target gene, FLOWERING LOCUS T. Interestingly, CO
competes with NF-YA subunits for the NF-YB/YC dimer
(Gnesutta et al. 2017a).
By analogy to the CO/NF-YB/NF-YC complex, the
LEC1/NF-YC dimer appears to interact with other
transcription factors to modulate LEC1 activity as shown
in Figure 3. Consistent with the ﬁnding that G-box motifs
are enriched in LEC1 binding regions in LEC1 target gene
promoters, the basic leucine zipper transcription factor,
bZIP67, has been shown to interact with the L1L/NF-YC2
dimer (Yamamoto et al. 2009). The LEC1/NF-YC2/bZIP67
complex binds the ABRE DNA motif, which has a G-box
May 2019 | Volume 61 | Issue 5 | 564–580
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core, but not the CCAAT DNA motif, in the promoters of
genes involved in the maturation phase, such as
CRUCIFERIN C, FATTY ACID DESATURASE3, and SUCROSE
SYNTHASE 2 (Yamamoto et al. 2009; Mendes et al. 2013).
Similar to the CO/NF-YB/NF-YC complex, NF-YA strongly
inhibits the activity of the LEC1 complex with CRUCIFERIN C, suggesting a competition between NF-YA and
bZIP67 for the LEC1/NF-YC dimer (Yamamoto et al.
2009).
LEC1 also interacts with LEC2 (Figure 3) (Baud et al.
2016; Boulard et al. 2018). LEC2 is a B3 transcription
factor that together with other B3 proteins, ABI3 and
FUS3, regulates several processes during the maturation phase (Devic and Roscoe 2016; Lepiniec et al. 2018).
LEC1, LEC2 and ABI3 synergistically promote the
expression of the OLEOSIN1 gene through RY and
ABRE DNA motifs (Baud et al. 2016). Thus, LEC1’s ability
to control the maturation phase likely occurs through
interactions with B3 and bZIP transcription factors that
accumulate during the late stages of seed development.
LEC1 also interacts with other transcription factors
to regulate diverse development processes (Figure 3).
For example, LEC1 interacts with PHYTOCHROME
INTERACTING FACTOR1 (PIF1) that is important for
the expression of skotomorphogenesis genes through
the G box element (Junker et al. 2012; Huang et al.
2015b). LEC1 also interacts with TRICHOMELESS2 (TCL2)
to repress the expression of genes involved with
trichome development during embryogenesis (Huang
et al. 2015a).
Together, the ability of LEC1 to interact with many
transcription factors provides potential mechanisms to
explain how LEC1 can regulate distinct gene sets at

different stages of seed development. Deﬁning all of
the transcription factors that interact with LEC1 during
seed development and their impact on LEC1 activity
could provide useful insights into the multifunctionality
of LEC1 during seed development.

LEC1 AS A PIONEER TRANSCRIPTION
FACTOR
The transition from the morphogenesis to the maturation phase represents a reprogramming of cellular
identity. Cellular reprogramming in animals is often
mediated, in part, by pioneer transcription factors that
are involved in the initial steps that allow silenced genes
to become competent for transcription (Guo and Morris
2017). Pioneer transcription factors have the capacity to
bind compacted or “closed” chromatin and initiate
chromatin remodeling, resulting in an increase in target
site accessibility and facilitating the recruitment of
other transcription factors to genes in the newly
opened chromatin (reviewed by Zaret and Carroll
2011; Mayran and Drouin 2018; Sartorelli and Puri 2018).
LEC1 is the ﬁrst pioneer transcription factor to be
identiﬁed in plants based on its involvement in
activating FLOWERING LOCUS C (FLC) (Figure 4) (Tao
et al. 2017). FLC is a ﬂowering repressor that undergoes
epigenetic silencing during vernalization, resulting in
the transition from vegetative to reproductive development (reviewed by Andres and Coupland 2012;
Whittaker and Dean 2017). After plants ﬂower, FLC
remains silenced and in a repressed chromatin state,
and it is maintained as such through gametogenesis
(Sheldon et al. 2008). However, FLC expression must be

Figure 4. LEC1 is a pioneer transcription factor that promotes FLC transcription during embryogenesis
An NF-Y complex containing LEC1 binds the CCAAT DNA sequence motif in the FLC promoter in a closed chromatin
conformation, as indicated by its occupancy by H3K27me3. The LEC1 NF-Y complex works through EFS and the SWR1
complex to initiate the establishment of an active chromatin state as indicated by occupancy of the active chromatin
mark, H3K36me3.
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reestablished to repress ﬂowering prior to vernalization. As shown in Figure 4, LEC1 promotes the initial
establishment of an active chromatin state at FLC in
embryos (Tao et al. 2017). LEC1 binding at the FLC
promoter is essential to engage EARLY FLOWERING IN
SHORT DAYS (EFS) and the SWR1 complex to enhance
chromatin accessibility and facilitate the recruitment of
active histone marks on the FLC promoter, although the
mechanistic relationship between LEC1 and the chromatin remodelers remains to be determined.
The characterization of LEC1 as a pioneer transcription factor opens the possibility that LEC1 may serve a
similar function during seed development. Thus, LEC1
may bind compacted chromatin and promote chromatin conformational changes that allow other transcription factors to bind, in part, through their interactions
with LEC1. Further analysis of the relationship between
LEC1 and epigenetic changes that occur during seed
development could provide insights into LEC1 role as a
pioneer transcription factor.

