We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

4,800 122,000 135M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



Chapter 2

Decoding the Transcriptome of Rice Seed During
Development

Arunima Mahto, Iny Elizebeth Mathew and
Pinky Agarwal

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.70574

Abstract

Rice seed development is a continuous process wherein it undergoes complex molecular
and tissue reprogramming. It is a collective effect of embryo and endosperm develop-
ment, each of which undertakes its own developmental paths, with endosperm develop-
ment significantly affecting embryo. Understanding the mechanistics of the regulatory
networks administrating this process is the building block for any future research on
grain yield and quality. High-throughput transcript profiling and small RNA profiling
studies have proved useful in providing information about the molecular changes occur-
ring in various tissues associated with seed development. Transcriptome sequencing
studies have highlighted the significant genes and pathways that are operating during
seed development. The involvement of TFs and hormones has also been implicated in
regulating key aspects of seed development, including embryo patterning and seed mat-
uration. This chapter will review the information provided by high-throughput sequenc-
ing studies on various aspects of rice seed development, highlighting the developmental
complexities of embryo and endosperm.

Keywords: cell cycle, embryo, endosperm, hormones, rice, seed development, transcription
factors, transcriptome

1. Introduction

Seed development is a unique attribute of plants providing them the privilege of perpetuat-
ing genetic information over generations by safeguarding against environmental atrocities.
Physiologically, it is a combined effect of two complex developmental processes, embryo and
endosperm development. In case of dicots, majority of the seed volume is formed by the
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embryo at maturity and the endosperm is consumed by the embryo during the course of seed
development. The structure of monocot seed, such as rice, is different from a dicot seed by the
presence of a starchy endosperm which occupies most of the space inside the seed coat and
the embryo is positioned at the ventral side. Furthermore, the seed is covered entirely by the
husk, which is formed by drying of the lemma and the palea. Seeds serve as the storage facto-
ries for synthesizing carbohydrates, proteins and lipid molecules, hence act as nutrition sup-
pliers to the germinating seedling as well as to animals and humans. Rice seeds, in particular,
are the major calorie providers constituting about 20% of the human nutrition worldwide [1,
2]. Therefore, it becomes imperative to understand seed development in rice to produce vari-
eties with improved nutritional content and yield.

Seed development in rice incorporates development of the embryo and the endosperm and
occurs in a systematic and sequential manner followed by desiccation and seed dormancy.
The entire process of seed development in rice has been summated into five different stages
from S1 to S5, categorized as 0-2, 3—4, 5-10, 11-20 and 21-29 days after pollination (DAP)
seeds, respectively. Developmental period of the seed consisting of post-fertilization to mid-
dle globular embryo constitutes the first stage followed by embryo patterning and endosperm
cellularization in second stage. The third stage is concerned with embryo morphogenesis,
formation of a milky endosperm and initiation of endoreduplication. In the maturation phase,
the milky endosperm transits from soft dough and hard dough stages in S4, and the seeds
progress towards dormancy and desiccation in S5 stage [3, 4]. These developmental changes
are channelized impeccably through the skillful operation of several genes and complex regu-
latory networks upon perception of internal and external stimuli [4-6]. Recent technological
advances have facilitated the identification of genes responsible for guiding various steps
of seed development. High-throughput mRNA profiling studies or transcriptomics is one
such technology that has helped in deriving vital information about a myriad of molecular
events that orchestrate seed development [7, 8]. Transcriptome profiling of a wide range of
rice tissues, including vegetative and reproductive tissues, have proved beneficial in provid-
ing primary information about the genes expressed during seed development including their
levels, patterns and molecular functions [6, 9-11]. With the aid of advanced bioinformatics
platforms, transcriptome data is now being processed to derive more complex interpreta-
tions including pathways and regulatory networks that provide more complete picture of the
molecular changes regulating seed development [12-15].

2. Expression atlases capture the dynamicity of transcriptome during
seed development

Seed development is a continuous process and is effected by the participation of many tis-
sues that undergo various developmental changes over a course of time. Such dynamic
alterations would be difficult to be depicted entirely by studying tissues in isolation. Gene
expression atlases incorporate transcriptome profiles of a wide range of cell types and/
or developmental stages. Such global profiling studies become important when tracing



Decoding the Transcriptome of Rice Seed During Development
http://dx.doi.org/10.5772/intechopen.70574

the complex transcriptional changes associated with transition of tissues from one phase
of development to another. Several high-throughput studies of this nature have been con-
ducted in rice, employing MPSS, microarray and transcriptome sequencing, which span both
vegetative and reproductive tissues [6, 9-11, 16, 17]. The primary information obtained from
expression atlases is about the transcriptional status of the tissues/organs with respect to
one another. For instance, the steady increase in the number of down regulated genes in
seed tissues with respect to vegetative tissues indicates gradual decrease in transcriptional
activity with the progression of seed development [6]. The similarity and disparity in the
transcriptome profiles has also been used to assess the relatedness of tissues [16]. Through
microarray analysis of 39 vegetative and reproductive tissue types in rice, it has been shown
that rice endosperm forms a separate cluster and exhibits relatively lesser gene expression
than other tissues including panicle stages. However, the expression levels of these genes
are significantly high and a large portion of these are endosperm-specific. Also, most of
the development related genes show variation in expression levels among different tissues
revealing the fluctuations at the molecular level that these genes experience as they pass
from one stage of development to another. These observations provide several important
inferences regarding seed development, such as transcriptional dynamics and tissue-spec-
ificity. Also, an inevitable inference from here is that the transcriptome undergoes intense
spatiotemporal reprogramming during transition from vegetative to seed development in
order to manifest the expression of seed-specific/preferential genes [11]. Atlases also provide
information about the contributions of various tissues in seed development. Transcriptome
study encompassing various vegetative and reproductive tissues of rice indicate that out of
the total seed-specific genes obtained, the proportion of endosperm-specific genes is higher
than that of embryo-specific genes. This might imply that the endosperm has more disparate
transcript profile shifting the balance towards the role of endosperm in seed development
in comparison to embryo [10]. Nevertheless, conclusions from such studies can be subjective
and will vary according to the tissues and developmental stages under investigation and the
methods of data analysis. For instance, the discovery of seed-specific genes will be influenced
by the variety of vegetative tissues that are being considered for assessing specificity or the
parameters set to call a gene expressed or differentially expressed. In a study published by
our group, encompassing 19 vegetative and reproductive tissues, the number of seed-specific
genes has been found to vary when expression is considered against different vegetative
controls such as root and mature leaf [6]. This indicates that a single transcriptome data can
emanate various circumstantial biological interpretations. However, to minimize erroneous
accounting it is necessary to exercise caution while sampling and have precise knowledge of
the query that is being pursued.

