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Embryo-endosperm interaction is the dominant process controlling grain �lling, thus being 

crucial for yield and quality formation of the three most important cereals worldwide, rice, 

wheat, and maize. Fundamental science of functional genomics has uncovered several 

key genetic programs for embryo and endosperm development, but the interaction or 

communication between the two tissues is largely elusive. Further, the signi�cance of this 

interaction for grain �lling remains open. This review starts with the morphological and 

developmental aspects of rice grain, providing a spatial and temporal context. Then, it 

offers a comprehensive and integrative view of this intercompartmental interaction, 

focusing on (i) apoplastic nutrient �ow from endosperm to the developing embryo, (ii) 

dependence of embryo development on endosperm, (iii) regulation of endosperm 

development by embryo, and (iv) bidirectional dialogues between embryo and endosperm. 

From perspective of embryo-endosperm interaction, the mechanisms underlying the 

complex quality traits are explored, with grain chalkiness as an example. The review ends 

with three open questions with scientific and agronomic importance that should 

be addressed in the future. Notably, current knowledge and future prospects of this hot 

research topic are reviewed from a viewpoint of crop physiology, which should be helpful 

for bridging the knowledge gap between the fundamental plant sciences and the 

practical technologies.
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INTRODUCTION

Rice (Oryza sativa) is a model plant for genomic studies, through which the genes discovered 
provide fundamental insight into the complex and dynamic processes governing plant life. 
Rice is also one of the most important staple foods worldwide, possessing a tremendous 
signi�cance not only in Asia but also in Africa and South America (Muthayya et  al., 2014). 
Recently, along with rise in living standard, quality trait like grain chalkiness and eating 
property has been one of the main objectives for rice breeding and production. However, 
the molecular and physiological mechanism underlying rice quality is still in its infancy 
(Fitzgerald et  al., 2009; Yang et  al., 2013; Li et  al., 2018).
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Rice grain (brown rice) consists of three genetically distinctive 
tissues, the diploid embryo, the triploid endosperm, and the 
diploid maternal tissues (Figure  1). Embryo is located at the 
ventral bottom part, and mainly composed of the scutellum 
and embryonic axis. �e scutellum functions as conductive 
tissue between embryo and endosperm (Wang et  al., 2020). 
Endosperm is composed of two tissues, starchy endosperm 
and the aleurone. Starchy endosperm is at the center of the 
grain, while the aleurone occurs in one or more layers 
surrounding the starchy endosperm and the embryo. �e outer 
layer of rice grain is the supportive and protective maternal 
tissues, mainly including the pericarp, testa, and nucellus.

Before consumption, brown rice is subjected to milling 
process to produce milled or polished rice meeting the 
consumer’s preference (Bao, 2019). Milling has a substantial 
in�uence on rice quality and value, by removing the embryo, 
the maternal tissues, the aleurone, and even part of starchy 
endosperm depending on the degree of milling. �e remaining 
part of the grain, milled rice, is the starchy endosperm that 
mainly composed of starch and protein. �erefore, rice quality 
traits are dependent on the physico-chemical properties of 
starchy endosperm. For eating quality, it is coordinately 
controlled by amylose, amylopectin, proteins, and lipids 
(Bhattacharya, 2011). In addition, the formation of grain 
chalkiness is attributed to loosely packed starch granules and 
protein bodies (Xi et  al., 2014).

Apparently, the end use quality of rice grain is determined 
by endosperm properties. However, the composition, structure, 
and size of the endosperm are actually a�ected by its interactions 
with other tissues, in particular the embryo, during the whole 

process of seed development (Lafon-Placette and Köhler, 2014; 
Ingram, 2020). Fundamental science of functional genomics 
has uncovered some key mechanisms regulating embryo and 
endosperm development, but the interaction or communication 
between the two tissues is largely elusive. Further, the signi�cance 
of this interaction for grain �lling remains open. �is review 
o�ers a comprehensive and integrative view of embryo-endosperm 
interaction, with emphasis on its relevance to rice quality. In 
particular, current knowledge and future prospects of this hot 
research topic are reviewed from a viewpoint of crop physiology, 
which should be helpful for bridging the knowledge gap between 
the fundamental plant science (gene study) and the practical 
technology (crop breeding and management).