CONCLUSION AND PERSPECTIVES
In this review, we have summarized recent ﬁndings that
emphasize the role of LEC1 as a central regulator of seed
development. LEC1 controls distinct processes at
different stages of development. Therefore, its activity
must sequentially regulate different sets of genes
during seed development. The hormones GA and ABA
may be involved in modulating LEC1 function in
response to different physiological cues.
How does LEC1 regulate diverse sets of genes? First,
LEC1 acts indirectly to regulate cellular processes during
seed development by activating genes encoding
transcription factors controlling structural genes that
underlie these processes. In some cases, LEC1 also
directly activates the same structural genes that are
regulated by its downstream transcription factors,
establishing a feed-forward loop that potentially
promotes gene expression. LEC1 also interacts with
different transcription factors at different stages of
development, and the concerted actions of these
transcription factor complexes may specify the particular set of genes that are activated. Moreover, the recent
ﬁnding that LEC1 acts as a pioneer transcription factor
provides potential insight into understanding LEC1
function to promote the activation of different gene
sets during seed development.
www.jipb.net

575

ACKNOWLEDGEMENTS
We thank Rie Uzawa for reviewing the manuscript.
Research from the Harada lab was supported by a grant
from the National Science Foundation Plant Genome
Research Program. L.J. was supported by a Coordination for the Improvement of Higher Education Personnel grant (CAPES, Brazil, No. 99999.013505/2013-00).

REFERENCES
Aghamirzaie D, Batra D, Heath LS, Schneider A, Grene R,
Collakova E (2015) Transcriptome-wide functional characterization reveals novel relationships among differentially
expressed transcripts in developing soybean embryos.
BMC Genomics 16: 928
Allen DK, Ohlrogge JB, Shachar-Hill Y (2009) The role of light in
soybean seed ﬁlling metabolism. Plant J 58: 220–234
Andres F, Coupland G (2012) The genetic basis of ﬂowering
responses to seasonal cues. Nat Rev Genet 13: 627–639
Angelovici R, Galili G, Fernie AR, Fait A (2010) Seed desiccation:
A bridge between maturation and germination. Trends
Plant Sci 15: 211–218
Baud S, Dubreucq B, Miquel M, Rochat C, Lepiniec L (2008)
Storage reserve accumulation in Arabidopsis: Metabolic
and developmental control of seed ﬁlling. Arabidopsis
Book 6: e0113
Baud S, Kelemen Z, Thevenin J, Boulard C, Blanchet S, To A,
Payre M, Berger N, Effroy-Cuzzi D, Franco-Zorrilla JM,
Godoy M, Solano R, Thevenon E, Parcy F, Lepiniec L,
Dubreucq B (2016) Deciphering the molecular mechanisms
underpinning the transcriptional control of gene expression by master transcriptional regulators in Arabidopsis
seed. Plant Physiol 171: 1099–1112
Baud S, Mendoza MS, To A, Harscoet E, Lepiniec L, Dubreucq
B (2007) WRINKLED1 speciﬁes the regulatory action of
LEAFY COTYLEDON2 towards fatty acid metabolism
during seed maturation in Arabidopsis. Plant J 50:
825–838
Becker MG, Hsu SW, Harada JJ, Belmonte MF (2014) Genomic
dissection of the seed. Front Plant Sci 5: 464
Belmonte MF, Kirkbride RC, Stone SL, Pelletier JM, Bui AQ,
Yeung EC, Hashimoto M, Fei J, Harada CM, Munoz MD,
Le BH, Drews GN, Brady SM, Goldberg RB, Harada JJ (2013)
Comprehensive developmental proﬁles of gene activity in
regions and subregions of the Arabidopsis seed. Proc Natl
Acad Sci USA 110: E435–E444
Benedito VA, Torres-Jerez I, Murray JD, Andriankaja A, Allen
S, Kakar K, Wandrey M, Verdier J, Zuber H, Ott T, Moreau
S, Niebel A, Frickey T, Weiller G, He J, Dai X, Zhao PX,
Tang Y, Udvardi MK (2008) A gene expression atlas of
the model legume Medicago truncatula. Plant J 55:
504–513
May 2019 | Volume 61 | Issue 5 | 564–580

576

Jo et al.