3. Functional intricacies of seed development revealed by atlases
explain the conundrum of seed development

Functional annotations of the enormous data generated by atlases further elaborate on
the predominant activities occurring during seed development including their mode of
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regulation. The enrichment of genes involved in embryonic development in the transcrip-
tome of endosperm suggests a possible communication between the embryo and the endo-
sperm [11]. This exchange of information between the embryo and the endosperm highlights
that a certain level of cross-talk might be necessary for their growth. Induction of expres-
sion of seed-specific genes after 5 days of flowering, when the endosperm development is
accelerated and starch accumulation is initiated, suggests that majority of the seed-specific
genes are associated with later stages of seed development and are required for seed filling
and maturation [10]. Information about the key processes, pathways and genes involved
in seed development can also be identified by comparative transcript profiling of tissues
from various stages of development. Seed-specific proteins, seed allergens, genes involved in
starch biosynthesis/degradation and ubiquitin-mediated protein degradation pathway show
specific expression throughout the seed stages in comparison to four vegetative stages [6].
Transcription factors (TFs) have been reported to be enriched in both early and later stages of
seed development suggesting their involvement throughout the process. In a study involv-
ing 48 organs of a japonica rice variety, it has been found that out of 41 tissue-specific TFs
obtained, 29 are seed-specific. These include several members of MADS, NAC, AP2-EREBP
and CCAAT families that are expressed in a seed-specific manner with predominant expres-
sion either in the endosperm or the embryo and this expression is also driven by the stage
of the tissues (Figure 1). TFs such as VP1 and LEC1, which have been reported to be active
during seed maturation, have been found to be present in the seed-specific category whereas
AP2-EREBP TFs are found to express mostly in the embryo through its entire development
[10]. In our study on an indica rice variety, it has been seen that 27 TFs families have higher
number of members expressing in the seed stages, which include MYB, NAM, HSF, MADS,
POZ, and bZIP. About 47 TFs are found to be specific to seed stages, of which most have
specificity to S2 stage [6]. Such preferential expression patterns observed in various studies
would imply that these TFs are administrating seed development by regulating downstream
genes and pathways required for individual growth and development of the embryo and the
endosperm at specific time points and stages.

Hormonal regulation is another indispensable component of the multi-faceted regulation of
seed development. Rhythmic fluctuations in levels of hormones such as auxins, gibberellic
acid (GA) and abscisic acid (ABA) have been observed during the course of seed development
suggesting a complex interplay between these [18]. Different hormones have been known to be
controlling different modules of seed development such as organ patterning, cell enlargement,
desiccation and dormancy [19-22]. Seed-specific differential regulation of various hormones
has been encountered in several reports. Auxin biosynthesis genes have been found to be
induced during early stages of seed development [23]. This emphasizes on the role of auxins
in the initial seed development processes that are mainly associated with active cell division
in the embryo and the endosperm and organ initiation [4]. Along with auxins, implications
for the role of gibberellin and ethylene have also been proposed. Genes associated with ent-
kaurene biosynthesis, a precursor of gibberellin biosynthesis, were found to be up regulated
in the S1 stage of seed development indicating the role of gibberellin in early phases of seed
development [23]. A negative regulator of gibberellin signaling, SLRL2 and a putative ethylene
receptor that negatively regulates ethylene signaling, OsETR2,2, have been seen to be show-
ing seed-specific expression [10]. These findings enumerate the significance of differential
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Figure 1. Schematic representation of TFs involved in rice seed development. TF families whose members express
during the five stages of seed development in the endosperm and embryo have been mentioned above and below the

solid line, respectively.

regulation of these hormones in materializing seed development. The localized expression
of different phytohormone-related genes during embryo development as well as their critical
role in endosperm development and grain filling has been discussed in further sections.
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4. Genes involved in polarity establishment and organ initiation are
expressed in the embryo

Embryogenesis is an important aspect of seed development, which involves cellular division
and establishment of the embryo body plan. The process of embryo development is classified
into ten major stages in rice. The first stage is the zygotic stage formed at 0 days after fertiliza-
tion (DAP). The initial stages of post-zygotic development are characterized by the repeated
cellular division without morphogenesis. This leads to the formation of a globular embryo,
which can be observed from 1 to 3 DAP. It is the stage at which embryo specifies its body axis.
Subsequently, formation and proper positioning of the shoot apical meristem (SAM), coleop-
tile primordium and the radicle primordium occurs at 4 DAP. This is followed by the origin
of leaf primordium, which initiates at 5 DAP and is completed by 8 DAP, by the formation of
all the three leaf primordia. With the enlargement of various organs, embryo morphogenesis
is completed in rice by 10 DAP. This is followed by a stage of maturation which lasts till about
20 DAP, and thereafter, it enters into a dormant state [4, 5]. Profiling the RNA expression
levels has greatly broadened the understanding of rice embryo development. Unlike animal
embryos, both maternal and paternal genomes contribute equally in the process of embryo-
genesis and the plant embryonic development is majorly under zygotic control. Maternal-to-
zygotic transition (MZT) initiates 50 hours after fertilization [24-26]. Thus, zygotic genome
gets “switched on” almost immediately after fertilization.

Microarrays coupled with laser microdissection (LMD) have made available the expression
profiles of developing female gametophyte from the pre-meiotic to the mature embryo-sac
stages in rice [27]. Similarly, expression profiles of stigma as well as embryo sac are also
available from high-throughput RNA-Seq technology [28]. These cell-type specific expression
analyses have been compared with various developmental stages of embryo to identify genes
that are differentially expressed during the post fertilization period. Identification of such
genes expands our idea of embryogenesis as many of them can be candidates for maintaining
various stages or aspects of embryo morphogenesis. Microarray-based comparison of gametic
and zygotic tissues has identified a total of 325 genes up regulated in zygote in comparison
with the egg cell. Majority of these up regulated genes are involved in DNA/chromatin orga-
nization and their assembly is probably involved in the induction of genes participating in
zygotic development. Further, methyltransferase 1 (MET1) and different TFs belonging to the
homeobox proteins are highly up regulated in the zygote, apparently affecting polarity or
asymmetric division in zygote. Specific METs show higher expression during early rice seed
development and are essential for cytosine methylation, regulating the genes involved in vari-
ous developmental processes [29]. Also, microarray analysis shows a significant transcript
accumulation of one such member, OsMET1-2 during the early seed stages [23]. This is an
indication of the role played by various DNA methyl transferases (MTases) in gene regulation
during early seed development (Figure 1). Microarray analysis has also shown that a total
of 94 genes are down regulated in the zygotic stage. Subsequent gene ontology (GO) and
pathway analyses suggest the involvement of these genes in metabolic pathways possibly
associated with suppression of the maternal genes [26, 29]. Thus, various transcript analyses
indicate the existence of an active zygotic genome during early seed development.
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A systematic expression profiling at three developmental stages of the embryo categorized as
early (3-5 DAP), middle (7 DAP) and late (14 DAP) have shown the expression of about 20,856
common genes, suggesting their role in housekeeping functions. However, many genes show
specific expression in each category suggesting their involvement in imparting functions
unique to the stage. These genes belong to different functional categories as metabolic pro-
cesses, binding and cell part and cellular processes. About 1131 genes show specific expres-
sion at 3-5 DAP, possibly involved in determining the embryo axis. Polarized expression of
different TF and transcription regulator (TR) genes has been identified at the apical-basal and
dorsal-ventral axis in the globular embryo. This spatiotemporal expression of specific TFs and
TRs might be involved in the establishment of early embryo patterning in rice [30]. Different
phytohormone-related genes including GA biosynthetic genes, auxin efflux PIN genes, cyto-
kinin A-type response regulators, and brassinosteroid (BR)-perception genes also show an
embryonic axis-dependent expression. The repressor of GA-signaling OSSLR1 shows a pref-
erential expression in the basal region of the embryo. On the other hand, a GA biosynthetic
gene, OsGA20ox1 is expressed in the apical-dorsal region. Apical to basal auxin transport is
initiated at the early globular stage by the auxin transport proteins, thus, regulating various
aspects of embryonic pattern formation. Transcript accumulation for cytokinin response-reg-
ulator occurs in the apical-ventral region whereas BR and ethylene biosynthesis occurs in the
basal region [31]. Among TFs, homeobox gene family members show differential expression
during different phases of embryo development suggesting their inevitable roles during the
process [4, 30]. Different MADS-box transcripts show seed-preferential expression with about
12 of them showing a specific expression in the seed, including Arabidopsis ABCDE class
gene orthologs, suggesting their involvement in early embryo development [30, 32].