CATEGORIZING DEVELOPMENTAL 
STAGES OF RICE GRAIN FROM THE 
PERSPECTIVE OF AGRONOMY

Development of rice grain is a delicate and complex process, 
during which the embryo and endosperm develop synchronously. 
For fundamental studies, the embryo development has been 
subdivided into 10 stages based on morphological, anatomical, 
and molecular landmark events (Itoh et  al., 2005). Similarly, 
rice endosperm development was classi�ed into four stages based 
on histochemical studies: coenocyte, cellularization, storage product 
accumulation, and maturation (Wu et  al., 2016b). So far, for 
crop scientists, it is still lacking in a practical staging system 
that integrates the developmental features of both embryo and 

FIGURE 1 | The structure of mature rice grain (caryopsis). The maternal tissues are composed of pericarp (light green), testa (green), and nucellus (yellow), and are 

located at the outer layer. The endosperm consists of aleurone (white) and starchy endosperm (pink) that are packed with starch granules and protein bodies, 

respectively. Generally, the aleurone has two or three layers at the dorsal, whereas one at the ventral side of rice grain. Opaque tissues (light blue), called chalkiness, 

generally occurs at the ventral (white-belly) and central (white-core) parts of endosperm. The embryo (light yellow) is composed of two structures: scutellum and 

embryonic axis (plumule, mesocotyl, and radicle).
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endosperm. Here, we  propose a new staging system with three 
phases based on a complete map of the whole grain (Figure  2).

Stage 1 (0–10 DAF): Embryo 
Morphogenesis
�is stage is dominated by the morphogenesis of the embryo. 
A�er fertilization, the embryo undergoes globular stage until 
3  days a�er fertilization (DAF). At 5  DAF, the �rst leaf 
primordium is recognizable. From then, enlargement of 
embryonic organs, especially the scutellum, is remarkable, and 
this continues until 10  DAF when most morphogenetic events 

are completed (Itoh et  al., 2005). Meanwhile, endosperm 
undergoes coenocyte stage at 1–2 DAF. �en, the cellularization 
begins at 3 DAF and �nishes the process at 5 DAF. �e aleurone 
emerges at 6  DAF. Small spherical or elliptical amyloplasts are 
formed at 5  DAF, and protein bodies are initiated at 9  DAF, 
indicating the starting of storage compound accumulation.

Stage 2 (10–30 DAF): Endosperm Filling
�is stage is characterized by the accumulation of starch 
and proteins in endosperm. Embryonic organs continue 
enlargement but at small extent. �e embryo matures until 

FIGURE 2 | Schematic illustration of morphological changes of embryo (longitudinal section, I), endosperm (transversal, II), and the dynamics of dry matter 

accumulation (III) during rice grain �lling. The three phases proposed are indicated. Changed colors of the pericarp and testa show the process of degradation of 

maternal tissues (Wu et al., 2016a,b), and that of the starchy endosperm indicates the grain-�lling process. The curve of grain weight and water content are 

depicted by data synthesized from Zhu et al. (2011), Fu et al. (2013), and Wu et al. (2016b). Stage 1 (embryo morphogenesis): At 2 days after fertilization (DAF), 

embryo is at globular stage (A), and endosperm at the coenocyte stage (A'). At 5 DAF, embryo has the �rst leaf primordium and recognizable scutellum (B), 

endosperm cellularization is completed (B'). At 10 DAF, embryo morphogenesis is basically completed (C); endosperm differentiation is �nished, with two structures 

of the aleurone and starchy endosperm (C'). Stage 2 (endosperm �lling): During 10–30 DAF, embryo becomes dormant (D,E); endosperm accumulates storage 

compounds and attains its maximum weight (D',E'). Stage 3 (seed maturation): embryo (F) and endosperm (F') continue to dehydrate until maturity.
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20  DAF and is dormant therea�er. By contrast, grain �lling 
reaches the maximum rate between 10 and 20  DAF (Zhu 
et al., 2011; Fu et al., 2013). From 21 DAF onward, endosperm 
enters the maturation stage. Morphologically, aleurone cells 
show very few changes, while those in starchy endosperm 
gradually lose their margins. Starch granules are formed in 
the starchy endosperm when boundaries of single starch 
granules become less clear (Wu et  al., 2016a). �ere is no 
dramatic increase in fresh grain weight during 20–30  DAF. 
Concomitantly, most of the starchy endosperm and maternal 
tissues, such as vascular bundles, the nucellar projection 
and the nucellar epidermal cells are degraded at the end 
of this stage (Wu et  al., 2016a,b).

Stage 3 (30 DAF-Maturity): Seed 
Maturation
A�er completion of reserve accumulation, rice seed enters the 
last period of maturation. �is stage is characterized by a major 
loss of water, culminating in a dry and quiescent seed. Embryo 
establishes desiccation tolerance and experiences a developmentally 
programmed dehydration that results in dormancy (Manfre 
et  al., 2009). At maturity, the embryo occupies only a small 
fraction of the grain; the rest is mostly the starch-rich endosperm. 
�e starchy endosperm cells die upon seed maturation and 
desiccation, but the tissue retains alive with capacity for some 
metabolic activities, including a redox system that is crucial 
for germination (Zeeman, 2015). At this stage, seeds are susceptible 
to germination under hot and humid conditions, causing 
preharvest sprouting (PHS) which has detrimental e�ect on 
grain yield and quality (Du et  al., 2018).