Boulard C, Fatihi A, Lepiniec L, Dubreucq B (2017) Regulation
and evolution of the interaction of the seed B3 transcription factors with NF-Y subunits. Biochim Biophys Acta
Gene Regul Mech 1860: 1069–1078

Elahi N, Duncan RW, Stasolla C (2016) Modiﬁcation of oil and
glucosinolate content in canola seeds with altered
expression of Brassica napus LEAFY COTYLEDON1. Plant
Physiol Biochem 100: 52–63

Boulard C, Thevenin J, Tranquet O, Laporte V, Lepiniec L,
Dubreucq B (2018) LEC1 (NF-YB9) directly interacts with
LEC2 to control gene expression in seed. Biochim Biophys
Acta 1861: 443–450

Fang YH, Li X, Bai SN, Rao GY (2017) Sugar treatments can
induce AcLEAFY COTYLEDON1 expression and trigger the
accumulation of storage products during Prothallus
development of Adiantum capillus-veneris. Front Plant
Sci 8: 541

Braybrook SA, Harada JJ (2008) LECs go crazy in embryo
development. Trends Plant Sci 13: 624–630
Cagliari A, Turchetto-Zolet AC, Korbes AP, Maraschin Fdos S,
Margis R, Margis-Pinheiro M (2014) New insights on the
evolution of Leafy cotyledon1 (LEC1) type genes in
vascular plants. Genomics 103: 380–387
Calvenzani V, Testoni B, Gusmaroli G, Lorenzo M, Gnesutta N,
Petroni K, Mantovani R, Tonelli C (2012) Interactions and
CCAAT-binding of Arabidopsis thaliana NF-Y subunits. PLoS
ONE 7: e42902
Chen H, Wang FW, Dong YY, Wang N, Sun YP, Li XY, Liu L, Fan
XD, Yin HL, Jing YY, Zhang XY, Li YL, Chen G, Li HY (2012)
Sequence mining and transcript proﬁling to explore
differentially expressed genes associated with lipid
biosynthesis during soybean seed development. BMC
Plant Biol 12: 122
Chen J, Zeng B, Zhang M, Xie S, Wang G, Hauck A, Lai J
(2014) Dynamic transcriptome landscape of maize
embryo and endosperm development. Plant Physiol
166: 252–264
Chhun T, Chong SY, Park BS, Wong EC, Yin JL, Kim M, Chua NH
(2016) HSI2 repressor recruits MED13 and HDA6 to downregulate seed maturation gene expression directly during
Arabidopsis early seedling growth. Plant Cell Physiol 57:
1689–1706
D’Ario M, Grifﬁths-Jones S, Kim M (2017) Small RNAs: Big
impact on plant development. Trends Plant Sci 22:
1056–1068
Dean Rider S Jr, Henderson JT, Jerome RE, Edenberg HJ,
Romero-Severson J, Ogas J (2003) Coordinate repression
of regulators of embryonic identity by PICKLE during
germination in Arabidopsis. Plant J 35: 33–43
Devic M, Roscoe T (2016) Seed maturation: Simpliﬁcation of
control networks in plants. Plant Sci 252: 335–346

Finkelstein RR, Gampala SSL, Rock CD (2002) Abscisic acid
signaling in seeds and seedlings. Plant Cell 14: S15–S45
Finkelstein RR, Somerville CR (1990) Three classes of abscisic
acid (ABA)-insensitive mutations of Arabidopsis deﬁne
genes that control overlapping subsets of ABA responses.
Plant Physiol 94: 1172–1179
Frontini M, Imbriano C, diSilvio A, Bell B, Bogni A, Romier C,
Moras D, Tora L, Davidson I, Mantovani R (2002) NF-Y
recruitment of TFIID, multiple interactions with histone
fold TAF(II)s. J Biol Chem 277: 5841–5848
Gnesutta N, Kumimoto RW, Swain S, Chiara M, Siriwardana C,
Horner DS, Holt BF 3rd, Mantovani R (2017a) CONSTANS
imparts DNA sequence speciﬁcity to the histone fold NFYB/NF-YC dimer. Plant Cell 29: 1516–1532
Gnesutta N, Saad D, Chaves-Sanjuan A, Mantovani R, Nardini
M (2017b) Crystal structure of the Arabidopsis thaliana
L1L/NF-YC3 histone-fold dimer reveals speciﬁcities of the
LEC1 family of NF-Y subunits in plants. Mol Plant 10:
645–648
Goldberg RB, de Paiva G, Yadegari R (1994) Plant embryogenesis: Zygote to seed. Science 266: 605–614
Gonzalez-Morales SI, Chavez-Montes RA, Hayano-Kanashiro C,
Alejo-Jacuinde G, Rico-Cambron TY, de Folter S, HerreraEstrella L (2016) Regulatory network analysis reveals novel
regulators of seed desiccation tolerance in Arabidopsis
thaliana. Proc Natl Acad Sci USA 113: E5232–5241
Guo C, Morris SA (2017) Engineering cell identity: Establishing
new gene regulatory and chromatin landscapes. Curr Opin
Genet Dev 46: 50–57
Guo F, Liu C, Xia H, Bi Y, Zhao C, Zhao S, Hou L, Li F, Wang X
(2013) Induced expression of AtLEC1 and AtLEC2 differentially promotes somatic embryogenesis in transgenic
tobacco plants. PLoS ONE 8: e71714
Gutierrez L, Van Wuytswinkel O, Castelain M, Bellini C (2007)
Combined networks regulating seed maturation. Trends
Plant Sci 12: 294–300

Di Laurenzio L, Wysocka-Diller J, Malamy JE, Pysh L,
Helariutta Y, Freshour G, Hahn MG, Feldmann KA,
Benfey PN (1996) The SCARECROW gene regulates an
asymmetric cell division that is essential for generating
the radial organization of the Arabidopsis root. Cell 86:
423–433