A gradual transition in the transcript profile from early to late stages of embryo has been
observed. A large number of genes are shared between the early and middle stages of embryo
development although, unique expression of different genes is also observed [30, 31]. The genes
up regulated in the early and middle stages of embryo development are majorly involved
in amino acid, lipid and energy metabolism, nucleic acid replication/processing, signal trans-
duction and transcriptional regulation. The enrichment of these pathway genes provides the
energy required for the early developing embryo. As the embryo progresses towards the mid-
dle stage, additional genes as ribosomal protein components, translational machinery compo-
nents are up regulated. Thus, the protein biosynthesis genes show a greater expression during
the middle phase. There occurs a significant enhancement in the expression of genes belonging
to different categories as the embryo progresses towards the maturation phase. Many of these
genes show differential expression between 7 and 14 DAP embryos. Pathway and gene ontol-
ogy studies suggest significant differences in the physiological processes that occur during
early and late stages of rice embryogenesis [30]. Further, the maturation phase is characterized
by the accumulation of protein modification and starch biosynthesis genes. Auxin related Aux/
IAA, OsIAA1S, shows a significant up regulation during the middle and late stages of embryo
development. Auxin-biosynthetic genes have been shown to be induced during different stages
of embryo development [6, 14]. Also, the biosynthesis of ethylene is down regulated during
embryo development by the enhanced level of ABA. Thus, the two phytohormones ABA and
ethylene function antagonistically during embryo development in rice [14]. Additionally, GA
also functions in the seed development process during maturation. Seed maturation process
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is majorly determined by the GA/ABA ratio [22]. To add, profiling studies have also identified
the accumulation of long-lived mRNAs between 10 and 20 DAF within the embryo. Long-
lived mRNAs present in the mature dry seeds are required for proper seed germination. These
majorly code for proteins related to the signaling of ABA, calcium ions and phospholipids as
well as a heat shock protein HSP DNA J, essential for rice seed germination [33].

5. Rice endosperm shows structural and developmental complexities

The endosperm of rice occupies a major portion of the seed and defines the shape of the grain.
It is the storehouse of nutrients including carbohydrates, lipids and storage proteins and
serves as an important source of nutrition for the developing embryo. The formation of the
endosperm starts with triple fusion, wherein the male nucleus fertilizes the bi-nucleate central
cell to produce a triploid cell. Thereafter, it sequentially undergoes events of cell division, cell
fate determination, tissue differentiation and programmed cell death (PCD) to produce the
mature endosperm. Structurally, the endosperm features four major types of cells, the starchy
endosperm, the aleurone cells, the transfer cells and the cells in the vicinity of the embryo [34].
The cells in the peripheral region, except those near the vascular tissue, form the aleurone layer
which varies in thickness from one to five cell layers [35]. Cells immediately above the vascular
bundles form the transfer cells. Cells enclosed within these two cell layers form the starchy
endosperm. The embryo surrounding cells create the cavity in which the embryo is housed.
These differentiated cell layers perform specific functions which are required by the embryo
during its growth and afterwards for seed germination. Photosynthate (sucrose) produced
in the leaves (source) is transported into the endosperm (sink) via the transfer cells [36, 37].
Endosperm surrounding region separates the embryo and the endosperm and might also be
involved in providing nutrition to the embryo by apoplastic transport [38, 39]. Starchy endo-
sperm stores starch and proteins that start accumulating soon after cellularization is complete
[39]. The aleurone layer is composed of terminally differentiated cells that produce proteolytic,
hydrolytic and cell wall degrading enzymes that digest the starch and proteins stored in the
endosperm into sugars and amino acids for utilization by the growing embryo during seed
germination [40, 41]. Hence, the development of endosperm is complex and singular owing to
the modifications in its structure occurring through a short span of time and the accumulation
of reserve materials and cell cycle activities that are switched on and off at precise time points.

The functional uniqueness of the endosperm is reflected in its transcriptome which has been
found to be quite distinct from several other tissue types including reproductive stages and
embryo [10]. Transcriptome analysis of three developmental stages of endosperm, spanning
from during this time, has shown an overall decline in gene expression during this time. Even
more down regulation has been observed in the later stages [12]. Studies also indicate that in the
young endosperm stages (0—4 DAP), the number of specific genes increases with age suggest-
ing that the complexity of molecular changes rapidly increases with progression of endosperm
development [9]. In another study involving 7, 14 and 21 DAP endosperm tissue, it has been
observed that the expression of specific genes can be clustered into distinct patterns. About
79 genes are expressed in all the three stages suggesting that they are constitutively required



Decoding the Transcriptome of Rice Seed During Development
http://dx.doi.org/10.5772/intechopen.70574

throughout endosperm development. A set of 32 genes express highly in 14 and 21 DAP indi-
cating their role in nutrient accumulation and PCD. About 22 genes and 15 genes show higher
expression in 7 DAP alone and in both 7 and 14 DAP, respectively. These genes can be pre-
sumed to be regulating cell proliferation and cellularization during initial development and
synthesis and accumulation of storage compounds [42]. Thus, amalgamation of such informa-
tion from transcriptome data with knowledge from previous developmental studies can be use-
ful in generating knowledge about the functions performed by various genes in different stages.

