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Seed Filling
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Abstract

The synthesis of seed storage reserves occurs during seed filling, and many seeds
contain large and characteristic levels of polymeric reserves. Storage reserves are found
in the endosperm of cereal seeds and in the endosperm and/or cotyledons of dicot seeds
depending of the plant crop species. Recently progress has been made in understanding
the complex network of genetic regulation associated with seed filling. These advances
in storage reserve quantity and nutrient quality contribute to a comprehensive under-
standing of reserve composition, synthesis, and regulation. Phytohormones such as
abscisic acid (ABA), cytokinin, gibberellic acid, Indole-3-acetic acid (IAA), ethylene
and their interactions play critical roles in seed filling and development. At different
stages of seed development, the levels of different hormones such as ABA, IAA zeatin
and zeatin riboside changes gradually from the beginning of the process to maturity. In
addition, the quality and yield of seed storage reserves are significantly affected by the
environmental conditions before and during the synthesis of the reserves. Given the
fateful importance of seed storage reserves for food and feed and their use as sustainable
industrial feedstock to replace dwindling fossil reserves, understanding the metabolic
and developmental control of seed filling will be an important focus of plant research.

Keywords: early maturation, environmental factors, genetic regulation, plant
hormones, storage reserves

1. Introduction

Seed development is divided into three stages: embryogenesis, which includes
embryo development, early maturation, or seed filling, which includes the accu-
mulation of storage reserves; and late maturation, which includes seed desiccation
and the transition to dormancy. After seed filling and desiccation, seed longevity
increases up to 30-fold and places the embryo in a dormant state. The seed filling
period accounts for between 10 and 78% of the total seed development period, but its
importance during seed filling is still overlooked. Seed filling is a crucial stage for all
seed plants, involving the synthesis of carbohydrates, lipids, and proteins, as well as
the mobilization and accumulation of various components in the developing seeds.
Although the metabolic pathways responsible for the synthesis of storage molecules
are well known, their regulation is not well understood. Although seed filling is under
genetic control, these developmental processes are influenced by the environmental
factors, such as heat and drought stress. Therefore, environmental factors have major
impacts on the qualitative and quantitative characteristics of seed development and
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yield. Optimizing the rate and duration of seed filling could provide high and stable
yields by reducing the potential negative effects of late maturation and maximizing
the assimilation of metabolites formed by photosynthesis. Therefore, the rate and
duration of seed filling are important determinants of seed quality and yield in many
plants. In addition, understanding the complex processes during seed filling could
help develop high-yielding cultivars under stress conditions.

In this chapter, we will attempt to summarize recent developments in the follow-
ing areas: synthesis of storage reserves, genetic regulation, role of phytohormones,
and effects of environmental factors to expand our understanding of these processes
during seed filling. Given the emergence of new approaches to the study of seed
filling and the tremendous growth of this topic in recent years, our discussion will
inevitably be largely incomplete, and we apologize in advance to our colleagues.

2. Synthesis of storage reserves during seed filling

The main carbon source for biosynthesis and nutrient accumulation in seeds is
sucrose, which is produced by the products of photosynthesis in plants. Sucrose is
transported from the vegetative parts where photosynthesis occurs to the developing
seeds. In cereals and legumes, nitrogen is transported to seeds mainly in the form of
asparagine and glutamine; in some species, alanine may also serve as a nitrogen source
[1]. Cerelas obtain nitrogen from organic or chemical fertilizers. Ureides, allantoin,
and allantoic acids are the major forms of organic nitrogen transport in legumes [2,
3], and about 10-15% of organic nitrogen is transported as ureides in soybean and
cowpea. Nitrogen-fixing symbiotic Rhizobium in nodules produce ammonium used
for purine and uric acid synthesis, and uric acid is transported to neighboring unin-
fected cells to synthesize allantoin in peroxisomes [4].

During seed filling, carbohydrates are constantly transported from vegetative
parts, so the conversion and accumulation of photosynthetic products varies greatly
among plant species. In wheat and barley, the net photosynthetic activity in the flag
leaf and spike is quite high, while the sugar produced in the leaves below the tassel
makes a lower photosynthetic contribution to the grain in maize. However, sugars
produced in the leaves enveloping the cob are efficiently transported to the develop-
ing seeds. In legumes, sucrose is deposited in the form of starch in the leaves and
pods, and nitrogen is stored in the leaves and remobilized to the developing seeds.

Vascular tissues transport nutrients and water and terminate in the placento-
chalazal region and seed coat of monocotyledons and dicotyledons, respectively.
Nutrients are transported and released into the apoplast and taken up by the develop-
ing endosperm and embryo during seed filling. Vascular tissues across the develop-
ing grain facilitate the transport of nutrients to the endosperm in winter cereals.
Specialized transfer cells facilitate the transport of nutrients from the pedicel to the
endosperm in warm-season cereals. In legumes, reserves are accumulated in the coty-
ledons and nutrients are transported via vascular tissue to the funiculus, from where
they enter the apoplast space and are then redistributed in the developing seed.

Seeds must have long-term energy stores in the form of starch, lipids, or hemicel-
lulose to ensure successful germination and seedling development. These carbon
sources are stored in the cotyledons or endosperms of most plant species. The con-
version of assimilated carbon, usually in the form of sucrose, into various storage
compounds in different tissues is regulated by complex interactions of gene expres-
sion and metabolic activity during seed development [5-7]. Starch is present in most
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plant tissues as a carbon storage compound and can account for up to 70% of the dry
weight of seeds in many cereal grains [8].

The structure and composition of starch, which is inert and insoluble in water,
makes it an ideal storage material that allows large amounts of sugars to be stored in
cells without negatively affecting the dissolution potential in seeds. Starch accumula-
tion begins in endosperm cells shortly after fertilization and rapid cell division [9, 10].
The number of endosperm cells can be used as an indicator of yield. The cell division
phase is completed within 2-6 days after pollination (DAP), but cell volume continues
to increase until maturity (~35-40 DAP) [11]. Accumulation of storage reserves usu-
ally occurs between 10 and 35 DAP [1].

2.1 Starch synthesis

There are at least four groups of enzymes involved in starch synthesis in plants.
They are ADP-glucose pyrophosphorylases (AGPase), starch synthases (SS), starch
branching enzymes (SBE) and starch debranching enzymes (DBE) (Figure1). Plants
usually have several isozymes of each group, 14 forms of these enzymes (2 AGPase,
5SS, 3 SBE ve 4 DBE) are involved in starch synthesis and 13 of them show varying
degrees of homology in all plans [13]. Sucrose is used as a substrate for starch forma-
tion to produce straight-chain amylose and branched amylopectin in seeds (Figure1A).
In cell cytosols, sucrose is converted to fructose (Fru) and uridine diphospho glucose
(UDPGIc) by sucrose-UDP glucosyltransferase.

Fructose is phosphorylated by hexose phosphate isomerase to Glc-6-P and to Fru-6-P,
which is converted to Glc-1-P by phosphoglucomutase. UDPGIc is also converted to
Glc-1-P by UDPGIc pyrophosphorylase (UGPase). The first step of starch synthesis is
the formation of ADP-glucose by AGPase [14]. The reaction catalyzed by AGPase is the
first stable step in the biosynthesis of both temporarily stored starch in chloroplasts and
chromoplasts and starch stored in amyloplasts. This enzyme is located in the plastids of
photosynthetic tissue and has different forms in seeds, therefore its cellular location may
vary in different plants. While most of the AGPase is found in the plastids of potato and
pea, it is mainly located in the cytoplasm in maize, barley, and rice [15]. The enzyme
carries out the following reaction: Plastid alkaline conversion of inorganic pyrophosphate
(PPi) to inorganic phosphate (Pi) maintains the balance in favor of ADP-glucose synthesis
through the action of inorganic pyrophosphatase [16], which can be transported through
the plastid envelope [17]. The conversion of ADP-glucose occurs in the amyloplasts of
storage cells of dicotyledons (Figure 1), while it occurs in the cytosols and plastids of
endosperm cells of cereals (Figure1). APGase is a heterotetrameric protein consisting
of two large (APG-L) and two small (APG-S) subunits encoded by two different genes
[18]. Plastidial AGPase is found in all starch-synthesizing tissues, but there are at least two
different AGPases, corresponding to plastidial and cytosolic isoforms of AGPase present
in the developing endosperm of maize [19], barley [20], rice [21], and wheat [22]. Starch
synthesis by cytosolic AGPase depends on PPi-consuming reactions catalyzed by fruc-
tose-6-phosphate, 1-phosphotransferase, and UDP-glucose pyrophosphorylase for starch
biosynthesis [23, 24]. The cytosolic AGPase isoform is responsible for 65-95% of the total
AGPase activity in the developing cereal endosperms. Consequently, most starch biosyn-
thesis occurs through the import of ADP-glucose in exchange for ADP, which is a byprod-
uct of starch synthase in plastids [25, 26]. Starch biosynthesis in non-graminaceans
depends on plastidial AGPase and the import of ATP and hexose phosphates from the
cytosol (Figure 1). The forms and activity of APGases can vary in different parts of the
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Figure 1.

Biosynthesis of starch in monocotyledons (A) and dicotyledons (B). (A) Monocotyledons have the cytosolic form
of AGPase. ADP-glucose is taken up from the cytosol via the ADP-glucose/ADP transporter pathway (Bt1). (B)
Hexose-phosphates and ATP ave transferred from the cytosol into the plastid via the Glc 6-P/Pi antiporter (1)
and the ATP/ADP transporter (2), which are located in the plastid inner envelope membrane. Cytosolic and
plastidial isoforms of phosphoglucomutase (PGM) convert Glc 1-P and Glc 6-P into each other. Pi produces the
pyrophosphate produced by AGPase. ADP is produced as a byproduct of starch synthase activity (SS). The starch
synthases use ADP-glucose to form amylopectin with starch branching and debranching enzymes [12].

same plant because there are several genes encoding large and small subunits of APGases
[27-29]. The APG-L subunits have specific expression patterns in different tissues, such as
leaves, roots and endosperm of cereals [28, 30-32], or their expression levels are regulated
under specific conditions, such as sugar content in potato [33, 34].

Starch synthases catalyze ADP-glucose to glucans and these are eventually used to
synthesize water-insoluble amylose and amylopectin. Granule-bound starch synthases
(GBSSI and GBSSII) produce and extend the amylose chain [35, 36]. Plants carrying a
mutant form of GBSS corresponding to the waxy gene in cereals, do not produce amylose.
They may also be involved in the elongation of glucans in various plants such as rice [37].
Another group of starch synthase enzymes (SSI-SSIV) is encoded by several genes and
plays different roles in the formation of amylopectin in different tissues and develop-
mental stages [38]. SSI produces short glucan (Glc) chains (<10). The first synthesized
amylopectin is water-soluble and is elongated by SSII and SSIII to form water-insoluble
amylopectin. Besides starch, there are other types of carbohydrates in the seeds of cereals
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and legumes, such as glucans and arabinoxylans. However, their amounts in the seeds
does not exceed 10%, which is why they are not considered storage carbohydrates.

2.2 Lipid synthesis

Sucrose in seeds is used as a carbon source for the synthesis of triacylglycerols
(TAGs). Lipid synthesis occurs in three steps: glycerol skeleton formation, fatty acid
synthesis, and esterification of fatty acids and glycerol to complete lipid synthesis.

2.2.1 Glycerol synthesis

Glycerol synthesis reactions can occur in more than one way in plants, with the
most common pathway being the fructose diphosphate (FDP) pathway. It is also known
as the EMP pathway, after Emden-Meyerhof-Parnas, who discovered the pathway.
Glucose is converted to fructose and enriched in energy by phosphorylation, then
fructose-1,6-diphosphate is cleaved by aldolase to produce dihydroxyacetone phosphate
(DHAP) and glyceraldehyde-3-phosphate (GAP), each with 3 carbons (Figure 2). The
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Figure 2.
Production of gylecerol from glucose [39].
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two triose-phosphates are in equilibrium with each other and the equilibrium is main-
tained by triose-phosphate-isomerase. DHAP is converted to glyceraldehyde phosphate
by 3-phospho-glyceraldehyde dehydrogenase, and glyceraldehyde phosphate is further
converted by phosphotosis to yield glycerol and orto-phosphate [39].