Han JD, Li X, Jiang CK, Wong GK, Rothfels CJ, Rao GY (2017)
Evolutionary analysis of the LAFL genes involved in the
land plant seed maturation program. Front Plant Sci 8: 439

Dolﬁni D, Gatta R, Mantovani R (2012) NF-Y and the
transcriptional activation of CCAAT promoters. Crit Rev
Biochem Mol Biol 47: 29–49

Harada J, Pelletier J (2012) Genome-wide analyses of gene
activity during seed development. Seed Sci Res 22:
S15–S22

E Z, Li T, Zhang H, Liu Z, Deng H, Sharma S, Wei X, Wang L,
Niu B, Chen C (2018) A group of nuclear factor Y
transcription factors are sub-functionalized during endosperm development in monocots. J Exp Bot 69:
2495–2510

Harada JJ (1997) Seed maturation and control of germination.
In: Larkins BA, Vasi IK, eds. Advances in Cellular and
Molecular Biology of Plants, Volume 4, Cellular and
Molecular Biology of Seed Development. Kluwer Academic
Publishers, Dordrecht. pp. 545–592

May 2019 | Volume 61 | Issue 5 | 564–580

www.jipb.net

Role of LEC1 in seed development

577

Harada JJ (2001) Role of Arabidopsis LEAFY COTYLEDON
genes in seed development. J Plant Physiol 158:
405–409

Kermode AR (1990) Regulatory mechanisms involved in the
transition from seed development to germination. CRC
Crit Rev Plant Sci 9: 155–195

Henderson JT, Li HC, Rider SD, Mordhorst AP, RomeroSeverson J, Cheng JC, Robey J, Sung ZR, de Vries SC, Ogas J
(2004) PICKLE acts throughout the plant to repress
expression of embryonic traits and may play a role in
gibberellin-dependent responses. Plant Physiol 134:
995–1005
Holdsworth MJ, Bentsink L, Soppe WJJ (2008) Molecular
networks regulating Arabidopsis seed maturation, afterripening, dormancy and germination. New Phytol 179:
33–54
Hu YL, Zhou LM, Huang MK, He XM, Yang YH, Liu X, Li YG, Hou
XL (2018) Gibberellins play an essential role in late
embryogenesis of Arabidopsis. Nat Plants 4: 289–298
Huang J, Deng J, Shi T, Chen Q, Liang C, Meng Z, Zhu L,
Wang Y, Zhao F, Yu S, Chen Q (2017) Global transcriptome analysis and identiﬁcation of genes involved
in nutrients accumulation during seed development of
rice tartary buckwheat (Fagopyrum tararicum). Sci Rep
7: 11792

Khan D, Millar JL, Girard IJ, Belmonte MF (2014) Transcriptional circuitry underlying seed coat development in
Arabidopsis. Plant Sci 219–220: 51–60

Huang M, Hu Y, Liu X, Li Y, Hou X (2015a) Arabidopsis
LEAFY COTYLEDON1 controls cell fate determination
during post-embryonic development. Front Plant Sci 6:
955
Huang M, Hu Y, Liu X, Li Y, Hou X (2015b) Arabidopsis LEAFY
COTYLEDON1 mediates postembryonic development via
interacting with PHYTOCHROME-INTERACTING FACTOR4.
Plant Cell 27: 3099–3111

Kirkbride RC, Fischer RL, Harada JJ (2013) LEAFY COTYLEDON1, a key regulator of seed development, is expressed
in vegetative and sexual propagules of Selaginella
moellendorfﬁi. PLoS ONE 8: e67971
Kwong RW, Bui AQ, Lee H, Kwong LW, Fischer RL, Goldberg
RB, Harada JJ (2003a) LEAFY COTYLEDON1-LIKE deﬁnes a
class of regulators essential for embryo development.
Plant Cell 15: 5–18
Kwong RW, Bui AQ, Lee H, Kwong LW, Fischer RL, Goldberg
RB, Harada JJ (2003b) LEAFY COTYLEDON1-LIKE deﬁnes a
class of regulators essential for embryo development.
Plant Cell 15: 5–18
Laloum T, De Mita S, Gamas P, Baudin M, Niebel A (2013)
CCAAT-box binding transcription factors in plants: Y so
many? Trends Plant Sci 18: 157–166
Lau S, Slane D, Herud O, Kong J, Jurgens G (2012) Early
embryogenesis in ﬂowering plants: Setting up the basic
body pattern. Annu Rev Plant Biol 63: 483–506
Le BH, Cheng C, Bui AQ, Wagmaister JA, Henry KF, Pelletier J,
Kwong L, Belmonte M, Kirkbride R, Horvath S, Drews GN,
Fischer RL, Okamuro JK, Harada JJ, Goldberg RB (2010)
Global analysis of gene activity during Arabidopsis seed
development and identiﬁcation of seed-speciﬁc transcription factors. Proc Natl Acad Sci USA 107: 8063–8070

Huang Y, Chen L, Wang L, Vijayan K, Phan S, Liu Z, Wan L, Ross
A, Xiang D, Datla R, Pan Y, Zou J (2009) Probing the
endosperm gene expression landscape in Brassica napus.
BMC Genomics 10: 256