Endosperm involves the precise operation of several transcription factors throughout its
course of development. About 1118 transcription factors belonging to 55 families have been
reported to be expressing in early stages of endosperm development [12]. TFs have emerged
as a major functional category in later stages (7-21 DAP) of endosperm development [42].
Expression pattern of TFs has also been indicated to be subjected to temporal regulation.
Members of the transcription factor families such as, MADS, NAC, AP2-EREBP, MYB and
CCAAT, have been observed to show higher expression in the endosperm (Figure 1). Out of
these, MADS genes are expressed through the early stages (1-14 DAP), AP2-EREBP and MYB
are expressed during early through middle stages (7-21 DAP), whereas, NAC and CCAAT are
expressed through all stages (2-42 DAP) of endosperm development [10, 42]. MADS TFs have
been shown to regulate endosperm development by a mechanism affecting the cytokinin level.
Overexpression of MADS29 activates the genes involved in starch biosynthesis and promotes
the differentiation of proplastids to starch-containing amyloplasts [43]. In our study encom-
passing five different rice varieties, three NAC TFs exhibit seed-specific/preferential expres-
sion with significantly higher expression in S3-S5 stages suggesting their role in accumulation
of storage reserves. They also show significant association with seed traits emphasizing their
role in regulation of seed development [44]. Similarly, genome-wide analysis of 14 vegetative
and reproductive tissues has indicated the expression of 21 C,H, proteins in seeds of which 12
are specific to seed tissue. The expression of these genes shows variable pattern among the five
stages. Some of them are expressed from S1-55, while most of them show higher expression in
the later stages of seed development implying their function in both initial seed development
and seed maturation [3]. In another report including three endosperm stages covering 3-10
DAP, different types of expression patterns of the transcription factors have been observed.
Six TFs families including Dof are up regulated through 3-10 DAP. Three transcription fac-
tor families including GRAS are down regulated from 3 to 6 DAP then up regulated till 10
DAP. NF-YA family members on the other hand are up regulated from 3 to 6 DAP then down
regulated until 10 DAP [12]. In summary, TFs are expressed throughout the development of
the endosperm and their expression is highly preferential. The heterogeneity in the expression
patterns of TFs is an indicator of the intricate molecular regulation of endosperm transcrip-
tome probably required for proper completion of a stage and subsequent transition to another.

As mentioned previously, hormones are known to be regulators of embryo development and
this raises the possibility of them being key ingredients in the regulatory network of endo-
sperm development. In this context, it has been observed that several hormone response cis-
elements are present in the promoters of endosperm-specific genes that are expressed from 7
DAP to 21 DAP. The most abundant cis-elements belong to abscisic acid responses, including
ABADESI1 and ABREMOTIFAOSOSEM. Since abscisic acid is a well-known hormone for
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desiccation and dormancy, which is associated with seed maturation, the aforesaid obser-
vation would imply that these processes are very eminent in endosperm and are initiated
from the middle stages of development [45]. Along with ABA, cis-elements for gibberellic
acid, such as GAREIOSREP1 and PYRIMIDINEBOXOSRAMY1A, auxins, ARFAT, and eth-
ylene-responsive element, such as ERELEE4 have also been observed [42]. The simultaneous
expression of the genes regulated by hormones unambiguously indicates the significance of
hormonal interplay in the growth of endosperm. Although, the specific effects of these hor-
mones can only be understood from detailed functional characterization studies.

One eccentric yet indispensable feature of endosperm development is the occurrence of two
types of cell cycles at different stages of development. First is the free nuclear division without
cellularization leading to syncytium formation in the initial stages of development (0-5 DAP),
and second is endoreduplication that occurs in the later stages (8—10 DAP) and is associated
with increasing cell size and endosperm volume [4]. In coherence with this information, two
CDKSs, CDKB;1 and CDKB;2, have been found to be showing higher expression in early stages
of endosperm (1-2 DAP). Also, one A-type cyclin and four B-type cyclins exhibit patterns of
expression overlapping with these CDKs. It is noteworthy that cell cycle defects associated
with the endosperm can influence the growth of the embryo. Knockdown of a rice cyclin gene,
CycB1;1, results in the formation of a large embryo and abortive endosperm suggesting that
normal mitotic activity of the endosperm is imperative for the development of the embryo as
well [46].

One of the primary objectives of the endosperm is stocking of nutrients which will eventually
be assigned to various metabolic pathways required for seed development process. Bulk of
the endosperm is constituted by starch and prolamin storage proteins [47—49]. Transcriptome
profiling studies advocate that genes associated with accumulation of starch and sugars are
significantly up regulated in the endosperm. Genes related to starch metabolism and storage
protein biosynthesis have been found to be among the highly up regulated genes as develop-
ment progresses from 3 to 10 DAP. Also, 11 members of Dof TFs have been found to be up
regulated in endosperm [12]. Dof TFs are known to be associated with synthesis of storage
proteins in the endosperm [50]. Pathway studies have also indicated that in the endosperm,
starch and sugar metabolism are highly up regulated followed by amino sugar and nucleotide
sugar metabolism and carbon fixation by photosynthesis. It has also been observed that as
endosperm moves from 3 DAP to 10 DAP most of the genes and pathways are down regu-
lated except for those related to accumulation of storage materials [12]. Functional annotation
of endosperm-specific genes from 7 DAP to 21 DAP have shown that seed storage protein,
carbohydrate and energy metabolism, seed maturation, protein metabolism, lipid metabo-
lism and transport emerge as the major categories. Seed storage proteins, including prola-
mins, glutelins and globulins have been reported to constitute the third largest category of
endosperm-specific genes after transcription factors and stress responsive genes. Apart from
this, overrepresentation of CATGCA motif or the RY element has been seen in the promoters
of the endosperm-specific genes expressed from 7 DAP to 21 DAP. These genes show varied
molecular function, including hydrolase activity, nutrient reservoir activity and transcrip-
tion factor activity [42]. From these findings, it can be concluded that the endosperm starts
gathering storage material quite early in its development which continues till maturation.
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This continuous process is controlled by the collaborative efforts of several genes, pathways
and regulatory networks, which are primarily associated with synthesis and accumulation of
starch and proteins.

Towards the end of its development, after the complete size has been attained and storage
materials are being accumulated, the endosperm undergoes programmed cell death (PCD)
which is initiated from 16 DAP in cereal seeds [4, 51, 52]. This results in degeneration of the
storage cells of the endosperm surrounded by living cells of the aleurone layer. Although
PCD has been less explored in rice endosperm, some reports of PCD genes from pollen tis-
sues and rice protoplasts are available [11, 53, 54]. Transcriptome studies of endosperm have
detected several PCD related genes. AIP5, a positive regulator of PCD in the tapetum, has
been found to be up regulated, whereas, hsp70, a negative regulator of PCD in rice proto-
plasts, is down regulated in the endosperm. Apart from these, 11 PCD related genes have also
been found to express in the endosperm [12]. PCD has also been implicated to be influenced
by hormones. Ethylene and gibberellic acid have been suggested to be positive regulators and
abscisic acid has been shown to be a negative regulator of cell death [51, 55]. Up regulation of
six gibberellic acid pathway genes and down regulation of 20 abscisic acid pathway genes has
been observed in the 6 and 10 DAP endosperm tissue [12]. These results provide additional
support to the earlier reports and emphasize on the active involvement of these hormones in
the regulation of PCD in the endosperm.

6. Expression profiling unravels the complex molecular machinery
involved in grain filling

Quality of rice grains, the major human calorie provider is very significant in the present sce-
nario of ensuring global food security. Quality and quantity of grain production is majorly
dependent on the synthesis and storage of various macromolecules and minerals during the
grain filling stage. In rice, grain filling happens in the endosperm tissue and is regulated by
highly coordinated and synchronous pathways [4]. Endosperm acts as the nutrient reservoir
for the developing embryo initially and to the germinating embryo over the course of time.
Endosperm functions in the supply of nutrients to the growing embryo right from its syncytial
state. Growth and expansion of the endosperm cells are limited by programmed cell death in
mature seeds. Thus, the accumulation of storage reserve is dependent on the life span of endo-
sperm cells [56]. Understanding the intricate machineries involved in grain filling is imperative
in the identification and manipulation of the key regulatory pathways aimed at improving the
quality and productivity of the crop varieties available. Expression analyses serve as a promis-
ing tool facilitating the identification of candidate genes regulating grain filling process in rice.