INTERACTIONS BETWEEN EMBRYO 
AND ENDOSPERM DURING GRAIN 
FILLING

Interaction means a mutual or reciprocal action, or the 
effect that two things have on each other. On the one hand, 
endosperm functions as supporting and nurturing the 
developing embryo, and as such is believed to have a central 
role in regulating embryo development; but on the other, 
the embryo is the miniature of next generation, thus being 
the growth center with a priority of nutrient supply. It is 
tempting to speculate that some signals be  released by the 
embryo to remobilize endosperm storage when nutrients 
are not sufficient for supporting its development, as the 
case of germination. Development of embryo and endosperm 
is temporally synchronized, thus the two compartments need 
to be tightly coordinated and interact physically and chemically 
in order to allow the formation of a viable seed. Understanding 
these interactions is an interesting but formidable challenge 
in the drive to clarify mechanisms of resource partitioning 
among embryo and endosperm, which is critical for the 
formation of both grain yield (weight) and quality. Growing 
evidences in rice as well as Arabidopsis thaliana and maize 

(Zea mays) support bidirectional communications between 
the two compartments (Figure  3).

Nutrient Flow From Endosperm to the 
Developing Embryo via Apoplastic 
Transportation
At early stage, nutrients for the developing embryo of rice 
are from two sources, the endosperm and the maternal tissues 
via the nucellus at its base. A�er 8  DAF, the embryo breaks 
its connection to the nucellus that has been degraded (Jones 
and Rost, 1989), and subsequently, endosperm becomes the 
only source of nutrients. Results from Arabidopsis and rice 
have converged to show that embryo and endosperm become 
symplastically isolated at or soon a�er fertilization, indicating 
that communication between the two compartments must occur 
across the apoplast (Widiez et al., 2017). �e intercompartmental 
apoplastic interfaces and the cells on each side of them thus 
represent critical zones for understanding exchanges of nutritional 
and signaling cues. �e �ow of nutrients across the apoplastic 
space depends on transport proteins (transporters) located on 
the interfaces between endosperm and embryo (Figure  3A). 
Dysfunction of transporters may result in interruption or 
retardation of nutrient �ow and subsequently arrest of 
embryo development.

Sucrose, the major form of transporting carbohydrates [or 
carbon (C)], is transported via the maternal tissues to the 
endosperm, and then is secreted from endosperm to feed 
embryo by SUTs (for sucrose) and SWEETs (for hexose and 
sucrose). �e sucrose transporter gene AtSUC5 expression is 
endosperm speci�c, being speci�cally and highly expressed 
between 4 and 9 DAF. Seeds of suc5 mutant exhibited a strong 
but transient reduction in fatty acid content, as was associated 
with a slight delay in embryo development, demonstrating the 
role of AtSUC5 in nurturing endosperm at early developmental 
stage (Baud et  al., 2005). In seed of Arabidopsis, three sucrose 
transporters SWEET 11, 12, and 15 showed speci�c spatio-
temporal expression patterns (Chen et  al., 2015). SWEET11 
transcripts were expressed basically in endosperm and seed coa
t at the stages of linear cotyledon and maturation green. 
SWEET12 transcripts accumulated primarily in seed coat at 
the same two stages, but appeared in suspensor and micropylar 
at the globular stage. Transcripts of SWEET15 were detected 
in endosperm at the globular and maturation green stages. A 
sweet11;12;15 triple mutant showed a “wrinkled” seed phenotype 
with arrested embryo development, suggesting the necessity 
of this cascade of sequentially expressed SWEETs to nutrient 
provision to the developing embryo from maternal tissues 
via endosperm.

Phloem-derived amino acids are principal source of nitrogen 
(N) feeding the developing seeds. Some members of usually 
multiple acids move in an out transporter (UMAMIT) family 
have previously been implicated in this process. In Arabidopsis, 
UMAMIT25 is expressed in endosperm cells within developing 
seeds. Seed amino acid contents of umamit25 knockout lines 
were lower during embryogenesis in comparison with the wild 
type, suggesting that UMAMIT25 might mediate amino acid 
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export from endosperm to the developing embryo (Besnard 
et  al., 2018). AAP1 is an amino acid transporter that was 
localized to outermost epidermis cells and the parenchyma of 

Arabidopsis embryo (Sanders et  al., 2009). In mature and 
desiccated aap1 seeds, total N and C content was signi�cantly 
decreased while total free amino acid content was increased. 