2.2.2 Fatty acid synthesis

Acetyl-CoA is used as a starting material for fatty acid synthesis. Glucose pro-
duced by photosynthesis is first converted to pyruvic acid and then to acetyl-CoA.
Saturated fatty acids such as palmitate, stearate and oleate are produced from acetyl-
CoA by acetyl-CoA carboxylase and fatty acid synthase (FAS) in the chloroplast of
plants. The elongation of fatty acids to longer-chain fatty acids is catalyzed by elon-
gases, and fatty acid desaturases (FAD) produce unsaturated fatty acids by inserting
double bonds (desaturation) between carbon atoms (Figure 3) [40].

2.2.3 Lipid (triacylglycerol) synthesis

Lipids (triglycerides) are formed by combining a glycerol with three fatty acids via
ester linkages. Glycerol and free fatty acids do not combine to form lipids, and glycerol-
3-phosphate (G-3-P) and fatty acids bind to coenzyme A (fatty acyl-CoA) or acyl-
bearing protein (ACP). The precursor of all fatty acids in seeds is acetyl-CoA, which is

Photosynthesis —> Glucose — Pyruvic acid W

Acetyl-CoA

Palmitate
Desaturase 16:0
Elongase

. Stearate
Palmitoleate 18:0

. 9
16:1(A°) Desaturase

Oleate
18:1(A°)
Desaturase

Linoleate

Desaturcy 18:2(A%12) Desaturase

a'lL,';.'-,?(IZQ?ffs) y-Linolenate
: 18:3(A%%12)

\L \L Elongase
Eicosatrienoate
20:3(A31119)

y

Arachidonate
20:4(A5,8,11,14)

Other lipids

Figure 3.
Production of fatty acids from glucose in plants [40].
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derived from sucrose in plants. After sucrose is transported into the developing seed,

it is converted to hexose phosphate (Glc-6-P) and triose phosphate (Triose-P) in the
plastids. The dihydroxyacetone phosphate is then reduced to yield glycerol-3-phosphate
(G-3-P) in the cytosol. G-3-P is then esterified with three fatty acids in the endoplasmic
reticulum to form triglycerides. Accumulation of G-3-P is an important limiting factor
for the formation of new triglycerides. Glc-6-P is usually transferred to the plastids,

but in some species it may also be converted to other intermediates in the cytosol or
mitochondria. The first product for fatty acid synthesis is acetyl-CoA, which provides
the 2C-acyl groups for the fatty acid chain. The first coupling step in fatty acid biosyn-
thesis is the carboxylation of acetyl-CoA carboxylase (ACCase) to form malonyl-CoA.
It is then converted to malonyl-ACP by addition of ACP with malonyl transacylase.
Several enzymes are involved in a FAS complex that adds 2C to the extended chain and
increases the length of the fatty acid at each cycle. Fatty acids are released from the ACP
complex by acyl-ACP trioesterase (FAT) (Figure 4) [1, 40-44].

2.3 Protein synthesis

The synthesis and accumulation of storage proteins in seeds can vary due to genetic
and environmental factors during seed filling. Synthesis of storage proteins occurs in
specific tissues and depending on the stage of cell expansion during seed filling. During
seed filling, endosperm, cotyledons, and embryo accumulate various proteins, includ-
ing storage proteins, acid hydrolases, plant defense proteins and other reserve materials
or metabolites. Vacuoles are the major storage organelles in seeds. Seed storage proteins
undergo various modifications, including cleavage of signal peptides, glycosylation,
folding, disulfide bond formation, and other proteolytic processes. These post-trans-
lational modifications are essential for seed protein functions (e.g., hydrolytic enzyme
activity) and often have profound effects on seed protein accumulation in parenchymal
storage cells (e.g., storage proteins). Proteins are transported simultaneously or shortly
thereafter to the plastids, mitochondria, nucleus, and peroxisome/glyoxisome within
plant cells by direct recognition through specific targeting signals. In contrast, trans-
port to the vacuole and cell surface occurs through the endomembrane system with the
endoplasmic reticulum, golgi complex, and transport vesicles. Proteins transported
through the endomembrane system are synthesized on polyribosomes associated with
the endoplasmic reticulum and first migrate into the lumen and enter the secretory
system. In addition to seed storage proteins, other seed proteins are also transported
via the secretory pathway during seed development, including those destined for the
tonoplast (vacuolar membrane), plasma membrane, and cell wall matrix [45].

2.3.1 Cleavage of signal peptides

In most cases, the signal peptide is cleaved from the nascent polypeptide chain
upon leaving the endoplasmic reticulum by a protease (signal peptidase) located on the
inner surface of the membrane. The cleavage usually occurs in the C-terminal region,
which allows further processes such as folding and assembly of the protein [46].

2.3.2 Protein folding and assembly

In order to have a three-dimensional structure and function, all proteins must
undergo protein folding. With few exceptions, protein folding and assembly occur in
the lumen of the endoplasmic reticulum and contribute to protein stability and efficient
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Figure 4.

Synthesis of fatty acids and oils in intracellular organelles duving the seed filling period after fertilization. 1: FAD
engymes, 2: hydroxylase enzymes, 3: elongase complex enzymes, FAD: fatty acid desaturases, Glc-6-P: glucose-6-
phosphate, PEP: phosphoenol pyruvate, OAA: oxaloacetate, ACP: acyl carrier protein, CoA: coenzyme A, FAT:
fatty acyl thioesterase [1].

transport [1, 45-49]. Many plant vacuolar proteins, including storage proteins are
oligomers, most of which are oligomerized in the endoplasmic reticulum. Chaperone
proteins in the endoplasmic reticulum promote proper folding of polypeptides, and pro-
tein disulfide isomerase (PDI) forms disulfide bonds within and/or between peptides
using the -SH groups of cysteines. The function of chaperones depends on their ability
to recognize a variety of nascent polypeptides that do not share unique similarities,
while accurately discriminating between properly folded and unfolded structures [50].

2.3.3 Glycosylation

Glycosylation is a commonly used modification of vacuolar proteins in seeds. The
asparagine residue is used for N-linked glycosylation, and vacuolar glycoproteins
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usually have both high mannose content and complex N-linked glycans [46, 48, 49].
This process occurs in the lumen of the endoplasmic reticulum because the polypep-
tide is still in translation and contains a lipid carrier molecule (dolichol phosphate).
There are two main types of oligosaccharide side chains: simple or mannose-rich
oligosaccharides, which consist of mannose and N-acetyl-glucosamine, and complex
or modified oligosaccharides, which are usually rich in mannose but also contain
other residues such as fucose, xylose, and galactose. These oligosaccharide side chains
may be found on the same polypeptide [45]. Glycosylation is thought to increase the
stability of proteins and assist them in folding and assembly [1].

2.3.4 Proteolytic cleavage

Seed proteins transported by the secretory pathway are often subject to post-
translational proteolytic cleavage, including storage proteins, seed defense proteins,
and various vacuolar enzymes (a-mannosidase and thiol proteases). For seed
storage proteins, the process begins during the transition to the vacuole and is
completed in the vacuole [51]. Polypeptides can be split into two or three smaller
peptides, some peptide chains can be removed, and the N- or C-terminus of pep-
tides can be truncated [51, 52]. These modifications, together with glycosylation,
could lead to a heterogeneous pool of mature proteins derived from a single poly-
peptide. Among storage proteins, 2S albumins undergo the largest posttranslational
modifications [1, 45].

2.3.5 Formation of disulfide bonds

Many seed proteins must have disulfide bonds to stabilize their tertiary and
quaternary structures. Disulfide bond formation occurs through disulfide isomerase,
which promotes disulfide formation, isomerization or reduction, in newly formed
proteins [53]. The enzyme interacts with unfolded proteins in the endoplasmic reticu-
lum and catalyzes thiol oxidation and disulfide exchange reactions.

3. Genetic regulation during seed filling

Filling occurs when embryonic development is complete in the seed. Seed filling is
under genetic control and is tied to changes in storage reserves. Seed filling is regu-
lated by a network of signals mediated by various hormones [54, 55]. Basic research
and information on differentiation, growth, and signal transduction related to seed
filling and development is derived from studies in Avabidopsis thaliana, and there
are sufficient reports to suggest that the major mechanisms regulating filling and
development are similar in all plant seeds [55-57]. Recent developments in molecular
genetics and genomics have led to a better understanding of the processes that occur
during seed filling and development and offer opportunities to control and modify
seed quality as well [58]. In addition, understanding the genetic factors that influence
seed development could help breeders manipulate filling rate and duration to obtain
higher yielding varieties.

Plotting phenotypic values on the growth curve throughout the duration of seed
filling and analyzing the results using quantitative genetic approaches is a good
strategy for exploring a time-dependent trait [59] to understand seed filling. Gene
expression regulating storage reserves during seed filling is interrelated [54, 55, 60]
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and many known genes are expressed in the endosperm of flowering plants (Table1). In
Arabidopsis, four major regulators (ABSCISIC ACID INSENSITIVE3 [ABI3], FUSCA3
[FUS3], LEAFY COTYLEDON1 [LEC1], and LEC2) control many aspects of seed
development, such as the accumulation of storage molecules, cotyledon identity,

and the transition to desiccation tolerance and dormancy [66]. The ABI3, FUS3,
LEC1, and LEC2 network of regulators has the common phenotypic effect of reduced
expression of seed storage proteins. In addition, the main role of the LEC2 regulatory
network is to up-regulate FUS3 and ABI3. In Arabidopsis, several genes have been
identified, such as the FERTILIZATION INDEPENDENT SEED (FIS) genes MEDEA
(MEA) (67, 68], FERTILIZATION INDEPENDENT ENDOSPERM (FIE) [69], FIS2
and MULTI-COPY OF IRA1 (MSI1) [70, 71], MEA homologs CURLY LEAF (CLF) or
SWINGER (SWN) [72], and MATERNALLY EXPRESSED PAB C-TERMINAL (MPC)
[73] and FLOWERING WAGENINGEN (FWA). These genes are all involved in seed
filling and early seed development in plants [74, 75].

DNA methylation is also one of the first recognized epigenetic modifications that
affect gene expression by determining chromatin structure and compartmentaliza-
tion of DNA during seed filling [55, 76]. METHYLTRANSFERASE1 (MET1) is the
major methyltransferase gene in Arabidopsis [77] and DNA methylation by MET1 is
involved in epigenetic control of seed size [78]. Transcriptome dynamics during seed
filling have been described in several crops. As observed in barley and wheat seeds,
the transition from cellular differentiation to filling in rice seeds is associated with
changes in gene expression patterns [79, 80]. Using microarray technology, more than
20.000 genes associated with seed filling have been identified in rice, many of them
related to metabolic pathways of carbohydrates and fatty acids [81]. The results of
cluster and correlation analysis of these genes revealed 269 genes associated with seed
filling [81]. In alfalfa, cluster analysis identified 5165 genes involved in seed filling,
and most of these genes were associated with metabolic pathways of proteins for
seed storage [58, 82]. The major regulators of gene expression are miRNAs and their
expression has been studied in some crops [83], including rice, wheat, and maize
[83-85]. Members of the miR156 family are specifically expressed during seed filling
in rice by targeting genes of the squamosal promoter-binding protein-like (SPL)
family. One of these genes, SPL16, controls cell proliferation during seed filling,
and increased expression of SPL16 correlates positively with grain yield in rice [86].
miR397 enhances brassinosteroid signaling by down-regulating the laccase (LAC)
gene, which increases grain yield in rice [87]. Also, the expression levels of miR156,
miR164, miR166, miR167, and miR1861 suggest that they play regulatory roles in rice
during seed development and filling [84].