Major reserves accumulating in seeds include carbohydrates, storage proteins and lipid
compounds. Biosynthesis of these storage macromolecules are coordinately controlled by
different TFs and other TRs. Expression profiling has shown the co-expression of different
TF genes including bZIP, Dof and MYB with many grain filling genes in rice [57]. Members
belonging to these protein families have shown to play significant roles in the regulation of
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storage protein and starch biosynthesis [57-59]. Additionally, genes involved in the biosyn-
thesis of macromolecules, various transporters for amino acid, sugar, phosphate, peptide,
nitrate and ABC transporters show enrichment in the grain filling stage [57]. Transporter
genes are essential for the uptake of nutrient and precursor molecules from the source tis-
sues. Expression profiling also gives information regarding the genes involved in specific
pathways. Furthermore, a detailed analysis can be useful in the identification of cis-ele-
ments enriched in specific process. Many of the grain filling genes contain a conserved
cis-element "AACA’ in their promoters, suggesting its importance in the process. AACA
element is essential for conferring the expression in rice seed [57, 60]. Transcript profiling
has also shown that the milling yield and eating quality of rice grains depends on the pro-
portion of starch and proteins in the grain. High quality rice grains contain a high composi-
tion of starch and protein biosynthetic transcripts. Massively parallel signature sequencing
(MPSS) and sequencing by synthesis (SBS) have shown a higher level of alternative splicing
and antisense transcripts for different metabolic genes in the high milling yield and eating
quality varieties. These transcripts belong to starch, aspartate amino acid, storage protein
and allergenic protein metabolism genes, indicating the complex transcriptional cascade
involved in the regulation of rice grain quality [61]. Thus, expression profiling has not only
improved our understanding in the grain filling process but also identified different tran-
scripts essential for the process. Many of these genes can also serve as potential markers for
the identification of superior rice varieties.

Grain chalkiness is another important agronomic trait influencing the market value of rice.
It negatively affects the consumer preference and culinary quality. Analyses have shown
the differential expression of a large repertoire of genes involved in signal transduction,
cell rescue/defense, transcription, protein degradation, carbohydrate metabolism and redox
homeostasis in a high chalky rice variety. Out of the different metabolic genes, starch metab-
olism genes can be considered as the major reason for grain chalkiness because of their
opposite expression pattern in varieties showing varying levels of chalkiness. The sucrose
and starch biosynthetic genes show up regulation in the chalky variety. Moreover, the non-
starchy polysaccharide transcripts show significant down regulation. Thus, the expression
profiling suggests a positive correlation of the starchy polysaccharide transcripts with the
chalky phenotype in rice grains. Additionally, the genes involved in oxido-reductive homeo-
stasis also show significant up regulation in the chalky rice variety [62]. Thus, transcript
profiling has the potential for the identification of candidate genes underlying a phenotype,
including grain chalkiness.

A delay in the expression of various genes involved in the transformation of sucrose to starch
has been identified as the major reason for poor grain filling in the inferior spikelets located on
the lower secondary panicle branches. RNA-Seq analysis shows the lower expression of these
genes in the inferior spikelets at an early stage of grain filling in comparison with the supe-
rior spikelets. However, it was reversed during the later stages of grain filling process. Low
capacity of the sink tissue and the associated limited carbohydrate supply at the later stages of
grain filling has been proposed as the probable reason for the poor filling of grains [63]. Thus,
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profiling of seed transcripts has greatly deepened our understanding of the molecular machinery
involved in seed filling and panicle branching. This has served to identify the cascade of TRs
involved in the process. It will definitely pave way for the identification of candidate genes
and their introgression for the production of improved variety with better consumer preference.

7. Dissecting out the effect of temperature stress on seed filling at the
molecular level using expression profiling

Plants are sessile organisms and show ideal growth and development only when they are grown
under optimal conditions. Temperature is one of the most important environmental factors which
has a great influence on the growth and development of various plant species. It has got much
attention because of the recent global warming. Rice grain weight and yield have been shown to
be greatly reduced by the environmental temperature. Grain filling process is more affected by
the increase in night temperature than by the day temperature, particularly. High temperature
reduces grain yield by impairing the filling process. Transcriptome profiling has greatly helped
in revealing the underlying mechanism of yield loss associated with high temperature stress.

An increase in the temperature affects the grain development process right from the opening
of the glumes till the grain filling stage. At high temperature, the glumes remain unclosed
which affects the germination rate as well as commercial quality of the seeds. Genes involved
in cell wall metabolism and response to water and carbohydrate metabolism are up regulated
following high temperatures stress [64]. A large number of genes show differential expression
in heat sensitive and tolerant cultivars in the early milky stage of the rice seed. These genes are
majorly involved in oxidation-reduction, metabolic, transport, transcript regulation, defense
response and photosynthetic processes. It has been shown that high temperature disrupts
the mitochondrial electron transport system. This further induces a higher concentration of
hydrogen ions in the matrix, which affects the functional state of different enzymes involved
in TCA cycle and other metabolic pathways [65]. Further, the elevated temperature has been
shown to negatively affect the grain filling process. Impairment in grain filling has been shown
to result from the shortage of storage material. RNA profiling shows the down regulation of
different genes involved in sucrose import and starch biosynthesis. Concomitantly, many of
the genes involved in starch degradation show up regulation in the heat sensitive variety.
Further, high temperature also results in the inhibition of the respiratory chain. This leads to
the inefficient production of energy/ATP, eventually leading to the poor filling in rice grains
[66]. An elevation in temperature can negatively affect the development of rice grains in dif-
ferent ways as non-closure of glumes or poor grain filling. Sequence profiling show the down
regulation of different genes involved in carbohydrate synthesis, sucrose transport and ETC
genes, altogether resulting in poor energy production in the system. Thus, profiling studies
have not only helped in understanding the mechanisms associated with poor grain filling and
elevated temperature but also serve as a promising tool for the identification of candidates for
improving the heat tolerant character in rice.
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8. Summary and concluding remarks