A B

C D

FIGURE 3 | Schematic illustration of embryo-endosperm interactions during rice grain �lling. Concomitant development of embryo and endosperm within the limited 

space of seed coat requires bidirectional dialogues between the two compartments. This interaction can be summarized by the following four aspects. (A) Nutrient �ow 

from endosperm to the developing embryo via apoplastic transportation. Nutrients and their transporters are indicated. ① Sucrose transporters, SWEET11, SWEET15 

(Chen et al., 2015), and SUC5 (Baud et al., 2005). ② Amino acids transporters, UMAMIT25 (Besnard et al., 2018), and AAP1 (Sanders et al., 2009). ③ Lipids transporter, 

OsLTPL36 (Wang et al., 2015). ④ Fe transporter, OsYSL9 (Senoura et al., 2017). (B) Dependence of embryo development on endosperm. Genes exclusively expressed 

in or signaling released from endosperm that regulate embryo development are shown. ① FIS-PRC2 and AGL62 (Hehenberger et al., 2012). ② EDE1 (Pignocchi et al., 

2009). ③ RGH3 (Fouquet et al., 2011). ④ Zou (Yang et al., 2008). ⑤ OS1 (Song et al., 2019). ⑥ Auxin (Chen et al., 2014). ⑦ Polypeptides (Widiez et al., 2017). ⑧ PHS8 

(Du et al., 2018). ⑨ Small-interfering RNA (siRNA; Lafon-Placette and Köhler et al., 2014). (C) Regulation of endosperm development by embryo. Genes elusively 

expressed in or signaling released from embryo that modulate endosperm development are demonstrated. ① GA/ABA (Zeeman, 2015). ② CDC2A (Nowack et al., 

2006). ③ VP1 (Zheng et al., 2019). (D) Developmental coordination between embryo and endosperm. Bidirectional dialogues are presented by signaling pathways 

mediated by ① GE (Nagasawa et al., 2013) and ② TWS1 (Doll et al., 2020a). Dotted line indicates putative or unproven signaling pathway.
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Separately analyzed embryos and seed coats/endosperm of 
mature seeds showed that the increase in amino acids was 
accompanied by an accumulation in the seed coat/endosperm, 
suggesting that the decreased uptake of amino acids by the 
aap1 embryo a�ects N homeostasis in seed coat and endosperm.

Lipids are mainly stored in embryo and aleurone layer of 
rice seed. OsLTPL36, a homolog of putative lipid transport 
protein, is speci�cally expressed in seed coat and aleurone 
cells. Suppression of OsLTPL36 by RNAi caused chalky endosperm 
and reduced fatty acid content. In addition, the embryo 
development was delayed with downregulation of OsLTPL36. 
�e �nding showed that OsLTPL36 performs a role in embryo 
development (Wang et  al., 2015).

�e formation of viable seeds in plants requires a continuous 
unload of minerals from the maternal tissues. In Arabidopsis, 
Zn appears to be  reallocated from endosperm at the late 
globular stage, while Mn at the late bent-cotyledon stage of 
embryo development (Otegui et  al., 2002). In rice, the Fe 
transporter gene OsYSL9 was expressed at the interface between 
embryo and endosperm. In OsYSL9-knockdown plants, Fe 
content was reduced in embryo but elevated in other tissues, 
suggesting the involvement of OsYSL9 in intercompartmental 
Fe homeostasis within rice seed (Senoura et  al., 2017).

Dependence of Embryo Development on 
Endosperm
Endosperm is the nutrient source to drive embryo growth. 
It also places signi�cant physical and metabolic constraints 
on embryo, impeding or even preventing its development 
entirely. �e dependence of embryo development on endosperm 
is exempli�ed by a heterofertilization experiment in maize, 
aimed at empirically testing the notion that genetic relatedness 
of an endosperm to its compatriot embryo might limit the 
amount of resources allocated to the embryo (Wu et al., 2013). 
�ey found that the degree of genetic relatedness between 
endosperm and embryo changed the distribution of maternal 
resources allocated from endosperm to embryo, with lower 
relatedness coe�cient being related with smaller embryo size.

The importance of endosperm cellularization for embryo 
viability has been proven by mutants deficient in the 
endosperm-specific FERTILIZATION INDEPENDENT SEED 
POLYCOMB COMPLEX2 (FIS-PRC2) that has abnormal 
endosperm cellularization (Figure  3B). Seeds deficient in 
FIS-PRC2 function abort, with embryos development arrested 
at heart stage (Köhler et  al., 2003). Embryo arrest can 
be  bypassed by in vitro cultivation of dissected embryos, 
strongly supporting that the failure of endosperm 
cellularization leads to embryo development retardation 
(Hehenberger et  al., 2012). Similarly, loss function of 
ENDOSPERM DEFECTIVE1 (EDE1) results in endosperm 
cellularization failure and embryo retardation at late heart 
stage (Pignocchi et  al., 2009). In addition, the Type 
I  MADS-box transcription factor AGL62, one of the major 
regulators of endosperm cellularization in Arabidopsis, is 
epigenetically controlled by the FIS-PRC2 complex 
(Hehenberger et  al., 2012).