The major storage reserves accumulated during seed filling are storage proteins,
lipids (generally TAGs), and carbohydrates (generally starch). Regulatory networks
controlling seed filling are repressed prior to germination to prevent the accumulation
of reserves during the vegetative development. Therefore, studies of gene expres-
sion during seed filling in tissues at the vegetative developmental stage may provide
insight into the regulatory mechanisms underlying seed filling. The transcription
factor WRINKLED1 (WRI1) plays an important role in fatty acid accumulation dur-
ing seed development in A. thaliana [88]. Genetic and molecular studies suggest that
WRI1 is a target of LEC2, ABI3, FUS3, and LEC2 to regulate oleosin expression and
lipid accumulation [88]. In Arabidopsis, mutations in LEC1, LEC2 and FUS3 resulted
in decreased accumulation of storage proteins and TAGs [89, 90]. Synthesis of fatty
acids in lipid metabolism during seed filling occurs through stimulation of fatty acid
synthase or acyl carrier protein genes [58].
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Plant Gene fullname Gene symbol Proposed gene function/ References
description
Pisum TRYPTOPHAN TAR2 Expression of the auxin [61]
sativum AMINOTRANSFERASE biosynthesis gene (TAR2)
RELATED? is promoted by trehalose

6-phosphate, and affects auxin
concentration by mediating
the activation of storage
processes in seed filling

Glycine WRINKLED1 WRI1 Regulates fatty acid [62]
max accumulation and hormone

signaling
Zea — ZmABI19 Acts as a seed filling start [63]
mays regulator. Also, involved in

the accumulation of starch
and fatty acids, and in
signal transduction of plant

phytohormones
Oryza SUPER STARCHY1/ SS1/ONACO025 Seed-specific gene in rice that [64]
sativa ONAC025 promotes seed filling and

adversely affects vegetative

growth
Triticum Storage protein SPR TuSPR expressed in [65]
urarvtu repressor endosperm during seed filling,

suppresses the synthesis of
seed storage proteins

Table 1.
Some genes involved in seed filling regulation.

Sugar molecules can act as signaling molecules that regulate genes expressed in
photosynthesis and metabolism. High sugar content promotes starch biosynthesis,
while it has a negative effect on photosynthesis. Low sugar content increases the
expression of genes related to photosynthesis and promotes the transport of seed
reserves, while it limits the metabolic processes of carbohydrates [91]. Sucrose
content controls cell differentiation and filling processes in seeds by altering gene
expression and enzyme activities [92]. In faba bean, pea, and barley seeds, sucrose
initiates gene expression regulating seed storage reserves and triggers the transi-
tion from embryogenesis to seed filling [93, 94]. Sucrose induces gene expression of
globulin and albumin proteins, and LEC1, LEC2 and FUS3 are important regulators of
sucrose in Arabidopsis [95]. Sucrose is also imported and converted to starch in endo-
sperm during seed filling [96]. In Arabidopsis, mutations in sucrose transporter gene
(AtSUC5) delayed the conversion of sugars to lipids, and the AtSUC5 gene is involved
in seed filling [97]. In rice, AGPS2/shrunken2 (starch synthesis gene) is upregulated
during the period of increasing seed dry weight [98]. Two rice sucrose synthase (SUS)
genes are expressed, one at the early stage of seed filling and the other during seed
filling, but not in the endosperm [81]. The GRMZM?2G391936 and GRMZM2G008263
genes are involved in starch and sucrose metabolism during seed filling in maize [59].
The gene GRMZM2G008263 is the starch synthase gene responsible for the produc-
tion of amylose and is found only in starch grains [59]. The GRMZM2G391936 gene
encodes the large subunit of ADP-glucose pyrophosphorylase (AGPase). Alteration

11



Seed Biology Updates

of AGPase activity can increase the yield of starchy plants [99-101]. Trehalose-6-
phosphate synthasel (tps1) mutants demonstrated the importance of sugar signaling
molecules during seed filling by down-regulating genes for starch-sucrose deg-
radation and up-regulating genes for lipid mobilization to produce glucose [102].
Therefore, sugars as signaling molecules are important regulators during seed filling.

The amino acid content and the composition of the seed storage proteins influence
the nutritional value of the seeds. Storage proteins are synthesized during seed filling
and deposited in endosperm tissues. The rate of amino acid synthesis controls the rate
and yield of storage protein synthesis. The phosphoenol pyruvate carboxylase (PEPC)
enzyme is a critical factor in the biosynthesis of storage proteins in soybean, pea,
faba bean, and wheat. Therefore, PEPC can be used to increase the protein content
of seeds. Overexpression of PEPC in bean seeds results in up to 20% higher protein
content per gram dry weight due to increased sugar/starch and free amino acid
content [103], which led to the identification of an important marker for the transi-
tion from seed filling to the drying stage. Up-regulation of genes involved in amino
acid metabolism (such as the amino-transferase gene) during seed filling in alfalfa
results in increased amino acid synthesis, which is required for the production of seed
storage proteins [58]. In maize, the expression level of marker genes for amino acid
synthesis during seed filling has been studied [104]. One of these genes, ZmAS1, was
expressed in both cobs and kernels, while others, ZmAS2 and ZmAS3, were expressed
in kernels. In alfalfa seeds, most of the storage reserves accumulate between 14 and
36 DAP in the embryo at the seed filling stage [105]. The stress-associated protein 1
(MtSAP1) gene of alfalfa directly regulates the accumulation of seed storage proteins
[106]. Phaseolin is the major seed storage protein in bean and the phaseolin (phas)
gene is not expressed during the vegetative phase of plant development [107].

Genes responsible for the accumulation of storage proteins and lipids during seed
filling are controlled by cis-acting elements in promoters. Well-characterized cis-
elements are the RY repeats (CATGCA), the ACGT box (CACGTG), and the AACA
motifs, controlled by the B3, bZIP, and MYB domain transcription factors, respec-
tively [55]. For example, silencing of the phas gene in vegetative tissues has been
associated with the presence of TATA boxes in the phas promoter [108].

Abscisic acid (ABA) is a key hormone involved in the regulation of several pro-
cesses of seed development, such as maturation and reserve accumulation [109]. In
Avrabidopsis, barley and bean seeds CYP707A genes regulate ABA degradation in the
embryo and endosperm [110-112]. In addition, gibberellins (GA) and ABA are also
involved in cell differentiation and grain filling processes [112, 113]. While the level
of GA is suppressed during seed filling, the level of ABA increases. In Arabidopsis,
the biosynthesis of GA is controlled by the expression of the AtGA20x6 gene, but its
expression is controlled by ABA levels [114]. Auxin is also involved in the seed filling
process and interacts with the transcription factors LEC2 and FUS3 [55, 115]. The
transcription factor ABI3 is involved in auxin signaling [116]. Expression of LEC2
activates auxin-related genes [117] and auxin activates the expression of FUS3 [118].

Flavonoids such as proanthocyanidins and anthocyanins are accumulated in seeds
during seed filling. In alfalfa, several genes such as MtWD40-1 [119], MtMYB5 and
MtMYB14 [120], MtPAR (a regulator of proanthocyanidin accumulation through
its effect on MtWD40-1; [121]) have been identified to be involved in the proantho-
cyanidin biosynthetic pathway during seed filling. In addition, genes for flavonoid
biosynthesis have been identified, including chalcone synthases (Mtr42237.1.51_at),
chalcone isomerases (Mt740331.1.51_at), and flavonol synthases (Mtr45897.1.S1_at)
in alfalfa [58]. These enzymes cause the accumulation of isoflavones in the embryo
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[122], but may also be involved in the accumulation of proanthocyanidins in the seed
coat and tannins in the bark tissues [123]. Other genes involved in the accumulation
of proanthocyanidins have been identified, such as glycosyltransferase (UGT72L1)
and the proanthocyanidin transporter MATE1 [124], which is responsible for the
synthesis and modification of proanthocyanidin precursors [125]. MATE?2 transports
anthocyanin by diverting flavonoid precursors into the anthocyanin pathway [126].
In addition, glycosyltransferase (UGT78G1) is required for the modification and
accumulation of anthocyanins [127]. All of these genes are involved in the control of
anthocyanidin reductase, one of the major enzymes responsible for the production of
proanthocyanidins.

4. Role of phytohormones during seed filling

Seed development is divided into two main phases: the cellular phase and
maturation [128]. The cellular phase includes all the processes involved in the forma-
tion and development of the different parts of a seed. In this stage, storage reserves
for the embryo are synthesized and seed filling takes place. Phytohormones regulate
signaling between the embryo and the endosperm. Most studies on seed filling and
development have used Arabidopsis and maize as model plants for dicotyledons and
monocotyledons. Although monocotyledonous and dicotyledonous plants share com-
mon seed characteristics, seed filling and developmental processes differ significantly
between the two groups. In developing seeds, precise coordination is required to
organize cell distribution in tissues and organs, and to control seed filling. The cells in
the seeds can control all these activities by producing and sensing signals. The synthe-
sis and regulation of phytohormones in the process of seed filling is essential for seed
development [129, 130]. Seed filling is a highly coordinated and complicated process
involving hormonal control and constant exchange of signals between different parts
of the embryo [128].

Many studies have shown that hormone levels change during seed development
and filling. Phytohormones, such as ABA, GA, cytokinins, Indole-3-acetic acid (IAA),
and ethylene regulate seed filling processes (Figure 5) [132, 133]. Phytohormone
gradients are synthesized in distinct seed sections, and their ratio controls signals that
activate or inhibit specific seed filling processes. Among the hormones, ABA plays
a central role as it accumulates at high levels from fertilization to seed maturation.
Therefore, ABA functions as a signaling molecule and is important for seed filling,
seed growth, dormancy, and plant stress responses [134]. Seed filling rate was posi-
tively associated with the concentration of ABA, and higher concentration of ABA
resulted in higher seed filling rate [135]. In maize, the concentrations of ABA were
associated with seed filling rate and kernel weight [136, 137]. Seed filling in barley,
wheat, rice, and sorghum is closely related to senescence and the senescence-related
hormone ABA, which affects nutrient mobilization and grain filling time [138] and is
involved in the expression of senescence-related genes in barley [139]. High ABA lev-
els increase remobilization of previously stored carbon in grains and accelerate grain
filling rate [140] and have significant effects on seed filling in upper and lower grains
[141]. ABA also inhibits cell cycle while accelerating seed maturation by upregulating
inhibitors of cyclin-dependent kinases, which are important regulators of the cell
cycle. [142, 143]. While ABA has a positive effect on stomatal activity, seed dormancy,
and plant response to abiotic and biotic stresses, it has a negative effect on seed
germination [144]. Other plant hormones, such as gibberellins, ethylene, cytokinins,
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Figure 5.

Schematic vepresentation of phytohormone accumulation during seed development. (A), represents the stages from
late seed development to seed maturity of a dicot plant. (B) Shows the changes in specific phytohormone levels
from top to bottom. Longer bars indicate higher levels. Three types of endosperm ave formed during maturation:
unicellular stratified endosperm, micropylar endosperm, and chalazal endosperm. High concentrations of
abscisic acid, present at all stages of seed development, are thought to play a key role in seed filling. Gibberellins
are synthesized in the differentiation stage of the embryo to promote cell growth and expansion, and in the late
maturation stage to activate proteolytic engymes. Accumulation of abcisic acid inhibits all processes induced

by gibberellins. The accumulation pattern of cytokinins is opposite to that of abscisic acid. Cytokinins play an
important role in cell division and their levels gradually decrease during the cell enlargement phase. Ethylene
production increases during the early stage of seed development. Auxin controls grain filling by regulating
invertase activity. An increase in auxin levels improves sink capacity and nutrient uptake [131].

brassinosteroids, and their antagonistic interactions with ABA could improve seed
germination. ABA can stimulate sucrose storage in the seed coat and accelerate
sucrose transport to the cotyledons during seed filling [145]. Gibberellins are also
involved in cell differentiation and seed filling. Gibberellin concentration in seeds was
not significantly related to seed filling rate or seed weight [146], but GA content had a
negative effect on seed filling rate in rice seeds [140]. These studies showed that ABA
and GA have antagonistic effects during seed filling [147]. The amount of bioactive
GA decreased at the stages when ABA peaked with inactivation reactions to ensure
normal seed filling and growth [148].