Transcriptome studies have gained momentum in the last decade by the advancements in
sequencing techniques, bioinformatics tools and functional genomics. This has strengthened
our knowledge of the seed development program by boosting data generation and interpreta-
tion. The outlook from these high-throughput studies is predominantly determined by the
tissues under investigation. Seed development process can be studied in entirety through
expression atlases. They provide information about the dynamics and specificity of transcrip-
tomes across a range of tissues/organs associated with the growth and development of rice
seed. Larger proportion of endosperm-specific genes obtained in comparative studies between
vegetative and seed stages indicate the amount of reprogramming happening at the molecular
level. The extent of involvement of various tissues in seed development as well as their molec-
ular relatedness can also be assessed by means of transcript profiling of tissues in groups. This
helps in visualizing the molecular changes occurring during progression of development in
rice seed through subsequent stages by highlighting the factors that undergo change or remain
constant. Several TFs and hormone-related genes show specific or preferential expression
in seed tissues indicating their active involvement with the process. Molecular interactions
between tissues, such as cross talk between embryo and endosperm, can also be revealed by
transcriptome atlases. However, for obtaining detailed information about the developmental
changes related to a particular tissue, it will be beneficial to study that tissue in isolation, as
it will be cost effective and less time consuming. Transcriptome studies of rice embryo and
endosperm have identified the genes and pathways that control various phases of their devel-
opment. Several MTases, including MET1, genes associated with DNA/chromatin remodeling
and homeobox TFs are up regulated in the initial stages of embryo development indicating
induction of genes associated with zygotic development and organ formation. Polarized
expression of various TFs, TRs and phytohormones, including auxin, GA and cytokinin, sug-
gests their role in establishing apical-basal polarity in the embryo. In the early and middle
stages of embryo development, pathways related to amino acid metabolism, lipid and energy
metabolism, nucleic acid replication/processing and signal transduction are up regulated,
while in the later stages, pathways related to starch biosynthesis and protein modification
are up regulated. Also, up regulation of ABA biosynthesis and down regulation of ethylene
biosynthesis in later stages suggests their antagonistic role in embryo maturation. Endosperm
development starts little later than embryo in seed development. Higher expression of cell
cycle related genes in the initial stages suggest that early endosperm development is mostly
concerned with cell division and expansion. Variable expression pattern of TFs, such as MADS,
AP2-EREBP, NACs and CCAAT, throughout different stages of endosperm development
emphasizes their specific roles throughout the process. Up regulation of PCD related genes,
starch and storage protein synthesis genes and carbohydrate and energy metabolism genes in
the middle and later stages suggests that these stages of endosperm development are active in
accumulation of storage reserves and programmed cell death.

Expression profiling studies performed till now have provided information about important
genes and pathways, interrelatedness of various processes and cross talks between the key
players. Nevertheless, obtaining a fully functional knowledge of this complex development
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process would require the enormous task of consolidation of the data generated by various
studies in a single platform uniting all the pathways and regulatory networks controlling dif-
ferent aspects of seed development and the functional validation of these genes.

Acknowledgements

IEM and AM acknowledge the Junior and Senior Research Fellowship from University Grants
Commission (UGC). PA thanks the Department of Biotechnology (DBT), India for grants sup-
porting research and NIPGR core grant.

Author details

Arunima Mahto', Iny Elizebeth Mathew"' and Pinky Agarwal*

*Address all correspondence to: pinky.agarwal@nipgr.ac.in

National Institute of Plant Genome Research, Aruna Asaf Ali Marg, New Delhi, India

t Both authors contributed equally to the manuscript.

References

[1]

2]

3]

[4]

[5]

Das P, Nutan KK, Singla-Pareek SL, Pareek A: Understanding salinity responses
and adopting ‘omics-based” approaches to generate salinity tolerant cultivars of rice.
Frontiers in Plant Science. 2015;6:712. DOL: 10.3389/fpls

Jacquemin J, Bhatia D, Singh K, Wing RA: The international Oryza map alignment
project: Development of a genus-wide comparative genomics platform to help solve
the 9 billion-people question. Current Opinion in Plant Biology. 2013;16:147-156. DOI:
10.1016/j.pbi

Agarwal P, Arora R, Ray S, Singh AK, Singh VP, Takatsuji H, Kapoor S, Tyagi AK:
Genome-wide identification of C2H2 zinc-finger gene family in rice and their phylog-
eny and expression analysis. Plant Molecular Biology. 2007;65:467-485. DOI: 10.1007/
s11103-007-9199-y

Agarwal P, Kapoor S, Tyagi AK. Transcription factors regulating the progression
of monocot and dicot seed development. BioEssays. 2011;33:189-202. DOI: 10.1002/
bies.201000107

Itoh J, Nonomura K, Ikeda K, Yamaki S, Inukai Y, Yamagishi H, Kitano H, Nagato Y. Rice
plant development: From zygote to spikelet. Plant & Cell Physiology. 2005;46:23-47.
DOI: 10.1093/pcp/pci501

39



40 Advances in Seed Biology

[6]

[10]

[12]

[13]

[17]

Sharma R, Agarwal P, Ray S, Deveshwar P, Sharma P, Sharma N, Nijhawan A, Jain M,
Singh AK, Singh VP, Khurana JP, Tyagi AK, Kapoor S. Expression dynamics of metabolic
and regulatory components across stages of panicle and seed development in indica rice.
Functional & Integrative Genomics. 2012;12:229-248. DOI: 10.1007/s10142-012-0274-3

Agarwal P, Parida SK, Mahto A, Das S, Mathew IE, Malik N, Tyagi AK. Expanding fron-
tiers in plant transcriptomics in aid of functional genomics and molecular breeding.
Biotechnology Journal. 2014;9:1480-1492. DOI: 10.1002/biot.201400063

Agarwal P, Parida SK, Raghuvanshi S, Kapoor S, Khurana P, Khurana JP, Tyagi AK. Rice
improvement through genome-based functional analysis and molecular breeding in
India. Rice (N Y). 2016;9:1. DOI: 10.1186/512284-015-0073-2

Fujita M, Horiuchi Y, Ueda Y, Mizuta Y, Kubo T, Yano K, Yamaki S, Tsuda K, Nagata T,
Niihama M, Kato H, Kikuchi S, Hamada K, Mochizuki T, Ishimizu T, Iwai H, Tsutsumi
N, Kurata N. Rice expression atlas in reproductive development. Plant & Cell Physiology.
2010;51:2060-2081. DOI: 10.1093/pcp/pcql65

Sato Y, Antonio B, Namiki N, Motoyama R, Sugimoto K, Takehisa H, Minami H,
Kamatsuki K, Kusaba M, Hirochika H, Nagamura Y. Field transcriptome revealed criti-

cal developmental and physiological transitions involved in the expression of growth
potential in japonica rice. BMC Plant Biology. 2011;11:10. DOI: 10.1186/1471-2229-11-10

Wang L, Xie W, Chen Y, Tang W, Yang ], Ye R, Liu L, Lin Y, Xu C, Xiao J, Zhang Q. A dynamic
gene expression atlas covering the entire life cycle of rice. The Plant Journal. 2010;61:752-766.
DOI: 10.1111/j.1365-313X.2009.04100.x

Gao Y, Xu H, Shen Y, Wang J. Transcriptomic analysis of rice (Oryza sativa) endosperm
using the RNA-Seq technique. Plant Molecular Biology. 2013;81:363-378. DOI: 10.1007/
s11103-013-0009-4

Wei T, He Z, Tan X, Liu X, Yuan X, Luo Y, Hu S: An integrated RNA-Seq and network
study reveals a complex regulation process of rice embryo during seed germination.
Biochem and Biophys Res Commun. 2015;464:176-181. DOI: 10.1016/j.bbrc.2015.06.110