Endosperm di�erentiation is controlled by both maternal 
and paternal genomes (Berger and Chaudhury, 2009). Rough 
Endosperm 3 (RGH3), encoding a predicted RNA splicing 
factor, is required for a subset of RNA splicing event during 
maize seed development (Fouquet et  al., 2011). In the rgh3 
mutant, the embryo surrounding region (ESR) and basal 
endosperm transfer layer (BETL) cell di�erentiation is defective, 
and mature rgh3 seeds have a rough and pitted endosperm 
surface, and show di�erent degrees of embryo defects. �e 
defective phenotype of endosperm and embryo suggests rgh3 
endosperm negatively regulates embryo development. In 
addition, it indicates that alternative RNA splicing mediated 
by Rgh3 could be  essential for endosperm di�erentiation and 
embryo development (Fouquet et  al., 2011).

Endosperm breakdown is fundamental for embryo growth, 
thereby physically providing space and remobilizing its stored 
nutrients to drive embryo development. A basic helix–loop–
helix (bHLH) transcription factor, ZHOUPI (ZOU) mediates 
the processes of endosperm degradation and nutrient 
remobilization in Arabidopsis. ZOU is expressed exclusively 
around the ESR in the endosperm of developing seeds 
(Ingram, 2010). �e zou mutant retains more endosperm 
cells than do wild-type at maturity, and its embryo has 
defects in cuticle formation and in epidermal cell adhesion, 
indicating that ZOU functions non-autonomously to control 
endosperm breakdown and regulate embryonic development 
(Yang et  al., 2008). In maize, ZmZOU also has a similar 
active role in ESR and/or suspensor degradation during 
embryo development (Grimault et  al., 2015).

In maize, the BETL is crucial for uptake and allocation of 
nutrients from maternal tissues to �lial tissues of endosperm 
and embryo. OPAQUE ENDOSPERM AND SMALL GERM 
1(OS1) encodes a putative transcription factor with an RWP-RK 
domain (Song et  al., 2019). It is expressed especially in BETL, 
conducting zone, and central starch endosperm cells. �e os1 
mutation causes opacity at the endosperm crown, and meanwhile 
a smaller embryo. RNA sequencing demonstrated that many 
genes involved in nutrient allocation and storage are signi�cantly 
downregulated in the os1 mutant, suggesting that OS1 plays 
a role in nutrient allocation between embryo and endosperm.

�e phytohormone auxin is a key regulator required for 
seed development. Auxin signaling from endosperm regulates 
the development of embryo. A recent study of hormonal 
responses in the maize kernel highlighted an interesting potential 
role of ESR in preventing auxin �uxes from endosperm to 
embryo at very early developmental stages (Chen et  al., 2014). 
Interestingly, Chen et al. (2014) observed elevated auxin signaling 
activity in the embryo-surrounding endosperm above ESR, 
which was correlated with the activation of basally directed 
auxin �uxes and auxin responses in the apical regions of embryo 
once it di�erentiated from ESR. Based on these �ndings, it 
was proposed that endosperm derived auxin could be critically 
important in early embryo patterning in maize.

Additionally, there are other novel signaling pathways 
involved in embryo-endosperm communication, such as sugar, 
small-interfering RNA (siRNA), and polypeptides. Trehalose-
6-phosphate (T6P), a dominant sugar signal in plants, modulates 
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sucrose metabolism and allocation, thus performing an active 
role in regulating crop growth and development (Gri�ths 
et  al., 2016). In wheat grain, T6P sucrose was at high levels 
in endosperm but was low in pericarp and embryo, indicating 
a tissue-speci�c regulation of sucrose metabolism by T6P 
(Martínez-Barajas et  al., 2011). PHS8 encodes a starch-
debranching enzyme, isoamylase 1 (ISA1). Mutation in PHS8 
causes the phytoglycogen breakdown and sugar accumulation 
in endosperm, which is accompanied by preharvest sprouting 
of the matured embryo. �is result suggests that sugar in 
endosperm not only acts as a fundamental energy source 
but also as a signal mediating embryo development (Du 
et  al., 2018). �e role of siRNA and polypeptides in 
intercompartmental coordination in developing seed was in 
depth reviewed by Lafon-Placette and Köhler (2014) and 
Widiez et  al. (2017).

Regulation of Endosperm Development by 
Embryo
Nutrients unloaded from the maternal tissues are �rst stored 
in endosperm. �en, they are either utilized by endosperm 
to synthesize storage compounds like starch and proteins, or 
transferred to the developing embryo. In this regard, endosperm 
dominates nutrient allocation among the compartments within 
a seed. However, it is the embryo that locates at the center 
of seed development, and thus, the role of endosperm is widely 
accepted as being altruistic, ready to “sacri�ce” itself to nurture 
the next generation, the embryo (Wu et  al., 2013; Ingram, 
2020). A tempting speculation is, therefore, that embryo exerts 
a “counter-acting regulation force” on endosperm, as supported 
by mounting evidences.