Cytokinins are involved in cell division, chloroplast formation, senescence, and
stress tolerance in plants [149]. Cytokinins also play an important role in seed filling
by inducing rapid cell division of endosperm cells [131]. In addition, zeatin (Z) and
zeatin riboside (ZR) are biologically important cytokinins in higher plants [150].
Zeatin and ZR contents increase fertilization, kernel set, and endosperm growth
in cereals [151]. High Z and ZR contents are necessary for seed filling, endosperm
development, and cell division in wheat [151]. Higher Z and ZR contents in seeds
can improve seed filling rate in the early and middle stages of seed filling and are
associated with seed filling rate in rice and maize [152, 153]. Zeatin and ZR increase
simultaneously with the peak of endosperm mitotic activity during seed filling
[154]. Exogenous application of GA in maize improved the degree of grain filling by
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increasing the levels of auxin, GA, Z and ABA in the grains [155]. It was also found
that auxin, GA and Z content in grains was positively associated with grain mass and
filling degree of grains. Cytokinin oxidase decreases cytokinins content in the later
stages of seed development [58]. Cytokinin content is related to flower development,
grain filling and endosperm growth in rice [152]. Grain seeds also have high cytoki-
nin contents during endosperm development, and cytokinins promote cell division in
the early stages of seed filling [152]. In addition, cytokinins and GA have antagonistic
effects on various processes of seed development [156]. The levels of Z, ZR, ABA,
and IAA in maize were positively correlated with seed filling rate and negatively
correlated with the GA levels [157]. In wheat, the levels of Z, ZR, ABA, and [AA were
positively correlated with seed filling rate and seed mass, but the ethylene content
was negatively correlated [158, 159]. In maize, ABA, Z, and ZR contents were also
positively related to seed mass and seed filling rate, but GA content was not. Seed
filling rate was dramatically increased when ABA and Z content were higher and

GA content was lower [153]. ABA, IAA and ZR contents in maize seeds increased
dramatically during the early stages of seed filling and decreased gradually until
maturity [160]. Similarly, Z and ZR contents of maize gradually increased during
the early stages of seed filling, while the GA content decreased [153]. Moreover,

the fluctuations in ZR and IAA contents were similar, they briefly increased in the
early stages of grain filling and then decreased in the kernels [155]. The contents of
IAA and Z + ZR affect the seed filling rate of maize and are normally located in the
endosperm, as they are required for cell division [161]. IAA has been proposed as a
correlative signal from seeds that regulates the development of other organs [162]. In
maize seeds, high IAA and low ethylene content were significantly associated with
grain filling rate [129] and high IAA content in seeds increased cytokinins content
[163]. These observations were confirmed by Ahmad [164] who reported that IAA
and cytokinin content play an important role in grain filling of maize at early stages
by regulating endosperm cell division and thereby increasing seed filling rate. In
soybean, IAA concentration and seed filling rate were independent [145]. Seed
filling in maize appears to be dependent on IAA synthesis and cell wall invertase
activity [128]. The absence of endogenous auxin in the embryo could be lethal

[128], indicating the critical functions of the phytohormones in seed development
and germination. Invertase activity, together with auxin transport, is important in
regulating pathways of carbon cleavage during early development. Sugar signaling

is thought to increase phloem transport and sugar import into endosperm cells via
invertase activity [165]. Ethylene is also involved in cell division and grain filling
[112]. Higher ethylene concentration leads to lower cell division, grain filling, and
starch concentration, and higher ethylene concentration leads to higher soluble
sugar content in growing rice endosperm [166]. Since cytokinin is known to regulate
cell number and cell division activity of rice endosperm, the deleterious effects of
ethylene on grain filling and cell division could be mediated by its antagonistic effect
with cytokinin [166]. Apart from rice, there are studies reporting that the effect of
ethylene is antagonistic to cytokinin [167], because ethylene production in plant
tissues promotes cytokinin inactivation [168]. The ratio of ABA to ethylene regulates
grain filling rate in wheat [112].

These studies show the importance of phytohormones during seed development.
Therefore, seed filling is determined by the content and interactions of various plant
hormones that regulate different metabolic processes related to the synthesis and
accumulation of seed reserves [169].
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5. Effect of environmental factors during seed filling

Stress in plants was described by Hans Selve in 1936 as “unfavorable conditions and
environmental constraints in plants”. This general definition can be applied to all organ-
isms, but the definition of stress in plants differs from that in animals and humans. Plants
are sedentary and live in fixed locations. Therefore, they cannot escape abiotic stress
conditions when exposed to them and are constantly exposed to these conditions without
protection. Animals, on the other hand, are mobile and can avoid and escape these
conditions when needed. Since plants are sedentary, they need mechanisms to protect
themselves from stressful conditions so that they can continue their vital activities [170].

Global warming and drought in the world have become important inhibitors of
agricultural production in recent years. The process of seed filling, which is affected by
environmental factors, is becoming increasingly important for agricultural production
because the potential heat and drought affect the, and rate and duration of seed filling. To
overcome these adverse conditions, plant breeders are developing new varieties that are
resistant to biotic and abiotic stress conditions while ensuring efficient water and nutri-
ent use and good yields. After pollination and fertilization, seed development begins
with cell division for embryo and endosperm development in the ovule and continues
with cell expansion and differentiation to form seeds. Seed formation continues with
the accumulation of storage reserves such as carbohydrates, proteins, and lipids. After
accumulation is complete, desiccation occurs, during which the seeds lose moisture.

Flowering plants reproduce by the production, dispersal and germination of seeds.
The cellular stage includes all processes involved in the formation and development of the
various parts of a seed. At this stage, the storage reserves for the embryo are synthesized
and seed filling takes place. Many factors influence seed production and seed content.
The position of seeds on the inflorescence can affect the duration and rate of seed filling.
Seeds farthest from the transport source, such as seeds on a cob, may remain small
because they do not receive sufficient nutrients for optimal seed growth. In the early
stages of seed development, a constant and adequate supply of nutrients is required for
seed production. Seeds that do not receive an adequate supply of nutrients during the
generation stage may fail to develop or develop poorly and have a smaller seed mass.
Plants can be affected by abiotic stress at any stage of development, but the generative
stage is the most critical period when plants respond to stress conditions. Stress condi-
tions during the generative stage adversely affect pollen formation, pollination and
fertilization rates, and reduce fruiting and seed set, resulting in yield losses. The genera-
tive stage is highly susceptible to drought, cold, and heat, and these stress factors reduce
fertilization, seed development, and the filling process [171]. Heat stress has significant
negative effects on meiosis during pollen development and could greatly reduce pollen
fertility, pollen quantity and quality, pollen germination, and pollen tube development
on the stigma [172, 173]. Heat stress can also significantly affect seed development during
the seed filling stage due to reduced assimilate supply and reduce seed yield in many
crops including cereals and legumes [174, 175]. The seed filling period is also closely
related to the development of plant senescence [129]. Heat and drought stress during the
seed filling period cause early senescence and also shorten the seed filling time [176, 177].

5.1 Effects of drought stress during seed filling

Drought stress limits vegetative growth by reducing leaf water content and
stomatal conductance [178] in various crops such as cereals [179, 180] and legumes
[181]. Decreased stomatal conductance increases leaf temperature, and both events
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lead to wilt symptoms [182, 183]. Drought stress damages cell membranes [184, 185],
decreases chlorophyll content, photosynthesis, and reserve synthesis [178, 186-188].
Drought stress also impairs plant nutrient uptake [189, 190] and significantly reduces
nitrogen fixation in legumes such as soybean [191] and pea [192]. The overall negative
effects of drought stress reduce the production of assimilates and reduce the transport
of reserves to the developing seeds of plants [193-195].

The generative phase of plants is more sensitive to drought stress than the vegeta-
tive phase. Drought stress reduces the number of flowers, fruits, and seed set and
therefore could reduce seed yield [196, 197]. Decreased water content in tissues leads
to a reduction in the activity of the acid invertase enzyme, which in turn prevents
sucrose uptake into developing seeds [198]. Low sucrose and high ABA levels lead to
poor seed development in cereals under drought stress [199]. Wheat plants subjected
to drought stress during the seed filling period showed a significant decrease in cell
wall and soluble invertase activities, and glucose, fructose, and sucrose contents of
the drought-sensitive genotype were significantly lower [200]. Drought in the early
stages of seed development leads to a reduction in seed size due to reduced number of
endosperm cells. Seed yield was significantly reduced in plants subjected to drought
stress during the seed filling stage [186, 201, 202]. Drought stress in the early stages of
seed filling reduced germination percentage in soybean by up to 9% compared to the
control [203]. Similarly, in chickpea, medium-sized seeds produced under drought
stress had lower germination percentage and viability than control seeds [204].

Drought stress during embryogenesis and seed filling reduces the number of
endosperm cells formed and thus the size and weight of the seeds [205]. At this stage,
the duration and amount of seed storage reserves, such as starch accumulation in the
endosperm decrease, and so does seed weight [206]. Drought stress during seed fill-
ing reduces the number and size of starch granules in endosperm cells [206]. Drought
stress affects the composition of seed reserves. The starch content of wheat seeds
subjected to drought stress during seed filling is significantly reduced [207]. Drought
stress negatively affects phthosynthesis, and low phthosynthesis product content
inhibits starch biosynthesis [208] and related activities such as reduced endosperm
cell number and starch granule size [206] and lower starch amylase content [209].

Lipid content and fatty acid composition change due to lower content of soluble
sugars such as glucose, fructose, and sucrose and reduced transport of sugars from the
phloem to endosperm cells under drought conditions [210]. In peanuts, the content
of linoleic and behenic acids decreased, while the content of stearic and oleic acids
increased under drought stress [211]. In maize, drought stress resulted in a significant
decrease in oil content, while the content of linolenic and oleic acids in the seeds
increased. In addition to the oil content, the total tocopherol, flavonoids, and oil-solu-
ble phenolics contents also decreased [212, 213]. In soybean, drought stress decreased
the oil content and oleic acid content of seeds [214]. While drought stress reduced
the starch and oil content of seeds, the protein content of soybean seeds grown under
drought stress increased. Seed nitrogen supply depends on remobilization of nitrogen
from vegetative tissues, while starch and oil biosynthesis depends on sugars from
photosynthesis, which decreases under drought stress. For this reason, seed viability
may also be affected by drought during late maturation and seed desiccation.

5.2 Effects of heat stress during seed filling

Heat stress affects all stages of plant development from germination to senescence.
Different plants have different sensitivities to heat stress during seed filling [215,

17



Seed Biology Updates

216]. Seed filling rate and potential seed mass are generally used as two selection
criteria for heat stress tolerance [217]. High temperature stress could accelerate seed
filling rate by shortening the duration of seed filling and could lead to yield reduc-
tions [216, 218]. Heat stress during seed filling significantly reduces seed weight, seed
number and seed yield in legumes [219-221], cereals [222], and other crops [223]. In
chickpea [224] and lentil [183] increased seed filling rate resulted in smaller seed size.
Similarly, a reduction in seed filling time resulted in smaller seed sizes in soybean,
pea, and white lupin [225]. Temperature also affects seed filling rate and duration. An
increase in ambient temperature from 15.5°C to 26.6°C decreased seed filling duration
in cowpea from 21 days to 14 days [226]. A 1.7°C increase in temperature shortened
the duration of seed filling and accelerated maturation, but decreased seed yield in
chickpea [227].