Le BH, Wagmaister JA, Kawashima T, Bui AQ, Harada JJ,
Goldberg RB (2007) Using genomics to study legume seed
development. Plant Physiol 144: 562–574

Jia H, Suzuki M, McCarty DR (2014) Regulation of the seed to
seedling developmental phase transition by the LAFL and
VAL transcription factor networks. Wiley Interdiscip Rev
Dev Biol 3: 135–145

Ledwon A, Gaj MD (2011) LEAFY COTYLEDON1, FUSCA3
expression and auxin treatment in relation to somatic
embryogenesis induction in Arabidopsis. Plant Growth
Regul 65: 157–167

Junker A, Monke G, Rutten T, Keilwagen J, Seifert M, Thi TM,
Renou JP, Balzergue S, Viehover P, Hahnel U, LudwigMuller J, Altschmied L, Conrad U, Weisshaar B, Baumlein H
(2012) Elongation-related functions of LEAFY COTYLEDON1 during the development of Arabidopsis thaliana.
Plant J 71: 427–442

Lee H, Fischer RL, Goldberg RB, Harada JJ (2003) Arabidopsis
LEAFY COTYLEDON1 represents a functionally specialized
subunit of the CCAAT binding transcription factor. Proc
Natl Acad Sci USA 100: 2152–2156

Kagaya Y, Toyoshima R, Okuda R, Usui H, Yamamoto A, Hattori
T (2005) LEAFY COTYLEDON1 controls seed storage
protein genes through its regulation of FUSCA3 and
ABSCISIC ACID INSENSITIVE3. Plant Cell Physiol 46:
399–406
Kahle J, Baake M, Doenecke D, Albig W (2005) Subunits of
the heterotrimeric transcription factor NF-Y are imported into the nucleus by distinct pathways involving
importin beta and importin 13. Mol Cell Biol 25:
5339–5354
Keith K, Kraml M, Dengler NG, McCourt P (1994) fusca3: A
heterochronic mutation affecting late embryo development in Arabidopsis. Plant Cell 6: 589–600
www.jipb.net

Lepiniec L, Devic M, Roscoe TJ, Bouyer D, Zhou DX, Boulard C,
Baud S, Dubreucq B (2018) Molecular and epigenetic
regulations and functions of the LAFL transcriptional
regulators that control seed development. Plant Reprod
31: 291–307
Leprince O, Pellizzaro A, Berriri S, Buitink J (2017) Late seed
maturation: Drying without dying. J Exp Bot 68: 827–841
Li G, Wang D, Yang R, Logan K, Chen H, Zhang S, Skaggs MI,
Lloyd A, Burnett WJ, Laurie JD, Hunter BG, Dannenhoffer
JM, Larkins BA, Drews GN, Wang X, Yadegari R (2014)
Temporal patterns of gene expression in developing
maize endosperm identiﬁed through transcriptome sequencing. Proc Natl Acad Sci USA 111: 7582–7587
Li HC, Chuang K, Henderson JT, Rider SD, Bai Y, Zhang H,
Fountain M, Gerber J, Ogas J (2005) PICKLE acts during
May 2019 | Volume 61 | Issue 5 | 564–580

578

Jo et al.
germination to repress expression of embryonic traits.
Plant J 44: 1010–1022

Li J, Berger F (2012) Endosperm: Food for humankind and
fodder for scientiﬁc discoveries. New Phytol 195: 290–305

Nambara E, Keith K, McCourt P, Naito S (1995) A regulatory
role for the ABI3 gene in the establishment of embryo
maturation in Arabidopsis thaliana. Development 121:
629–636

Lopez-Molina L, Mongrand S, Chua N-H (2001)
A postgermination developmental arrest checkpoint is
mediated by abscisic acid and requires the ABI5 transcription factor in Arabidopsis. Proc Natl Acad Sci USA 98:
4782–4787

Nardini M, Gnesutta N, Donati G, Gatta R, Forni C, Fossati A,
Vonrhein C, Moras D, Romier C, Bolognesi M, Mantovani R
(2013) Sequence-speciﬁc transcription factor NF-Y displays
histone-like DNA binding and H2B-like ubiquitination. Cell
152: 132–143

Lotan T, Ohto M, Yee KM, West MA, Lo R, Kwong RW,
Yamagishi K, Fischer RL, Goldberg RB, Harada JJ (1998)
Arabidopsis LEAFY COTYLEDON1 is sufﬁcient to induce
embryo development in vegetative cells. Cell 93:
1195–1205

Nic-Can GI, Lopez-Torres A, Barredo-Pool F, Wrobel K, LoyolaVargas VM, Rojas-Herrera R, De-la-Pena C (2013) New
insights into somatic embryogenesis: Leafy cotyledon1,
baby boom1 and WUSCHEL-related homeobox4 are
epigenetically regulated in Coffea canephora. PLoS ONE
8: e72160
Ogas J, Cheng JC, Sung ZR, Somerville C (1997) Cellular
differentiation regulated by gibberellin in the Arabidopsis
thaliana pickle mutant. Science 277: 91–94
Ogas J, Kaufmann S, Henderson J, Somerville C (1999)
PICKLE is a CHD3 chromatin-remodeling factor that
regulates the transition from embryonic to vegetative
development in Arabidopsis. Proc Natl Acad Sci USA 96:
13839–13844
Orlowska A, Igielski R, Lagowska K, Kepczynska E (2017)
Identiﬁcation of LEC1, L1L and Polycomb Repressive
Complex 2 genes and their expression during the induction
phase of Medicago truncatula Gaertn. somatic embryogenesis. Plant Cell Tiss Organ Cult 129: 119–132