�e direct evidence of the impact of embryo on endosperm 
development may come from the scanning electron microscopy 
(SEM) photos that show the decomposition of starch granules 
in the endosperm cells facing the scutellum of embryo 
(Figure  4). Micro-pores or pits are highly visible on the 
surface of starch granules, con�rming hydrolysis of starch 
reserve by α-amylase (Lin et  al., 2016; Nakata et  al., 2017). 

In addition, these pits mainly occur at the interfaces between 
the two compartments, thus it is tempting to assume that 
the degradation of starch is associated with the urgent 
demanding for sugars by embryonic development. Whether 
signaling of GA from embryo plays a role in decomposing 
endosperm starch remains unclear.

�e signal released from embryo regulates endosperm 
development (Figure  3C). Nowack et  al. (2006) characterized 
a mutation of the Arabidopsis Cdc2 homolog CDC2A, of which 
the mutant pollen can fertilize only one cell, instead of two, 
in the embryo sac, thus making it possible for a genetic 
dissection of the double fertilization process. �ey found that 
upon exclusive fertilization of the egg cell, the unfertilized 
endosperm also began to develop, suggesting a positive signal 
from the fertilized egg cell (the embryo) to the central cell 
(the endosperm) at early stage. Growing evidence in maize 
and Arabidopsis suggest that ESR involves in nurturing and 
defensing the embryo, and also mediate signaling between 
embryo and endosperm (Widiez et  al., 2017). Recently, a 
newly interface tissue, named endosperm adjacent to scutellum 
(EAS), was identi�ed by the analysis of genome-wide expression 
pro�les of tissues at the interfaces between embryo and 
endosperm in maize seed. �e EAS appears around 9  DAF 
and persists for around 11 days, with enrichment transcriptome 
of genes encoding transporters. �e absence of embryo in 
an embryo speci�c mutant can change the expression pattern 
of the marker genes, suggesting a role of embryo in controlling 
this speci�c endosperm tissue (Doll et  al., 2020b).

�e embryo also regulates nutrient allocation between itself 
and endosperm. VIVIPAROUS 1 (VP1), is a B3 family TF 
participating in abscisic acid (ABA) mediated transcriptional 
regulation (McCarty et  al., 1991). Loss of VP1 function leads 
to preharvest sprouting in maize, showing a viviparous 
phenotype. VP1 starts to be  expressed in embryo at 5  DAF, 
particularly in scutellum (the nutrient transfer link between 
embryo and endosperm), possibly functioning as mediator 
for their interactions (Cao et  al., 2007; Meng et  al., 2018). 
Recent study suggests that VP1 senses the nutritional status 

FIGURE 4 | Starch degradation in the endosperm cells facing the scutellum of the embryo. Micro-pores or pits (white arrow) on the surface of starch granule 

indicate the hydrolysis of starch reserve by α-amylase. The location of (A) is nearer to embryo (scutellum) than that of (B). Note that starch granules are smaller at 

location (A) than those at (B). The immature starch granules at location (A) might be the result of nutrient deprivation by the developing embryo.
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of endosperm through endosperm-embryo communication, 
likely the ABA signaling pathway. It regulates scutellum 
development, enlarges embryo nutrient-storage capacity, and 
consequently mediates nutrient remobilization from endosperm 
to embryo (Zheng et  al., 2019).

Developmental Coordination Between 
Embryo and Endosperm
One of the evolutive advantages of double fertilization in 
angiosperms is the coordinating development of endosperm 
and embryo that minimizes nutrient and energy wastage 
(Ingram, 2020). Belmonte et  al. (2013) presented a global 
gene expression pro�les in regions and subregions of the 
Arabidopsis seed from fertilization through maturity. �ey 
identi�ed strong overlap in embryo and endosperm expression 
programs, suggesting a substantial coordination of embryo 
and endosperm in terms of biological processes. Further, 
the results were in favor of the embryo-based evolutionary 
origin of the endosperm, although not excluding the possibility 
that homology may exist between endosperm and the 
female gametophyte.

Concomitant development of the two compartments within 
the confined space of seed coat demands bidirectional 
dialogues to allow successful seed development and to 
establish a new competent sporophytic generation (Lafon-
Placette and Köhler, 2014; Figure  3D). This was verified 
by a set of mutants with contrasting embryo/endosperm 
size balance (Zhou et  al., 2013). The rice GIANT EMBRYO 
(GE) gene encoding CYP78A13 is essential for controlling 
size balance of embryo and endosperm (Nagasawa et  al., 
2013). It is strongly expressed in the interfacing tissues 
between embryo and endosperm. Heterofertilization and 
transgenic experiments proved that GE performs its function 
in both embryo and endosperm to acquire a delicate size 
balance between them, which is associated with the regulation 
of ROS homeostasis and cell death in endosperm. Some 
signals responsible for the size balance may be  originated 
from endosperm to embryo and vice versa. In addition, 
considering space limitation by the glumes (lemma and 
palea), it is likely that cell death is the solution to embryo-
endosperm conflict (Nagasawa et  al., 2013).