Starch accounts for more than 65% of the dry weight of cereal seeds [228].
Therefore, the main reason for yield reduction is mainly the reduction in starch
accumulation. Heat stress during the seed filling period reduces seed size and mass in
wheat [229] and rice [230], and also impedes starch biosynthesis and accumulation
by altering the expression of genes in starch biosynthetic pathways [231]. As a result
of altered gene expression, the amount of non-structural carbohydrates decrease,
altering the balance between soluble sugars and starch [232]. Heat stress decreases
the content of sugars such as fructose and hexose phosphate in wheat [233]. In some
cases, up-regulation of starch hydrolyzing enzymes such as a-amilaz under heat stress
is thought to be responsible for the increased sugar content during seed filling [234,
235]. Thus, heat stress negatively affects starch accumulation by altering gene expres-
sions in metabolic pathways. These changes may vary depending on the duration of
heat stress, the growing season, and the plant species.

Oil content and quality are severely affected by heat stress in oliferous crops [236].
The effects of heat stress may vary depending on location, altitude, precipitation,
and differences between day and night temperatures during the seed filling period.
Because oleic acid and linoleic acid are produced by the same pathway through
desaturation, there is a strong and negative correlation between them, and tempera-
ture and precipitation during the flowering and seed filling periods have significant
effects on the fatty acid composition of plants [237]. Growth experiments conducted
at different temperatures (10, 16, 21, 26.5°C) with canola, flax, sunflower, safflower
and castor bean during the seed filling period have shown that the fatty acid composi-
tion changes and the amount of unsaturated fatty acids is reduced, with the exception
of safflower and castor bean [238, 239]. High temperatures during seed filling reduce
linoleic acid content and increase oleic acid content in seeds, while palmitic and
stearic acid content change insignificantly [240-242]. The fatty acid composition of
rapeseed also changes depending on location and year. While low temperatures and
precipitation decreased oleic acid content, high temperatures and low precipitation
did not cause significant changes in linoleic and linolenic acid content [243]. The
activities of oleayl-PC desaturase and linoleayl-PC desaturase, which catalyze the
synthesis of linoleic and linolenic acids from oleic acid, are decreased by high tem-
peratures [244]. Consequently, high temperatures have negative effects on linoleic
and linolenic acids synthesis, whereas high temperatures have positive effects on oleic
acid synthesis [240, 241, 245]. Linolenic acid is the major fatty acid in flaxseed, and
increasing temperatures (15, 20, 25, 30°C) during seed filling reduced the oleic and
linolenic acids content in flaxseed [246]. Increasing the growth temperature from
29°C to 35°C during seed filling in sunflower and soybean resulted in a 2.6% reduc-
tion in oil content in the seeds of these plants [214, 247].
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Heat stress reduces the duration of seed filling, the amount of protein accumula-
tion and protein quality, but has no effect on the rate of accumulation [248]. The
composition and quality of storage proteins change due to changes in nitrogen
mobilization during seed filling in wheat under heat stress [228, 249]. A decrease in
high molecular weight glutenins and increased gliadin accumulation decreased dough
quality in wheat under heat stress [248]. Similarly, high temperatures caused denatur-
ation and aggregation of several storage proteins (globulins, legumin, and vicilin) in
pea [250] and loss of enzyme activities in protein synthesis in lupin [251].

6. Conclusion

Effects of climate change and the growing world population along with reduced
natural resources pose a major challenge for crop production and food security,
especially in the developing countries. In this chapter, we have provided an overview
of genetic regulation and synthesis of seed reserves, the role of phytohormones, and
the influence of environmental factors on metabolic processes during seed filling in
different plant species. To increase crop productivity, it is necessary to understand
seed development processes together with reserve synthesis and accumulation under
normal and stress conditions, and the control and regulation at the molecular and
hormonal levels in seeds during seed filling. We have summarized recent studies on
seed filling processes by highlighting the effects of phytohormones on the seed filling
process and their interactions the effects of abiotic stress conditions on seed reserve
quality and yield during the seed filling process.

7. Future perspectives

Future work should be directed toward investigating various signaling and meta-
bolic pathways during seed filling, and developing a feasible system for delimitating
roles of different genes, their regulation and interactions during seed development
to better understand roles of these reserve metabolites and their interactions. In
addition, future studies could process RNAs, proteins, and metabolites as quantita-
tive traits, offering new insights into the integration of omics tools and how these
traits may regulate seed filling as well. In the future, these new insights will help
to understand the biochemistry and physiology of the seed filling process at the
molecular level and manipulate metabolic pathways to improve valuable seed traits
through metabolic engineering. The duration of seed filling is under genetic control
and influenced by environmental factors. Therefore, it could be used as a selec-
tion criterion in plant breeding programs that focus on yield enhancement. There
is a need for multidisciplinary studies to delimitate steps in the synthetic pathways
leading to seed storage compounds, and their regulation. In recent years, progress
has been made in understanding the various aspects of seed development including
seed filling, maturation, acquisition of desiccation tolerance, and post-maturation
stages. Identification of important genes and regulatory pathways related to seed
filling processes will provide useful tools for developing better strategies to improve
seed production. New omics studies will expand our understanding of the processes
associated with seed filling. Modeling the stages associated with seed filling, and seed
quality will provide insights into seed development and lead to improved seed yield
and quality.

19



Seed Biology Updates

Acknowledgements

Sercan Onder and Murat Mutlucan were financially supported by the Council
for Higher Education under the YOK 100/2000 scholarship program for graduate
students.

Conflict of interest

The authors declare no conflict of interest.

Author details

Sercan Onder™, Sabri Erba§2, Damla Onder’, Muhammet Tongug1
and Murat Mutlucan?

1 Department of Agricultural Biotechnology,
Faculty of Agriculture, Isparta University of Applied Sciences, Isparta, Turkey

2 Department of Field Crops,
Faculty of Agriculture, Isparta University of Applied Sciences, Isparta, Turkey

3 Department of Biology,
Faculty of Arts and Sciences, Suleyman Demirel University, Isparta, Turkey

*Address all correspondence to: sercanonder@isparta.edu.tr

IntechOpen

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

20



Seed Filling
DOI: http://dx.doi.org/10.5772/intechopen.106843

References

[1] Bewley JD, Bradford K]J,

Hilhorst HWM, Nonogaki H. Seeds:
Physiology of Development, Germination
and Dormancy. 3th ed. Heidelberg
Dordrecht London, USA: Springer, New
York; 2013. ISBN 978-1-4614-4692-7

[2] Alamillo JM, Diaz-Leal JL,
Sanchez-Moran MV, Pineda M. Molecular
analysis of ureide accumulation

under drought stress in Phaseolus

vulgaris L. Plant, Cell Environment.
2010;33:1828-1837

[3] Desimone M, Catoni E, Ludewig U,
Hilpert M, Schneider A, Kunze R, et al.
A novel superfamily of transporters
for allantoin and other oxo derivatives
of nitrogen heterocyclic compounds

in Arabidopsis. The Plant Cell.
2002;14:847-856

[4] Hanks JF, Tolbert NE, Schubert KR.
Localization of enzymes of ureide
biosynthesis in peroxisomes and

microsomes of nodules. Plant Physiology.
1981;68:65-69

[5] LinY, Sun L, Nguyen LV,

Rachubinski RA, Goodman HM. The
pex16b homologue SSE1 and storage
organelle formation in Arabidopsis seeds.
Science. 1999;284:328-330

[6] Wobus U, Weber H. Sugars

as signalmolecules in plant seed
development. Biological Chemistry.
1999;380:937-944

[7]1 Rolletschek H, Koch K, Wobus U,
Borisjuk L. Positional cues for the starch/
lipid balance in maize kernels and

resource partitioning to the embryo.
Plant Journal. 2005;42:69-83

[8] Dale EM, Housely TL. Sucrose
synthase activity in developing wheat

21

endosperms differing in maximum
weight. Plant Physiology. 1986;82:7-10

[9] Briarty LG, Hughes CE, Evers AD.
The developing endosperm of wheat—A

stereological analysis. Annals of Botany.
1979;44:641-658

[10] Olsen OA. Endosperm development:
Cellularization and cell fate
specification. Annual Review of Plant
Physiology and Plant Molecular Biology.
2001;52:233-267

[11] Brocklehurst PA. Factors controlling
grain weight in wheat. Nature.
1977;266:348-349

[12] Tetlow IJ. Starch biosynthesis

in developing seeds. Seed Science
Research. 2011;21:532. DOI: 10.1017/
S0960258510000292

[13] Bihmidine S, Hunter CT, Johns CE,
Koch KE, Braun DM. Regulation of
assimilate import into sink organs:
Update on molecular drivers of

sink strength. Frontiers in Plant
Science. 2013;4:1-15. DOI: 10.3389/
fpls.2013.00177

[14] Greenberg E, Preiss ]. The
occurrence of adenosine diphosphate
glucose:Glycogen transglucosylase in

bacteria. Journal of Biological Chemistry.
1964;239:4314-4315

[15] Parry MA]J, Hawkesford M]J. Food
security: Increasing yield and improving
resource use efficiency. Proceedings of
the Nutrition Society. 2010;69:592-600.
DOI: 10.1017/S0029665110003836

[16] Gross P, Ap Rees T. Alkaline inorganic
pyrophosphatase and starch synthesis in
amyloplasts. Planta. 1986;167:140-145.
DOI: 10.1007/BF00446381



Seed Biology Updates

[17] Weber APM, Schwacke R,
Fligge U-I. Solute transporters of the
plastid envelope membrane. Annual
Review Plant Biology. 2005;56:133-
164. DOI: 10.1146/annurev.
arplant.56.032604.144228

[18] Preiss ], Sivak M. Starch synthesis
in sinks and sources. In: Zamski E,
Schaffter AA, editors. Photoassimilate
Distribution in Plants and Crops. New
York: Marcel Dekker; 1996. pp. 63-69

[19] Denyer K, Dunlap F, Thorbjernsen T,
Keeling P, Smith AM. The major form

of ADPglucose pyrophosphorylase in
maize endosperm is extraplastidial. Plant
Physiology. 1996;112:779-783

[20] Thorbjernsen T, Villand P, Denyer K,
Olsen OA, Smith AM. Distinct isoforms
of ADPglucose pyrophosphorylase

occur inside and outside the amyloplasts

in barley endosperm. Plant Journal.
1996;10:243-250

[21] Sikka VK, Choi S, Kavakli IH,
Sakulsingharoj C, Gupta S, Ito H, et al.
Subcellular compartmentation and
allosteric regulation of the

rice endosperm ADPglucose
pyrophosphorylase. Plant Science.
2001;161:461-468

[22] Tetlow IJ, Davies EJ, Vardy KA,
Bowsher CG, Burrell MM, Emes MJ.
Subcellular localization of ADPglucose
pyrophosphorylase in developing wheat
endosperm and analysis of a plastidial
isoform. Journal of Experimental Botany.

2003;54:715-725

[23] Rees TA, Morrell S. Carbohydrate
metabolism in developing potatoes.
American Potato Journal. 1990;6:835-847

[24] Kleczkowski LA. Glucose activation
and metabolism through UDP-

glucose pyrophosphorylase in plants.
Phytochemistry. 1994;37:1507-1515

22

[25] Tetlow IJ, Bowsher CG,
Scrase-Field EFAL, Davies EJ, Emes MJ.
Thesynthesisand transportof ADPglucose

in cereal endosperms. Journal of Applied
Glycoscience. 2003;50:231-236

[26] Bowsher CG,

Scrase-Field EFAL, Esposito S, Emes MJ,
Tetlow IJ. Characterization of ADP-
glucose transport across the cereal
endosperm amyloplast envelope.

Journal of Experimental Botany.
2007;58:1321-1332

[27] Nakamura Y, Kawaguchi K.