Lowe K, Hoerster G, Sun X, Rasco-Gaunt S, Lazerri P, Ellis S,
Abbitt S, Glassman K, Gordon-Kamm B (2003) Maize LEC1
improves transformation in both maize and wheat. In:
Vasil IK, ed. Plant Biotechnology 2002 and Beyond:
Proceedings of the 10th IAPTC&B Congress. June 23–28,
2002 Orlando, Florida, USA. Springer Netherlands, Dordrecht. pp. 283–284
Mangan S, Alon U (2003) Structure and function of the feedforward loop network motif. Proc Natl Acad Sci USA 100:
11980–11985
Mayran A, Drouin J (2018) Pioneer transcription factors shape
the epigenetic landscape. J Biol Chem 293: 13795–13804
Meinke DW (1992) A homoeotic mutant of Arabidopsis
thaliana with leafy cotyledons. Science 258: 1647–1650
Meinke DW, Franzmann LH, Nickle TC, Yeung EC (1994) Leafy
cotyledon mutants of Arabidopsis. Plant Cell 6: 1049–1064
Mendes A, Kelly AA, van Erp H, Shaw E, Powers SJ, Kurup S,
Eastmond PJ (2013) bZIP67 regulates the omega-3 fatty
acid content of Arabidopsis seed oil by activating fatty acid
desaturase3. Plant Cell 25: 3104–3116
Monke G, Seifert M, Keilwagen J, Mohr M, Grosse I, Hahnel U,
Junker A, Weisshaar B, Conrad U, Baumlein H, Altschmied
L (2012) Toward the identiﬁcation and regulation of the
Arabidopsis thaliana ABI3 regulon. Nucleic Acids Res 40:
8240–8254
Mu J, Tan H, Zheng Q, Fu F, Liang Y, Zhang J, Yang X, Wang T,
Chong K, Wang XJ, Zuo J (2008) LEAFY COTYLEDON1 is a
key regulator of fatty acid biosynthesis in Arabidopsis.
Plant Physiol 148: 1042–1054
Myers ZA, Holt BF, 3rd (2018) NUCLEAR FACTOR-Y: Still
complex after all these years? Curr Opin Plant Biol 45:
96–102
Nakashima K, Fujita Y, Kanamori N, Katagiri T, Umezawa T,
Kidokoro S, Maruyama K, Yoshida T, Ishiyama K, Kobayashi
M, Shinozaki K, Yamaguchi-Shinozaki K (2009) Three
Arabidopsis SnRK2 protein kinases, SRK2D/SnRK2.2,
SRK2E/SnRK2.6/OST1 and SRK2I/SnRK2.3, involved in ABA
signaling are essential for the control of seed development
and dormancy. Plant Cell Physiol 50: 1345–1363
Nakashima K, Yamaguchi-Shinozaki K (2013) ABA signaling in
stress-response and seed development. Plant Cell Rep 32:
959–970
May 2019 | Volume 61 | Issue 5 | 564–580

Palovaara J, de Zeeuw T, Weijers D (2016) Tissue and organ
initiation in the plant embryo: A ﬁrst time for everything.
Annu Rev Cell Dev Biol 32: 47–75
Parcy F, Valon C, Kohara A, Misera S, Giraudat J (1997)
The ABSCISIC ACID-INSENSITIVE3, FUSCA3, and LEAFY
COTYLEDON1 loci act in concert to control multiple
aspects of Arabidopsis seed development. Plant Cell 9:
1265–1277
Pelletier JM, Kwong RW, Park S, Le BH, Baden R, Cagliari A,
Hashimoto M, Munoz MD, Fischer RL, Goldberg RB,
Harada JJ (2017) LEC1 sequentially regulates the transcription of genes involved in diverse developmental processes
during seed development. Proc Natl Acad Sci USA 114:
E6710–E6719
Petroni K, Kumimoto RW, Gnesutta N, Calvenzani V, Fornari M,
Tonelli C, Holt BF III, Mantovani R (2012) The promiscuous
life of plant NUCLEAR FACTOR Y transcription factors.
Plant Cell 24: 4777–4792
Pradhan S, Bandhiwal N, Shah N, Kant C, Gaur R, Bhatia S
(2014) Global transcriptome analysis of developing
chickpea (Cicer arietinum L.) seeds. Front Plant Sci 5: 698
Pu L, Sung ZR (2015) PcG and trxG in plants - friends or foes.
Trends Genet 31: 252–262
Puthur JT, Shackira AM, Saradhi PP, Bartels D (2013)
Chloroembryos: A unique photosynthesis system.
J Plant Physiol 170: 1131–1138
Rangan P, Furtado A, Henry RJ (2017) The transcriptome of the
developing grain: A resource for understanding seed
development and the molecular control of the functional
www.jipb.net