�e bidirectional dialogues between embryo and endosperm 
have been clearly proven by a recent work on a sulfated peptide, 
TWISTED SEED1 (TWS1). A hydrophobic cuticle around the 
embryo prevents it from catastrophic dehydration at early 
germinating stage. �e formation of embryonic cuticle is 
regulated by the ABNORMAL LEAF SHAPE1 subtilase and 
the two GASSHO receptor-like kinases, GSO1 and GSO2. Doll 
et  al. (2020a) identi�ed a back-and-forth signaling pathway 
responsible for the integrity of embryonic cuticle. �e TWS1 
precursor is produced in embryo and then translocated to 
endosperm, where it is transformed into an active form. �e 
active peptide shuttles back into the embryo to act with the 
receptors of GSO1 and GSO2, thus activating local gap repair. 
�e shuttle of TWS1 continues until all gaps are bridged to 
form an intact cuticle.

RELEVANCE OF EMBRYO-ENDOSPERM 
INTERACTION TO RICE QUALITY: 
GRAIN CHALKINESS AS AN EXAMPLE

Physically and chemically, rice quality refers to the properties 
of starchy endosperm packed with starch granules and protein 
bodies. And most of the studies on quality traits had been 
centered on endosperm, and concluded that C and N metabolisms 
and their interaction form the foundation for traits like 
appearance (chalkiness) and eating quality (Xi et  al., 2014; 
Lin et  al., 2017; Wada et  al., 2019). However, the role of 
embryo needs to be thoroughly estimated, due to its substantial 
impact on endosperm development and storage accumulation, 
as discussed above.

Chalkiness is the opaque tissue feature that usually occurs on 
the ventral (white-belly) and central (white-core) parts of rice 
endosperm (Figure 1). It is a highly undesirable trait that negatively 
a�ects not only appearance quality but also milling, eating, and 
cooking quality. High occurrence of chalky grains has been a 
major obstacle for rice producers, especially under the scenario 
of global warming (Jagadish et  al., 2015). �e physiological and 
molecular mechanisms underlying chalkiness formation remain 
largely elusive, because of the complex interactions between the 
regulating genes and the environmental factors.

Lin et  al. (2014) identi�ed a notched-belly mutant with a 
high percentage of white-belly that only occurs in the base 
part of endosperm near the embryo, with the upper half part 
being translucent. Using this mutant, they developed a novel 
comparison system that can clarify the mechanisms underlying 
grain chalkiness. Notably, the comparison is conducted within 
the same grain, thus forming a nearly identical genetic background 
to minimize the compound e�ects of genetic background and 
growing environment. Employing this comparison system, Lin 
et  al. (2017) performed a complementary proteome and 
transcriptome pro�ling of gene activity in the developing grains 
of the mutant. Some novel key pathways were highlighted as 
being involved in chalky tissue formation, especially the 
interaction between C and N metabolisms, the downregulation 
of ribosomal proteins, and the decreased accumulation of 
13 kDa prolamin subunit. More importantly, substantial in�uence 
of the embryo on endosperm composition was revealed, with 
the embryo negatively a�ecting the storage of total protein, 
amino acids, and minerals in the chalky endosperm (Lin et al., 
2016). Further, this was associated with the upregulation of 
genes responsible for the transporters for metabolites and the 
signal messengers of hormones in the chalky endosperm, and 
therefore, embryo may be  involved in regulating the nutrient 
distribution within the seed (Lin et  al., 2017).

Another example showing the potential role of embryo in 
chalkiness formation is the induction of α-amylase in endosperm 
by high temperature (Yamakawa and Hakata, 2010; Nakata 
et  al., 2017). Results of Hakata et  al. (2012) showed heat stress 
induced the expression of α-amylase genes, including Amy1A, 
Amy1C, Amy3A, Amy3D, and Amy3E, as well as the activity 
of α-amylase, but lowered the content of an α-amylase-repressing 
plant hormone, ABA. Further, RNAi-mediated suppression of 
α-amylase genes produced rice plant with fewer chalky grains 
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under high temperature, supporting that activation of α-amylase 
is a crucial trigger for chalky tissue formation under heat 
stress. It is well-established that upon germination, the release 
of GA from the embryo triggers the secretion of starch-degrading 
enzymes like α-amylase from the aleurone and the scutellum 
(Zeeman, 2015). However, it is still unclear whether there exists 
a similar pathway in developing seed of cereals.