Multiple forms of ADP-glucose
pyrophosphorylase of rice endosperm.
Physiologia Plantarum. 1992;84:336-342

[28] Villand P, Aalen R, Olsen OA,
Lonneborg A, Luthi E, Kleczkowski LA.
PCR-amplification and sequence

of cDNA clones for the small and

large subunits of ADP-glucose
pyrophosphorylase from barley tissues.
Plant Molecular Biology. 1992;19:381-389

[29] La Cognata U, Willmitzer L,
Muller-Rober B. Molecular cloning and
characterisation of novel isoforms of
potato ADP-glucose pyrophosphorylase.
Molecular and General Genetics.
1995;246:538-548

[30] Villand P, Olsen OA,

Killan A, Kleczkowski LA. ADPglucose
pyrophosphorylase large subunit
cDNA from barley endosperm. Plant
Physiology. 1992;100:1617-1618

[31] Olive MR, Ellis R], Schuch WW.
Isolation and nucleotide sequences of
cDNA clones encoding ADPglucose
pyrophosphorylase polypeptides from
wheat leaf and endosperm. Plant
Molecular Biology. 1989;12:525-538

[32] Lee SK, Hwang SK, Han M, Eom JS,
Kang HG, Han, et al. Identification
of the ADP-glucose pyrophosphorylase



Seed Filling
DOI: http://dx.doi.org/10.5772/intechopen.106843

isoforms essential for starch synthesis
in the leaf and seed endosperm of rice
(Oryza sativa L.). Plant Molecular
Biology. 2007;65:531-546

[33] Muller-Rober B, Kossmann J,
Hannah LC, Willmitzer L, Sonnewald U.
Only one of two different ADPglucose
pyrophosphorylase genes from potato
responds strongly to elevated levels of

sucrose. Molecular and General Genetics.
1990;224:136-146

[34] Duwenig E, Steup M, Kossmann J.
Induction of genes encoding plastidic
phosphorylase from spinach (Spinacia
oleracea L.) and potato (Solanum
tuberosum L.) by exogenously supplied
carbohydrates in excised leaf discs.
Planta. 1997;203:111-120

[35] De Fekete MAR, Leloir LF,
Cardini CE. Mechanism of starch
biosynthesis. Nature. 1960;187:918-919

[36] Nelson OE, Rines HW. The
enzymatic deficiency in the waxy
mutant of maize. Biochemical and

Biophysical Research Communications.
1962;9:297-300

[37] Hanashiro I, Itoh K, Kuratomi Y,
Yamazaki M, Igarishi T, Matsugasako J,
et al. Granule-bound starch synthase I is
responsible for biosynthesis of extralong
chains of amylopectin in rice. Plant and
Cell Physiology. 2008;49:925-933

[38] Ball SG, Morell MK. From bacterial
glycogen to starch: Understanding the
biogenesis of the plant starch granule.

Annual Review of Plant Biology.
2003;54:207-233

[39] Tunail N. Chemical microbiology.
Ankara: Ankara University Agriculture
of Faculty Press; 1975. p. 86

[40] Baydar H, Erbas S. Oil crops sciences
and technology. Isparta: Suleyman

23

Demirel University Press, Press No: 97;
2014. p. 313

[41] Browse ], Somerville C. Glycerolipid
synthesis: Biochemistry and regulation.
Annual Review of Plant Physiology

and Plant Molecular Biology.
1991;42:467-506

[42] Voelker TA, Worrell AC, Anderson L,
Bleibaum J, Fan C, Hawkins D], et al.
Fatty acid biosynthesis redirected to

medium chains in transgenic oilseed
plants. Science. 1992;257:72-74

[43] Weselake R], Taylor DC,
Rahman MH, Shah S, Laroche A,
McVetty PBE, et al. Increasing the flow

of carbon into seed oil. Biotechnology
Advances. 2009;27:866-878

[44] Bates PD, Stymne S, Ohlrogge J.
Biochemical pathways in seed oil
synthesis. Current Opinion in Plant
Biology. 2013;16:358-364

[45] Shewry PR, Tatham AS. The
prolamin storage proteins of cereal seeds:
Structure and evolution (review article).
Biochemical Journal. 1990;267:1-12

[46] Vitale A, Ceriotti A, Denecke J.

The role of the endoplasmic reticulum

in protein synthesis, modification

and intracellular transport. Journal of
Experimental Botany. 1993;44:1417-1444

[47] Pelham HRB. Control of protein exit
from the endoplasmic reticulum. Annual
Review of Cell Biology. 1989;5:1-23

[48] Chrispeels ML. Sorting of proteins
in the secretory system. Annual Review
of Plant Physiology and Plant Molecular
Biology. 1991;42:21-53

[49] Kermode AR. Mechanisms of
intracellular protein transport and

targeting in plant cells. Critical Reviews
in Plant Sciences. 1996;15:285-423



Seed Biology Updates

[50] Blond-Elguindi S, Cwirla SE,
Dower W], Lipshutz R], Sprang SR,
Sambrook F, et al. Affinity panning

of alibrary of peplides displayed on
bacteriophages reveals the binding
specificity of BiP. Cell. 1993;75:717-772

[51] Muntz K. Proteases and proteolytic
cleavage of storage proteins in developing
and germinating dicotyledpnous

seeds. Journal of Experimental Botany.
1996;47:605-622

[52] Chrispeels MJ, Tague BW. Transport
and targeting of proteins to protein
storage vacuoles (protein bodies) in
developing seeds. In: Taylorson RB,
editor. Recent Advances ill Development
and Germination o/Seedv. New York:
Plenum Pub!. Corp.; 1990

[53] Gething ML, Sambrook F. Protein
folding in the cell. Nature. 1992;355:33-45

[54] Sun X, Shantharaj D, Kang X,

Ni M. Transcriptional and hormonal
signaling control of Arabidopsis seed
development. Current Opinion in Plant
Biology. 2010;13:611-620. DOI: 10.1016/j.
pbi.2010.08.009

[55] Gao MJ, Gropp G, Wei S,

Hegedus DD, Lydiate DJ. Combinatorial
networks regulating seed development
and seed filling. In: Ken-ichi Sato editor.
Embryogenesis. 1st ed. InTech Rijeka;
2012. DOI: 10.5772/35960

[56] Weber H, Borisjuk L, Wobus U.
Molecular physiology of legume seed
development. Annual Review of Plant
Biology. 2005;56:253-279. DOI: 10.1146/
annurev.arplant.56.032604.144201

[57] North H, Baud S, Debeaujon I,
Dubos C, Dubreucq B, Grappin P, et al.
Arabidopsis seed secrets unravelled after
a decade of genetic and omicsdriven
research. Plant Journal. 2010;61:971-981.
DOI: 10.1111/j.1365-313X.2009.04095.x

24

[58] Agrawal GK, Rakwal R. Seed
development: OMICS technologies
toward improvement of seed quality
and crop yield. 1st ed. Dordrecht:
Springer; 2012. 576 p. DOL:
10.1007/978-94-007-4749-4

[591 Yin S, Li P, XuY, Liu ], Yang T, Wei ],
et al. Genetic and genomic analysis of the
seed-filling process in maize based on a
logistic model. Heredity. 2020;124:122-
134. DOI: 10.1038/541437-019-0251-x

[60] Holdsworth MJ, Bentsink L,

Soppe W]J. Molecular networks regulating
Arabidopsis seed maturation, after-
ripening, dormancy and germination.
New Phytologist. 2008;179:33-54.

DOI: 10.1111/}.1469-8137.2008.02437.x

[61] Meitzel T, Radchuk R, McAdam EL,
Thormahlen I, Feil R, Munz E, et al.
Trehalose 6-phosphate promotes seed
filling by activating auxin biosynthesis.
New Phytologist. 2021;229:1553-1565.
DOI: 10.1111/nph.16956

[62] Chen B, Zhang G, Li P, Yang J, Guo L,
Benning C, et al. Multiple GmWRI1s

are redundantly involved in seed filling
and nodulation by regulating plastidic
glycolysis, lipid biosynthesis and
hormone signalling in soybean (Glycine

max). Plant Biotechnology Journal.
2020;18:155-171. DOI: 10.1111/pbi.13183

[63] Yang T, Guo L, Ji C, Wang H,

Wang J, Zheng X, et al. The B3 domain-
containing transcription factor ZmABI19
coordinates expression of key factors
required for maize seed development and
grain filling. The Plant Cell. 2021;33:104-
128. DOI: 10.1093/plcell/koaa008

[64] Mathew IE, Priyadarshini R,

Mahto A, Jaiswal P, Parida SK,

Agarwal P. SUPER STARCHY1/ONACO025
participates in rice grain filling. Plant
Direct. 2020;4:e00249. DOI: 10.1002/
pld3.249



Seed Filling
DOI: http://dx.doi.org/10.5772/intechopen.106843

[65] Shen L, Luo G, Song Y, Xu ],

JiJ, Zhang C, et al. A novel NAC family
transcription factor SPR suppresses seed
storage protein synthesis in wheat. Plant
Biotechnology Journal. 2020;19:992.
DOI:100710.1111/pbi.13524

[66] To A, Valon C, Savino G,
Guilleminot J, Devic M, Giraudat J,

et al. A network of local and redundant
gene regulation governs Arabidopsis
seed maturation. The Plant Cell.
2006;18:1642-1651. DOI: 10.1105/
tpc.105.039925

[67] Grossniklaus U, Schneitz K. The
molecular and genetic basis of ovule
and megagametophyte development.
Seminars in Cell & Developmental
Biology. 1998;9:227-238. DOI: 10.1006/
scdb.1997.0214

[68] Tomohiro K, Ohad N, Yadegari R,
Hannon M, Dinneny ], Wells D, et al.
Control of fertilization-independent
endosperm development by the
MEDEA polycomb gene in Arabidopsis.
Proceedings of the National Academy of
Sciences. 1999;96:4186-4191.

DOI: 10.1073/pnas.96.7.4186

[69] Ohad NIR, Margossian L, Hsu YC,
Williams C, Repetti P, Fischer RL.

A mutation that allows endosperm
development without fertilization.
Proceedings of the National Academy
of Sciences. 1996;93:5319-5324.

DOI: 10.1073/pnas.93.11.5319

[70] Kohler C, Hennig L, Spillane C,

Pien S, Gruissem W, Grossniklaus U.

The Polycomb-group protein MEDEA
regulates seed development by
controlling expression of the MADS-box
gene PHERES]. Genes and Development.
2003;17:1540-1553. DOI: 10.1101/
gad.257403

[71] Ingouff M, Haseloff ], Berger F.
Polycomb group genes control

25

developmental timing of endosperm.
The Plant Journal. 2005;42:663-674.
DOI: 10.1111/}.1365-313X.2005.02404.x

[72] Makarevich G, Leroy O, Akinci U,
Schubert D, Clarenz O, et al. Different
Polycomb group complexes regulate
common target genes in Arabidopsis.
EMBO Reports. 2006;7:947-952.

DOI: 10.1038/sj.embor.7400760

[73] Tiwari S, Schulz R, Ikeday,
Dytham L, Bravo ], Mathers L, et al.
Maternally expressed PAB C-Terminal,
anovel imprinted gene in Arabidopsis,
encodes the conserved C-terminal
domain of polyadenylate binding
proteins. The Plant Cell. 2008;20:2387-
2398. DOI: 10.1105/tpc.108.061929

[74] Kinoshita T, Miura A, Choi Y,
Kinoshita Y, Cao X, et al. One-way
control of FWA imprinting in
Arabidopsis endosperm by DNA
methylation. Science. 2004;303:521-523.
DOI: 10.1126/science.1089835

[75] Kohler C, Hennig L. Regulation
of cell identity by plant Polycomb
and trithorax group proteins. Current
Opinion in Genetics & Development.
2010;20:541-547. DOI: 10.1016/j.
gde.2010.04.015

[76] Finnegan EJ, Dennis ES. Isolation
and identification by sequence homology
of a putative cytosine methyltransferase
from Arabidopsis thaliana. Nucleic

Acids Research. 1993;21:2383-2388.