Xue L], Zhang JJ, Xue HW. Genome-wide analysis of the complex transcriptional networks of
rice developing seeds. PloS One. 2012;7:e31081. DOI: 10.1371/journal.pone.0031081

Yang Y, Zhong J, Ouyang Y-D, Yao J. The integrative expression and co-expression analy-
sis of the AGO gene family in rice. Gene. 2013;528:221-235. DOI: 10.1016/j.gene.2013.07.002

Jiao Y, Tausta SL, Gandotra N, Sun N, Liu T, Clay NK, Ceserani T, Chen M, Ma L,
Holford M, Zhang HY, Zhao H, Deng XW, Nelson T. A transcriptome atlas of rice cell

types uncovers cellular, functional and developmental hierarchies. Nature Genetics.
2009;41:258-263. DOI: 10.1038/ng.282

Nobuta K, Venu RC, Lu C, Belo A, Vemaraju K, Kulkarni K, Wang W, Pillay M, Green
PJ, Wang GL, Meyers BC. An expression atlas of rice mRNAs and small RNAs. Nature
Biotechnology. 2007;25:473-477. DOI: 10.1038/nbt1291



[18]

[19]

[20]

[21]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Decoding the Transcriptome of Rice Seed During Development
http://dx.doi.org/10.5772/intechopen.70574

Locascio A, Roig-Villanova I, Bernardi J, Varotto S: Current perspectives on the hormonal
control of seed development in Arabidopsis and maize: A focus on auxin. Frontiers in
Plant Science. 2014;5:412. DOI: 10.3389/fpls.2014.00412

Santos-Mendoza M, Dubreucq B, Baud S, Parcy F, Caboche M, Lepiniec L. Deciphering
gene regulatory networks that control seed development and maturation in Arabidopsis.
The Plant Journal. 2008;54:608-620. DOI: 10.1111/j.1365-313X.2008.03461.x

Sun TP, Gubler F. Molecular mechanism of gibberellin signaling in plants. Annual Review
of Plant Biology. 2004;55:197-223. DOI: 10.1146/annurev.arplant.55.031903.141753

Uchiumi T, Okamoto T. Rice fruit development is associated with an increased IAA con-
tent in pollinated ovaries. Planta. 2010;232:579-592. DOI: 10.1007/s00425-010-1197-7

Vicente-Carbajosa ], Carbonero P. Seed maturation: Developing an intrusive phase to accom-
plish a quiescent state. The International Journal of Developmental Biology. 2005;49:645-
651. DOI: 10.1387/ijdb.052046jc

Sharma R, Mohan Singh RK, Malik G, Deveshwar P, Tyagi AK, Kapoor S, Kapoor
M. Rice cytosine DNA methyltransferases — gene expression profiling during repro-
ductive development and abiotic stress. The FEBS Journal. 2009;276:6301-6311. DOI:
10.1111/j.1742-4658.2009.07338.x

Nodine MD, Bartel DP. Maternal and paternal genomes contribute equally to the tran-
scriptome of early plant embryos. Nature. 2012;482:94-97. DOI: 10.1038/nature10756

Yuan J, Chen S, Jiao W, Wang L, Wang L, Ye W, Lu J, Hong D, You S, Cheng Z, Yang D-L,
Chen Z]. Both maternally and paternally imprinted genes regulate seed development in
rice. The New Phytologist. 2017. DOI: 10.1111/nph.14510

Zhao ], Xin H, Qu L, Ning J, Peng X, Yan T, Ma L, Li S, Sun MX: Dynamic changes of tran-
script profiles after fertilization are associated with de novo transcription and maternal

elimination in tobacco zygote, and mark the onset of the maternal-to-zygotic transition.
The Plant Journal. 2011;65:131-145. DOI: 10.1111/j.1365-313X.2010.04403.x

Kubo T, Fujita M, Takahashi H, Nakazono M, Tsutsumi N, Kurata N: Transcriptome
analysis of developing ovules in rice isolated by laser microdissection. Plant & Cell
Physiology. 2013;54:750-765. DOI: 10.1093/pcp/pct029

YuL, MaT, Zhang Y, Hu Y, Yu K, Chen Y, Ma H, Zhao J: Identification and analysis of
the stigma and embryo sac-preferential/specific genes in rice pistils. BMC Plant Biology.
2017;17:60. DOI: 10.1186/s12870-017-1004-8

Abiko M, Maeda H, Tamura K, Hara-Nishimura I, Okamoto T: Gene expression pro-
files in rice gametes and zygotes: Identification of gamete-enriched genes and up- or
down-regulated genes in zygotes after fertilization. Journal of Experimental Botany.
2013;64:1927-1940. DOI: 10.1093/jxb/ert054

Xu H, Gao Y, Wang J. Transcriptomic analysis of rice (Oryza Sativa) developing embryos
using the RN A-Seq technique. PloS One. 2012;7:30646. DOI: 10.1371/journal. pone.0030646

41



42  Advances in Seed Biology

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Itoh ], Sato Y, Hibara K, Shimizu-Sato S, Kobayashi H, Takehisa H, Sanguinet KA, Namiki
N, Nagamura Y. Genome-wide analysis of spatiotemporal gene expression patterns during
early embryogenesis in rice. Development. 2016;143:1217-1227. DOI: 10.1242/dev.123661

Arora R, Agarwal P, Ray S, Singh AK, Singh VP, Tyagi AK, Kapoor S. MADS-box gene fam-
ily in rice: Genome-wide identification, organization and expression profiling during repro-
ductive development and stress. BMC Genomics. 2007;8:242. DOI: 10.1186/1471-2164-8-242

Sano N, Ono H, Murata K, Yamada T, Hirasawa T, Kanekatsu M. Accumulation of long-
lived mRNAs associated with germination in embryos during seed development of rice.
Journal of Experimental Botany. 2015;66:4035-4046. DOI: 10.1093/jxb/erv209

Olsen OA. Endosperm development: cellularization and cell fate specification. Annual
Review of Plant Physiology and Plant Molecular Biology. 2001;52:233-267. DOI: 10.1146/
annurev.arplant.52.1.233

Del Rosario AR, Briones VP, Vidal AJ, Juliano BO. Composition and endosperm struc-
ture of developing and mature rice kernel. Cereal Chemistry. 1968;45:225-235

Cochrane MP, Duffus CM. The nucellar projection and modified aleurone in the crease
region of developing caryopses of barley (Hordeum vulgare var. distichum). Protoplasma.
1980;103:361-376

Wang HL, Offler CE, Patrick JW. The cellular pathway of photosynthate transfer in the
developing wheat grain. II. A structural analysis and histochemical studies of the pathway
from the crease phloem to the endosperm cavity. Plant, Cell & Environment. 1995;18:373-388

Opsahl-Ferstad HG, Le Deunff E, Dumas C, Rogowsky PM. ZmEsr, a novel endosperm-
specific gene expressed in a restricted region around the maize embryo. The Plant
Journal. 1997;12:235-246

Sabelli PA, Larkins BA. The development of endosperm in grasses. Plant Physiology.
2009;149:14-26. DOI: 10.1104/pp.108.129437

Jones RL, Jacobsen JV. Regulation of synthesis and transport of secreted proteins in
cereal aleurone. International Review of Cytology. 1991;126:49-88