In Arabidopsis, endosperm undergoes programmed cell death 
(PCD) and is decomposed a�er completing its nourishment 
function. �e induction of α-amylase (AMY1) by GA is tightly 
correlated with nutrient remobilization and the commence of PCD 
at early stage (Sreenivasulu et  al., 2010). On the other hand, in 
barley (Hordeum vulgare) that has a persistent endosperm, genes 
encoding hydrolases were not expressed during endosperm PCD 
in the maturing seed, as explained by the expression of α-amylase 
inhibitors (Sreenivasulu et  al., 2010). Accordingly, Sreenivasulu 
and Wobus (2013) proposed that the GA-α-amylase-PCD network 
may be  equally activated during seed development in a highly 
time-speci�c manner for di�erent species. In developing rice grain, 
especially under heat stress, part of the endosperm starch granule 
decomposes. However, the signaling pathway responsible for it 
is largely unknown. In addition, in the mutant of PHS8/ISA1 
with a phenotype of preharvest sprouting, isoamylase was activated, 
as explained by the suppression of OsABI3 and OsABI5, and 
thus the reduced sensitivity to ABA (Du et al., 2018). Intriguingly, 
the involvement of GA in regulating starch hydrolysis was excluded. 
Similarly, Hakata et al. (2012) argued that the activation of α-amylase 
under heat stress might to be  associated with removal of ABA, 
but not with the induction of GA. Overall, these results imply 
divergent hormonal signals modulating starch degradation between 
developing and germinating stages for cereal grains.

SUMMARY AND PERSPECTIVES

Recent advances in Arabidopsis and maize have conformed 
substantial bidirectional interactions between embryo and 
endosperm during seed development, indicating that the interplay 
of the two compartments should be  common among plant 
species. As a monocotyledon plant, rice seed is structurally 
di�erent with that of the dicotyledon Arabidopsis. And it is 
also appreciably di�erent with the maize, not containing 
conductive endosperm tissues like BETL and ESR. �e direct 
relevance of data from Arabidopsis and maize for rice therefore 
remains unclear. Several key questions need to be  answered.

 i. Signaling controlling the developmental transition of the 
endosperm. �e developmental transitions in endosperm like 
cellularization of the syncytium are dramatic and abrupt, 
meaning that gene expression patterns are globally and 
rapidly reprogrammed (Sabelli and Larkins, 2009). 
Mechanisms underlying the duration of syncytial phase of 
endosperm have captured attention of crop scientists, for 
there exists a positive relation between duration of this phase 
and grain size and yield (Ishimaru et al., 2013; Olsen, 2020). 
What signals trigger the major endosperm developmental 
transitions remains unknown. Does this signaling pathway 
originate from the embryo that undergoes morphogenesis?

 ii. Hormonal regulation of starch degradation. Much knowledge 
about starch degradation has been derived from biochemical 
analyses on germinating cereal grain, especially barley and 
wheat (Triticum aestivum). During germination, GA signaling 
from embryo triggers the secretion of starch-degrading 
enzymes from the living aleurone layer and scutellum 
(Zeeman, 2015). It is still uncertain whether the hydrolyzation 
of endosperm starch during grain �lling is analogous to that 
of the germination. Do these two processes have a mirror-
image relationship? What is the role of GA in regulating starch 
degradation in developing endosperm? Is there a balance 
between starch biosynthesis and degradation as controlled 
by the GA/ABA ratio? What is the relevance of this signaling 
to chalky tissue formation? And what is the function of 
aleurone layer in embryo-endosperm interaction?

 iii. Cellular events at late stage. Accumulating literature indicates 
that the duration of embryo morphogenesis and endosperm 
�lling would be conserved, with the former ending at 10 DAF 
while the latter at 30 DAF (Itoh et al., 2005; Zhu et al., 2011; Fu 
et al., 2013; Wu et al., 2016b). A�er that, the seed enters the stage 
of desiccation and maturation, lasting for 20–40 days with no 
obvious increase in grain weight. �ere is scarcer information 
concerning the cellular events at the late stage. If that 
developmental pattern is common among rice cultivars, is there 
an embryo-endosperm interaction at the late stage of grain 
�lling? And what does this mean to preharvest sprouting?

All the above questions ultimately relate to the physiological 
and molecular controls of the intercompartmental coordination 
between embryo and endosperm, which is largely elusive and 
should be  an important future focus. Currently, there exists 
a knowledge gap between the fundamental plant sciences and 
the applied technology of crop breeding and management, as 
partially re�ected by the limited progress in high-yielding and 
quality breeding in sharp contrast to the quantum leap in rice 
functional genomics. �is review calls for cooperative endeavors 
between crop geneticists, breeders, physiologists, and agronomists 
to address the crucial events implied in the embryo-endosperm 
interaction, especially revisiting the role of embryo development 
in grain �lling and rethinking the strategies involved in the 
high yielding and high quality rice crops.
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