DOI: 10.1093/nar/21.10.2383

[77] Kankel MW, Ramsey DE,
Stokes TL, Flowers SK, Haag JR,
Jeddeloh JA, et al. Arabidopsis MET1
cytosine methyltransferase mutants.
Genetics. 2003;163:1109-1122.

DOI: 10.1093/genetics/163.3.1109

[78] FitzGerald ], Luo M, Chaudhury A,
Berger F. DNA methylation causes



Seed Biology Updates

predominant maternal controls of
plant embryo growth. PLoS One.
2008;3:€2298. DOI: 10.1371/journal.
pone.0002298

[79] Drea S, Leader DJ, Arnold BC,

Shaw P, Dolan L, Doonan JH. Systematic
spatial analysis of gene expression during
wheat caryopsis development. The Plant
Cell. 2005;17:2172-2185. DOI: 10.1105/
tpc.105.034058

[80] Sreenivasulu N, Altschmied L,
Radchuk V, Gubatz S, Wobus U,
Weschke W. Transcript profiles and
deduced changes of metabolic
pathways in maternal and filial

tissues of developing barley grains.

The Plant Journal. 2004;37:539-553.
DOI: 10.1046/j.1365-313X.2003.01981.x

[81] Zhu T, Budworth P, Chen W,
Provart N, Chang HS, Guimil S, et al.
Transcriptional control of nutrient
partitioning during rice grain filling.
Plant Biotechnology. 2003;1:59-70.
DOI: 10.1046/j.1467-7652.2003.00006

[82] Verdier J, Kakar K, Gallardo K,

Le Signor C, Aubert G, Schlereth A,

et al. Gene expression profiling of M.
truncatula transcription factors identifies
putative regulators of grain legume

seed filling. Plant Molecular Biology.
2008;67:567-580. DOI: 10.1007/
s11103-008-9320-x

[83]Jin X, FuZ, Lv P, Peng Q,

Ding D, Li W, et al. Identification

and characterization of microRNAs
during maize grain filling. PLoS One.
2015;10:e0125800. DOI: 10.1371/journal.
pone.0125800

[84] Peng T, Sun H, DuY, Zhang ],

LiJ, LiuY, et al. Characterization and
expression patterns of microRNAs
involved in rice grain filling. PLoS One.
2013;8:e54148. DOI: 10.1371/journal.
pone.0054148

26

[85] Yi R, Zhu Z, HuJ, Qian Q, Dai J,
Ding Y. Identification and expression
analysis of microRNAs at the grain filling
stage in rice (Oryza sativa L.) via deep
sequencing. PLoS One. 2013;8:e57863.
DOI: 10.1371/journal.pone.0057863

[86] Wang S, Wu K, Yua Q, Liu X,

Liu Z, Lin X, et al. Control of grain
size, shape and quality by OsSPL16 in
rice. Nature Genetics. 2012;44:950-954.
DOI: 10.1038/ng.2327

[87] Zhang YC, YuY, Wang CY, Li ZY,

Liu Q, XuJ, et al. Overexpression of
microRNA OsmiR397 improves rice yield
by increasing grain size and promoting

panicle branching. Nature Biotechnology.
2013;3:848-852. DOI: 10.1038/nbt.2646

[88] Baud S, Mendoza MS, To A,
Harscoét E, Lepiniec L, Dubreucq B.
WRINKLED1 specifies the regulatory
action of LEAFY COTYLEDON?2
towards fatty acid metabolism during
seed maturation in Arabidopsis.

Plant Journal. 2007;50:825-838.

DOI: 10.1111/}.1365-313X.2007.03092.x

[89] Santos-Mendoza M, Dubreucq B,
Miquel M, Caboche M, Lepiniec L.
LEAFY COTYLEDON 2 activation is
sufficient to trigger the accumulation
of oil and seed specific mRNAs in
Arabidopsis leaves. FEBS Letter.
2005;579:4666-4670. DOI: 10.1016/j.
febslet.2005.07.037

[90] Kagaya Y, Okuda R, Ban A,
Toyoshima R, Tsutsumida K, Usui H,

et al. Indirect ABA-dependent regulation
of seed storage protein genes by FUSCA3
transcription factor in Arabidopsis.
Plant Cell Physiology. 2005;46:300-311.
DOI: 10.1093/pcp/pciO31

[91] Rook F, Hadingham SA, LiY,
Bevan MW. Sugar and ABA response
pathways and the control of gene
expression. Plant, Cell & Environment.



Seed Filling
DOI: http://dx.doi.org/10.5772/intechopen.106843

2006;29:426-434. DOI: 10.1111/j.
1365-3040.2005.01477.x

[92] Rolland F, Baena-Gonzalez E,
Sheen J. Sugar sensing and signaling

in plants: Conserved and novel
mechanisms. Annual Review of Plant
Biology. 2006;57:675-709. DOI: 10.1146/
annurev.arplant.57.032905.105441

[93] Tegeder M, Wang XD, Frommer WB,
Offler CE, Patrick JW. Sucrose transport
into developing seeds of Pisum sativum

L. The Plant Journal. 1999;18:151-161.
DOI: 10.1046/j.1365-313X.1999.00439.x

[94] Weschke W, Panitz R, Sauer N,
Wang Q, Neubohn B, Weber H, et al.
Sucrose transport into barley seeds:
Molecular characterization of two
transporters and implications for seed
development and starch accumulation.
The Plant Journal. 2000;21:455-467.
DOI: 10.1046/j.1365-313x.2000.00695.x

[95] Tsukagoshi H, Morikami A,
Nakamura K. Two B3 domain
transcriptional repressors prevent sugar-
inducible expression of seed maturation
genes in Arabidopsis seedlings.
Proceedings of the National Academy of
Sciences of USA. 2007;104:2543-2547.
DOI: 10.1073/pnas.0607940104

[96] Fincher GB. Molecular and cellular
biology associated with endosperm
mobilization in geminating cereal

grain. Annual Review of Plant
Physiology and Plant Molecular Biology.
1989;40:305-346. DOI: 10.1146/annurev.
pp-40.060189.001513

[97] Baud S, Wuilléme S, Lemoine R,
Kronenberger ], Caboche M, Lepiniec L,
et al. The AtSUCS sucrose transporter
specifically expressed in the

endosperm is involved in early

seed development in Arabidopsis.

Plant Journal. 2005;43:824-836.

DOI: 10.1111/j.1365-313X.2005.02496.x

27

[98] Ohdan T, Francisco PB, Sawada T,
Hirose T, Terao T, Satoh H, et al.
Expression profiling of genes involved
in starch synthesis in sink and source
organs of rice. Journal of Experimental
Botany. 2005;56:3229-3244.

DOI: 10.1093/jxb/eri292

[99] Smidansky ED, Meyer FD,
Blakeslee B, Weglarz TE, Greene TW,
Giroux MJ. Expression of a modified
ADP-glucose pyrophosphorylase large
subunit in wheat seeds stimulates
photosynthesis and carbon metabolism.
Planta. 2007;225:965-976. DOI: 10.1007/
s00425-006-0400-3

[100] Hannah LC, Futch B, Bing ],
Shaw JR, Boehlein S, Stewart JD, et al.
A shrunken-2 transgene increases
maize yield by acting in maternal
tissues to increase the frequency of
seed development. The Plant Cell.
2012;24:2352-2363. DOI: 10.1105/
tpc.112.100602

[101] Tuncel A, Okita TW. Improving
starch yield in cereals by overexpression
of ADP glucose pyrophosphorylase:
Expectations and unanticipated
outcomes. Plant Science. 2013;211:52-60.
DOI: 10.1016/j.plantsci.2013.06.009

[102] Gémez LD, Baud S, Gilday A, Li Y,
GrahamIA. Delayed embryo development
in the ARABIDOPSIS TREHALOSE-
6-PHOSPHATE SYNTHASE 1

mutant is associated with altered

cell wall structure, decreased cell
division and starch accumulation.

Plant Journal. 2006;46:69-84.

DOI: 10.1111/j.1365-313X.2006.02662.x

[103] Fait A, Angelovici R, Less H, Ohad I,
Urbanczyk-Wochniak E, Fernie AR,

et al. Arabidopsis seed development

and germination is associated with
temporally distinct metabolic switches.
Plant Physiology. 2006;142:839-854.
DOI: 10.1104/pp.106.086694



Seed Biology Updates

[104] Canas RA, Quillere I, Christ A,
Hirel B. Nitrogen metabolism in the
developing ear of maize (Zea mays):
Analysis of two lines contrasting in
their mode of nitrogen management.
New Phytologist. 2009;184:340-352.
DOI: 10.1111/j.1469-8137.2009.02966.x

[105] Kang Y, Li M, Sinharoy S, Verdier J.
A snapshot of functional genetic studies
in Medicago truncatula. In: Bruijn F,
editor. The Model Legume Medicago
truncatula. 1st ed. Wiley; 2019. p. 7-30.
DOI: 10.1002/9781119409144.ch02

[106] Gimeno-Gilles C, Gervais ML,
Planchet E, Satour P, Limami AM,
Lelievre E. A stress-associated protein
containing A20/AN1 zing-finger domains
expressed in Medicago truncatula seeds.
Plant Physiology and Biochemistry.
2011;49:303-310. DOI: 10.1016/j.
plaphy.2011.01.004

[107] van Der Geest A, Frisch DA,

Kemp JD, Hall TC. Cell ablation reveals
that expression from the phaseolin
promoter is confined to embryogenesis
and microsporogenesis. Plant Physiology.
1995;109:1151-1158. DOI: 10.1104/
pp.109.4.1151

[108] Kadosh D, Struhl K. Targeted
recruitment of the Sin3-Rpd3 histone
deacetylase complex generates a highly
localized domain of repressed chromatin
in vivo. Molecular and Cellular Biology.
1998;18:5121-5127. DOI: 10.1128/
MCB.18.9.5121

[109] Nambara E, Marion-Poll A.

ABA action and interactions in seeds.
Trends in Plant Science. 2003;8:213-217.
DOI: 10.1016/S1360-1385(03)00060-8

[110] Okamoto M, Kuwahara A,

Seo M, Kushiro T, Asami T, Hirai N,

et al. CYP707A1 and CYP707A2, which
encode abscisic acid 8 ¢- hydroxylases,
are indispensable for proper control

28

of seed dormancy and germination
in Arabidopsis. Plant Physiology.
2006;141:97-107. DOI: 10.1104/
pp-106.079475

[111] Millar AA, Jacobsen JV, Ross J],
Helliwell CA, Poole AT, Scofield G, et al.
Seed dormancy and ABA metabolism

in Arabidopsis and barley: The

role of ABA 8'-hydroxylase.

Plant Journal. 2006;45:942-954.

DOI: 10.1111/j.1365-313X.2006.02659.x

[112] Yang ], Zhang ], Liu K, Wang Z,

Liu L. Abscisic acid and ethylene interact
in wheat grains in response to soil

drying during grain filling. New
Phytologist. 2006;171:293-303.

DOI: 10.1111/}.1469-8137.2006.01753.x

[113] Nguyen HN, Sabelli PA, Larkins BA.
Endoreduplication and programmed

cell death in the cereal endosperm.

In: Olsen OA, editor. Endosperm:
Development and Molecular Biology.

8th ed. Berlin: Springer; 2007. pp. 21-43.
DOI: 10.1007/7089_2007_107

[114] Seo M, Hanada A, Kuwahara A,
Endo A, Okamoto M, Yamauchi, et al.
Regulation of hormone metabolism

in Arabidopsis seeds: Phytochrome
regulation of abscisic acid

metabolism and abscisic acid
regulation of gibberellin metabolism.
Plant Journal. 2006;48:354-366.