Wang M, Oppedijk BJ, Lu X, Van Duijn B, Schilperoort RA. Apoptosis in barley aleu-
rone during germination and its inhibition by abscisic acid. Plant Molecular Biology.
1996;32:1125-1134

Nie DM, Ouyang YD, Wang X, Zhou W, Hu CG, Yao ]J. Genome-wide analysis of endo-
sperm-specific genes in rice. Gene. 2013;530:236-247. DOI: 10.1016/j.gene.2013.07.088

Nayar S, Sharma R, Tyagi AK, Kapoor S. Functional delineation of rice MADS29 reveals
its role in embryo and endosperm development by affecting hormone homeostasis.
Journal of Experimental Botany. 2013;64:4239-4253. DOI: 10.1093/jxb/ert231

Mathew IE, Das S, Mahto A, Agarwal P: Three rice NAC transcription factors heteromer-
ize and are associated with seed size. Frontiers in Plant Science. 2016;7:1638. DO1:10.3389/
fpls.2016.01638



[45]

[46]

[47]
[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

Decoding the Transcriptome of Rice Seed During Development
http://dx.doi.org/10.5772/intechopen.70574

Nakashima K, Yamaguchi-Shinozaki K. ABA signaling in stress-response and seed
development. Plant Cell Reports. 2013;32:959-970. DOL: 10.1007/s00299-013-1418-1

Guo ], Wang F, Song ], Sun W, Zhang XS. The expression of Orysa;CycB1;1 is essential for
endosperm formation and causes embryo enlargement in rice. Planta. 2010;231:293-303.
DOI: 10.1007/s00425-009-1051-y

Muntz K. Deposition of storage proteins. Plant Molecular Biology. 1998;38:77-99

Shewry PR, Napier JA, Tatham AS. Seed storage proteins: Structures and biosynthesis.
Plant Cell. 1995;7:945-956. DOI: 10.1105/tpc.7.7.945.

Smith AM. Making starch. Current Opinion in Plant Biology. 1999;2:223-229. DOI:
10.1016/51369-5266(99)80039-9

Mena M, Vicente-Carbajosa J, Schmidt R], Carbonero P. An endosperm-specific DOF
protein from barley, highly conserved in wheat, binds to and activates transcription

from the prolamin-box of a native B-hordein promoter in barley endosperm. The Plant
Journal. 1998;16:53-62

WeiCX, ZX X, Lan SY. Ultrastructural features of nucleus degradation during programmed
cell death of starchy endosperm cells in rice. Acta Botanica Sinica. 2002;44:1396-1402

Young TE, Gallie DR, DeMason DA. Ethylene-mediated programmed cell death dur-
ing maize endosperm development of wild-type and shrunken2 genotypes. Plant
Physiology. 1997;115:737-751

Li X, Gao X, Wei Y, Deng L, Ouyang Y, Chen G, Zhang Q, Wu C. Rice APOPTOSIS
INHIBITORS5 coupled with two DEAD-box adenosine 5'-triphosphate-dependent RNA
helicases regulates tapetum degeneration. Plant Cell. 2011;23:1416-1434. DOI: 10.1105/
tpc.110.082636

Qi Y, Wang H, Zou Y, Liu C, Liu Y, Wang Y, Zhang W. Over-expression of mitochon-
drial heat shock protein 70 suppresses programmed cell death in rice. FEBS Letters.
2011;585:231-239. DOI: 10.1016/j.febslet.2010.11.051

Steffens B, Sauter M. Epidermal cell death in rice is regulated by ethylene, gibberellin,
and abscisic acid. Plant Physiology. 2005;139:713-721. DOI: 10.1104/pp.105.064469

Kobayashi H, Ikeda TM, Nagata K. Spatial and temporal progress of programmed cell
death in the developing starchy endosperm of rice. Planta. 2013;237:1393-1400. DOI:
10.1007/500425-013-1854-8

Zhu T, Budworth P, Chen W, Provart N, Chang HS, Guimil S, Su W, Estes B, Zou G,
Wang X. Transcriptional control of nutrient partitioning during rice grain filling. Plant
Biotechnology Journal. 2003;1:59-70. DOI: 10.1046/j.1467-7652.2003.00006.x

Onodera Y, Suzuki A, Wu CY, Washida H, Takaiwa F. A rice functional transcriptional
activator, RISBZ1, responsible for endosperm-specific expression of storage protein
genes through GCN4 motif. The Journal of Biological Chemistry. 2001;276:14139-14152.
DOI: 10.1074/jbc.M007405200

43



44 Advances in Seed Biology

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

Vicente-Carbajosa J, Moose SP, Parsons RL, Schmidt R]. A maize zinc-finger protein
binds the prolamin box in zein gene promoters and interacts with the basic leucine zip-
per transcriptional activator Opaque2. Proceedings of the National Academy of Sciences
of the United States of America. 1997;94:7685-7690

Wu C, Washida H, Onodera Y, Harada K, Takaiwa F. Quantitative nature of the Prolamin-
box, ACGT and AACA motifs in a rice glutelin gene promoter: Minimal cis-element
requirements for endosperm-specific gene expression. The Plant Journal. 2000;23:415-421

Venu R, Sreerekha M, Nobuta K, Belo A, Ning Y, An G, Meyers BC, Wang GL. Deep
sequencing reveals the complex and coordinated transcriptional regulation of
genes related to grain quality in rice cultivars. BMC Genomics. 2011;12:190. DOIL:
10.1186/1471-2164-12-190

Liu X, Guo T, Wan X, Wang H, Zhu M, Li A, Su N, Shen Y, Mao B, Zhai H, Mao L, Wan
J. Transcriptome analysis of grain-filling caryopses reveals involvement of multiple reg-
ulatory pathways in chalky grain formation in rice. BMC Genomics. 2010;11:730. DOI:
10.1186/1471-2164-11-730

Sun H, Peng T, Zhao Y, Du Y, Zhang ], Li ], Xin Z, Zhao Q. Dynamic analysis of gene
expression in rice superior and inferior grains by RNA-Seq. PloS One. 2015;10:e0137168.
DOI: 10.1371/journal.pone.0137168

Fu C, Wang F, Liu W, Liu D, Li ], Zhu M, Liao Y, Liu Z, Huang H, Zeng X, Ma X:
Transcriptomic analysis reveals new insights into high-temperature-dependent glume-

unclosing in an elite rice male sterile line. Frontiers in Plant Science. 2017;8:112. DOI:
10.3389/fpls.2017.00112

Liao JL, Zhou HW, Peng Q, Zhong PA, Zhang HY, He C, Huang Y]. Transcriptome
changes in rice (Oryza sativa L.) in response to high night temperature stress at the early
milky stage. BMC Genomics. 2015;16:18. DOI: 10.1186/s12864-015-1222-0

Yamakawa H, Hakata M. Atlas of rice grain filling-related metabolism under high tem-
perature: Joint analysis of metabolome and transcriptome demonstrated inhibition of
starch accumulation and induction of amino acid accumulation. Plant & Cell Physiology.
2010;51:795-809. DOI: 10.1093/pcp/pcq034