Role of LEC1 in seed development
and nutritional properties of wheat. BMC Genomics
18: 766
Raz V, Bergervoet JH, Koornneef M (2001) Sequential steps
for developmental arrest in Arabidopsis seeds. Development 128: 243–252
Rolletschek H, Radchuk R, Klukas C, Schreiber F, Wobus U,
Borisjuk L (2005) Evidence of a key role for photosynthetic
oxygen release in oil storage in developing soybean seeds.
New Phytol 167: 777–786

579

Tao Z, Shen L, Gu X, Wang Y, Yu H, He Y (2017) Embryonic
epigenetic reprogramming by a pioneer transcription
factor in plants. Nature 551: 124–128
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.
Front Plant Sci 4: 497

Roszak P, Kohler C (2011) Polycomb group proteins are
required to couple seed coat initiation to fertilization. Proc
Natl Acad Sci USA 108: 20826–20831

To A, Joubes J, Barthole G, Lecureuil A, Scagnelli A, Jasinski S,
Lepiniec L, Baud S (2012) WRINKLED transcription factors
orchestrate tissue-speciﬁc regulation of fatty acid biosynthesis in Arabidopsis. Plant Cell 24: 5007–5023

Santos-Mendoza M, Dubreucq B, Baud S, Parcy F, Caboche M,
Lepiniec L (2008) Deciphering gene regulatory networks
that control seed development and maturation in
Arabidopsis. Plant J 54: 608–620

To A, Valon C, Savino G, Guilleminot J, Devic M, Giraudat J,
Parcy F (2006) A network of local and redundant gene
regulation governs Arabidopsis seed maturation. Plant
Cell 18: 1642–1651

Sartorelli V, Puri PL (2018) Shaping gene expression by
landscaping chromatin architecture: Lessons from a
master. Mol Cell 71: 375–388

Tsukagoshi H, Morikami A, Nakamura K (2007) Two B3 domain
transcriptional repressors prevent sugar-inducible expression of seed maturation genes in Arabidopsis seedlings.
Proc Natl Acad Sci USA 104: 2543–2547

Severin AJ, Woody JL, Bolon YT, Joseph B, Diers BW, Farmer
AD, Muehlbauer GJ, Nelson RT, Grant D, Specht JE,
Graham MA, Cannon SB, May GD, Vance CP, Shoemaker RC
(2010) RNA-Seq Atlas of Glycine max: A guide to the
soybean transcriptome. BMC Plant Biol 10: 160–160
Sheldon CC, Hills MJ, Lister C, Dean C, Dennis ES, Peacock WJ
(2008) Resetting of FLOWERING LOCUS C expression after
epigenetic repression by vernalization. Proc Natl Acad Sci
USA 105: 2214–2219
Siefers N, Dang KK, Kumimoto RW, Bynum WET, Tayrose G,
Holt BF, 3rd (2009) Tissue-speciﬁc expression patterns of
Arabidopsis NF-Y transcription factors suggest potential
for extensive combinatorial complexity. Plant Physiol 149:
625–641
Sinha S, Kim IS, Sohn KY, de Crombrugghe B, Maity SN (1996)
Three classes of mutations in the A subunit of the CCAATbinding factor CBF delineate functional domains involved
in the three-step assembly of the CBF-DNA complex. Mol
Cell Biol 16: 328–337

Verdier J, Kakar K, Gallardo K, Le Signor C, Aubert G, Schlereth
A, Town CD, Udvardi MK, Thompson RD (2008) Gene
expression proﬁling of M. truncatula transcription factors
identiﬁes putative regulators of grain legume seed ﬁlling.
Plant Mol Biol 67: 567–580
Verdier J, Thompson RD (2008) Transcriptional regulation of
storage protein synthesis during dicotyledon seed ﬁlling.
Plant Cell Physiol 49: 1263–1271
Vernon DM, Meinke DW (1994) Embryogenic transformation
of the suspensor in twin, a polyembryonic mutant of
Arabidopsis. Dev Biol 165: 566–573
Vicente-Carbajosa J, Carbonero P (2004) Seed maturation:
Developing an intrusive phase to accomplish a quiescent
state. International J Dev Biol 49: 645–651
Vigeolas H, van Dongen JT, Waldeck P, Huhn D, Geigenberger
P (2003) Lipid storage metabolism is limited by the
prevailing low oxygen concentrations within developing
seeds of oilseed rape. Plant Physiol 133: 2048–2060

Smith ZR, Long JA (2010) Control of Arabidopsis apical-basal
embryo polarity by antagonistic transcription factors.
Nature 464: 423–426

Wang F, Perry SE (2013) Identiﬁcation of direct targets of
FUSCA3, a key regulator of Arabidopsis seed development.
Plant Physiol 161: 1251–1264

Steeves TA (1983) The evolution and biological signiﬁcance of
seeds. Can J Bot 61: 3550–3560

West M, Yee KM, Danao J, Zimmerman JL, Fischer RL,
Goldberg RB, Harada JJ (1994) LEAFY COTYLEDON1 is an
essential regulator of late embryogenesis and cotyledon
identity in Arabidopsis. Plant Cell 6: 1731–1745

Suzuki M, Wang HH, McCarty DR (2007) Repression of the
LEAFY COTYLEDON 1/B3 regulatory network in plant
embryo development by VP1/ABSCISIC ACID INSENSITIVE
3-LIKE B3 genes. Plant Physiol 143: 902–911
Tan H, Yang X, Zhang F, Zheng X, Qu C, Mu J, Fu F, Li J, Guan R,
Zhang H, Wang G, Zuo J (2011) Enhanced seed oil
production in Canola by conditional expression of Brassica
napus LEAFY COTYLEDON1 and LEC1-LIKE in developing
seeds. Plant Physiol 156: 1577–1588
Tang G, Xu P, Ma W, Wang F, Liu Z, Wan S, Shan L (2018) Seedspeciﬁc expression of AtLEC1 increased oil content and
altered fatty acid composition in seeds of peanut (Arachis
hypogaea L.). Front Plant Sci 9: 260
www.jipb.net

Whittaker C, Dean C (2017) The FLC locus: A platform for
discoveries in epigenetics and adaptation. Annu Rev Cell
Dev Biol 33: 555–575
Xiang D, Venglat P, Tibiche C, Yang H, Risseeuw E, Cao Y, Babic
V, Cloutier M, Keller W, Wang E, Selvaraj G, Datla R (2011)
Genome-wide analysis reveals gene expression and
metabolic network dynamics during embryo development
in Arabidopsis. Plant Physiol 156: 346–356
Xie Z, Li X, Glover BJ, Bai S, Rao GY, Luo J, Yang J (2008)
Duplication and functional diversiﬁcation of HAP3 genes
leading to the origin of the seed-developmental regulatory
May 2019 | Volume 61 | Issue 5 | 564–580

580

Jo et al.

gene, LEAFY COTYLEDON1 (LEC1), in nonseed plant
genomes. Mol Biol Evol 25: 1581–1592
Xu JJ, Zhang XF, Xue HW (2016) Rice aleurone layer speciﬁc
OsNF-YB1 regulates grain ﬁlling and endosperm development by interacting with an ERF transcription factor. J Exp
Bot 67: 6399–6411
Yamamoto A, Kagaya Y, Toyoshima R, Kagaya M, Takeda S,
Hattori T (2009) Arabidopsis NF-YB subunits LEC1 and LEC1LIKE activate transcription by interacting with seedspeciﬁc ABRE-binding factors. Plant J 58: 843–856
Yang X, Zhang X (2010) Regulation of somatic embryogenesis
in higher plants. CRC Crit Rev Plant Sci 29: 36–57
Zaret KS, Carroll JS (2011) Pioneer transcription factors:
Establishing competence for gene expression. Genes Dev
25: 2227–2241
Zemzoumi K, Frontini M, Bellorini M, Mantovani R (1999) NF-Y
histone fold alpha 1 helices help impart CCAAT speciﬁcity.
J Mol Biol 286: 327–337
Zhan J, Thakare D, Ma C, Lloyd A, Nixon NM, Arakaki AM,
Burnett WJ, Logan KO, Wang D, Wang X, Drews GN,
Yadegari R (2015) RNA sequencing of laser-capture
microdissected compartments of the maize kernel
identiﬁes regulatory modules associated with endosperm
cell differentiation. Plant Cell 27: 513–531

Scan using WeChat with your
smartphone to view JIPB online

May 2019 | Volume 61 | Issue 5 | 564–580

Zhang D, Jing Y, Jiang Z, Lin R (2014) The Chromatinremodeling factor PICKLE Integrates brassinosteroid and
gibberellin signaling during skotomorphogenic growth in
Arabidopsis. Plant Cell 26: 2472–2485
Zhang H, Bishop B, Ringenberg W, Muir WM, Ogas J (2012) The
CHD3 remodeler PICKLE associates with genes enriched
for trimethylation of histone H3 lysine 27. Plant Physiol
159: 418–432
Zhang H, Rider SD, Henderson JT, Fountain M, Chuang K,
Kandachar V, Simons A, Edenberg HJ, Romero-Severson J,
Muir WM, Ogas J (2008) The CHD3 Remodeler PICKLE
promotes trimethylation of histone H3 lysine 27. J Biol
Chem 283: 22637–22648
Zhang JJ, Xue HW (2013) OsLEC1/OsHAP3E participates in the
determination of meristem identity in both vegetative and
reproductive developments of rice. J Integr Plant Biol 55:
232–249
Zhao H, Wu D, Kong F, Lin K, Zhang H, Li G (2016) The
Arabidopsis thaliana nuclear factor Y transcription factors.
Front Plant Sci 7: 2045
Zhou Y, Tan B, Luo M, Li Y, Liu C, Chen C, Yu CW, Yang S, Dong
S, Ruan J, Yuan L, Zhang Z, Zhao L, Li C, Chen H, Cui Y, Wu
K, Huang S (2013) HISTONE DEACETYLASE19 interacts with
HSL1 and participates in the repression of seed maturation
genes in Arabidopsis seedlings. Plant Cell 25: 134–148

Scan with iPhone or iPad to
view JIPB online

www.jipb.net