DOI: 10.1111/j.1365-313X.2006.02881.x

[115] Stone SL, Braybrook SA, Paula SL,
Kwong LW, Meuser ], Pelletier ], et al.
Arabidopsis LEAFY COTYLEDON?2
induces maturation traits and auxin
activity: Implications for somatic
embryogenesis. Proceedings of the
National Academy of Sciences of USA.
2008;105:3151-3156. DOI: 10.1073/
pnas.0712364105

[116] Brady SM, McCourt P. Hormone
cross-talk in seed dormancy. Journal of



Seed Filling

DOI: http://dx.doi.org/10.5772/intechopen.106843

Plant Growth Regulation. 2003;22:25-31.
DOI: 10.1007/s00344-003-0018-7

[117] Braybrook SA, Harada JJ. LECs go
crazy in embryo development. Trends
in Plant Science. 2008;13:624-630.
DOI: 10.1016/j.tplants.2008.09.008

[118] Gazzarrini S, Tsuchiyay,

Lumba S, Okamoto M, McCourt P. The
transcription factor FUSCA3 controls
developmental timing in Arabidopsis
through the hormones gibberellin

and abscisic acid. Developmental

Cell. 2004;7:373-385. DOI: 10.1016/j.
devcel.2004.06.017

[119] Pang Y, Wenger JP, Saathoff K,

Peel GJ, Wen J, Huhman D, et al. A
WDA40 repeat protein from Medicago
truncatula is necessary for tissue- specific
anthocyanin and proanthocyanid

in biosynthesis but not for trichome
development. Plant Physiology.
2009;151:1114-1129. DOI: 10.1104/
pp.109.144022

[120] Liu C, Jun JH, Dixon RA. MYB5
and MYB14 play pivotal roles in

seed coat polymer biosynthesis in
Medicago truncatula. Plant Physiology.
2014;165:1424-1439. DOI: 10.1104/
pp-114.241877

[121] Verdier J, Zhao J, Torres-Jerez I,

Ge S, Liu C, He X, et al. MtPAR MYB
transcription factor acts as an on switch
for proanthocyanidin biosynthesisin
Medicago truncatula. Proceedings of

the National Academy of Sciences of
USA. 2012;109:1766-1771. DOI: 10.1073/
pnas.1120916109

[122] Dhaubhadel S, McGarvey BD,
Williams R, Gijzen M. Isoflavonoid
biosynthesis and accumulation in
developing soybean seeds. Plant
Molecular Biology. 2003;53:733-743.
DOI: 10.1023/B:PLAN.0000023666.
30358.ae

29

[123] Pang Y, Peel GJ, Sharma SB,

Tang Y, Dixon RA. A transcript profiling
approach reveals an epicatechin-
specific glucosyltransferase expressed

in the seed coat of Medicago truncatula.
Proceedings of the National Academy of
Sciences of USA. 2008;105:14210-14215.
DOI: 10.1073/pnas.0805954105

[124] Zhao ], Dixon RA. MATE
transporters facilitate vacuolar uptake
of epicatechin 39-O-glucoside for
proanthocyanidin biosynthesis in
Medicago truncatula and Arabidopsis.
The Plant Cell. 2009;21:2323-2340.
DOI: 10.1105/tpc.109.067819

[125] Pang Y, Cheng X, Huhman D, Ma ],
Peel G, Yonekura-Sakakibara K, et al.
Medicago glucosyltransferase UGT72L1:
Potential roles in proanthocyanidin
biosynthesis. Planta. 2013;238:139-154.
DOI: 10.1007/s00425-013- 1879-z

[126] Zhao J, Huhman D, Shadle G,

He XZ, Sumner LW, Tang YH, et al.
MATE2 mediates vacuolar sequestration
of flavonoid glycosides and glycoside
malonates in Medicago truncatula.

The Plant Cell. 2011;23:1536-1555.

DOI: 10.1105/tpc.110.080804

[127] Peel GJ, Pang Y, Modolo LV,

Dixon RA. The LAP1 MYB transcription
factor orchestrates anthocyanidin
biosynthesis and glycosylation in
Medicago. The Plant Journal.
2009;59:136-149. DOI: 10.1111/j.
1365-313X.2009.03885.x

[128] Locascio A, Roig-Villanova I,
Bernardi ], 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/
tpls.2014.00412

[129] Yang J, Zhang ]. Grain filling
of cereals under soil drying. New



Seed Biology Updates

Phytologist. 2006;169:223-236.
DOI: 10.1111/j.1469-8137.2005.01597.x

[130] Ahmad I, Kamran M, Meng X,

Ali S, Ahmad S, Gao Z, et al. Hormonal
changes with uniconazole trigger
canopy apparent photosynthesis and
grain filling in wheat crop in a semi-arid
climate. Protoplasma. 2021;258:139-150.
DOI: 10.1007/s00709-020-01559-0

[131] Kong L, Guo H, Sun M. Signal
transduction during wheat grain
development. Planta. 2015;241:789-801.
DOI: 10.1007/s00425-015-2260-1

[132] Lv XK, Li T, Wen XX, Liao YC, Liu Y.
Effect of potassium foliage application
post-anthesis on grain filling of

wheat under drought stress. Field

Crops Research. 2017;206:95-105.

DOI: 10.1016/j.fcr.2017.02.015

[133] Ahmad I, Kamran M, Ali S, Cai T,
Bilegjargal B, Liu T, et al. Seed filling in
maize and hormones crosstalk regulated
by exogenous application of uniconazole
in semiarid regions. Environmental
Science and Pollution Research.
2018;25:33225-33239. DOI: 10.1007/
s11356-018-3235-0

[134] Nambara E, Marion-Poll A. Abscisic
acid biosynthesis and catabolism.
Annual Review of Plant Biology.
2005;56:165-185. DOI: 10.1146/annurev.
arplant.56.032604.144046

[135] Qin S], Zhang ZZ, Ning TY,

Ren SZ, Su LC, Li ZJ. Abscisic acid and
aldehyde oxidase activity in maize ear
leaf and grain relative to postflowering
photosynthetic capacity and grain-
filling rate under different water/
nitrogen treatments. Plant Physiology
and Biochemistry. 2013;70:69-80.
DOI: 10.1016/j.plaphy.2013.04.024

[136] Liu Y, Han ], Liu DD, Gu DD,
Wang YP, Liao YC, et al. Effect of plastic

30

film mulching on the grain filling and
hormonal changes of maize under
different irrigation conditions. PLoS
One. 2015;10:e0122791. DOI: 10.1371/
journal.pone.0122791

[137] Chen K, Ali S, ChenY, Manzoor SA,
Jan A, Inamullah FS. Effect of ridge-
covering mulching materials on
hormonal changes, antioxidative enzyme
activities and production of maize in
semi-arid regions of China. Agricultural
Water Management. 2018;204:281-291.
DOI: 10.1016/j.agwat.2018.03.023

[138] Yu SM, Lo SF, Ho THD. Source-sink
communication: Regulated by hormone,
nutrient, and stress cross-signaling.
Trends in Plant Science. 2015;20:844-857.
DOI: 10.1016/j.tplants.2015.10.009

[139] Yang JC, Zhang JH, Wang ZQ,
Zhu QS, Liu LJ. Involvement of abscisic
acid and cytokinins in the senescence
and remobilization of carbon reserves
in wheat subjected to water stress
during grain filling. Plant, Cell &
Environment. 2003;26:1621-1631.

DOI: 10.1046/j.1365-3040.2003.01081.x

[140] Yang ], Zhang ], Wang Z, Zhu Q,
Wang W. Hormonal changes in the
grains of rice subjected to water stress
during grain filling. Plant Physiology.
2001;127:315-323. DOI: 10.1104/
pp.127.1.315

[141] Zhang H, Li H, Yuan L, Wang Z,
Yang J, Zhang J. Post-anthesis alternate
wetting and moderate soil drying
enhances activities of key enzymes in
sucrose-to-starch conversion in inferior
spikelets of rice. Journal of Experimental
Botany. 2012;63:215-227. DOI: 10.1093/
jxb/err263

[142] Barrdoco RM, Peres A, Droual AM,
De Veylder L, Nguyen LSL, De

Wolf ], et al. The cyclin-dependent
kinase inhibitor Orysa; KRP1 plays an



Seed Filling
DOI: http://dx.doi.org/10.5772/intechopen.106843

important role in seed development of
rice. Plant Physiology. 2006;142:1053-
1064. DOI: 10.1104/pp.106.087056

[143] Sreenivasulu N, Borisjuk L,
Junker BH, Mock HP, Rolletschek H,
Seiffert U, et al. Barley grain
development: Toward an integrative
view. International Review of Cell and
Molecular Biology. 2010;281:49-89.
DOI: 10.1016/S51937-6448(10)81002-0

[144] Popko ], Hiansch R, Mendel R,
Polle A, Teichmann T. The role

of abscisicacid and auxin in the
response of poplar to abiotic stress.
Plant Biology. 2010;12:242-258.
DOI:10.1111/j.1438-8677.2009.00305.x

[145] Liu B, Liu XB, Wang C, Jin ],
Herbert SJ. Endogenous hormones in
seed, leaf, and pod wall and their
relationship to seed filling in soybeans.
Crop and Pasture Science. 2010;61:103-
110. DOI: 10.1071/CP09189

[146] Liu PP, Koizuka N,
HomrichhausenTM, Hewitt]R,MartinRC,
Nonogaki H. Large-scale screening of
Arabidopsis enhancer-trap lines for seed

germination-associated genes. Plant
Journal. 2005;41:936-944

[147] Golldack D, Li C, Mohan H,
Probst N. Gibberellins and abscisic acid
signal crosstalk: Living and developing
under unfavorable conditions. Plant
Cell Reports. 2013;32:1007-1016.

DOI: 10.1007/s00299-013-1409-2

[148] Lujan-Soto E, Dinkova TD. Time
to wake up: Epigenetic and small-
RNA-mediated regulation during seed
germination. Plants. 2021;10:236.
DOI: 10.3390/plants10020236

[149] Argueso CT, Ferreira FJ, Kieber J].
Environmental perception avenues:

The interaction of cytokinin and
environmental response pathways. Plant,

31

Cell & Environment. 2009;32:1147-1160.
DOI: 10.1111/j.1365-3040.2009.01940.x

[150] Zhang W, Cao Z, Zhou Q,

Chen]J, Xu G, Gu], et al. Grain filling
characteristics and their relations with
endogenous hormones in large- and
small-grain mutants of rice. PLoS One.
2016;11:e0165321. DOI: 10.1371/journal.
pone.0165321

[151] Morris RO, Blevins DG, Dietrich JT,
Durley RC, Gelvin SB, Gray], et al.
Cytokinins in plant pathogenic bacteria
and developing cereal grains. Functional
Plant Biology. 1993;20:621-637.

DOI: 10.1071/PP9930621

[152] Yang ], Peng S, Visperas RM,
Sanico AL, Zhu Q, Gu S. Grain filling
pattern and cytokinin content in the
grains and roots of rice plants. Plant
Growth Regulation. 2000;30:261-270.
DOI: 10.1023/A:1006356125418

[153] Ahmad I, Kamran M, Meng X,

Ali S, Bilegjargal B, Cai T, et al. Effects of
plant growth regulators on seed filling,
endogenous hormone contents and
maize production in semiarid regions.
Journal of Plant Growth Regulation.
2019;38:1467-1480. DOI: 10.1007/
s00344-019-09949-2

[154] Morris RO. Hormonal regulation
of seed development. In: Larkins BA,
Vasil IK, editors. Cellular and Molecular
Biology of Plant Seed Development.
Dordrecht: Springer; 1997. pp. 117-149.
DOI: 10.1007/978-94-015-8909-3_4

[155] Cui W, Song Q, Zuo B, Han Q,
Jia Z. Effects of gibberellin (GAy, ;) in
grain filling, hormonal behavior, and
antioxidants in high-density maize
(Zea mays L.). Plants. 2020;9:978.
DOI: 10.3390/plants9080978

[156] Jasinski S, Piazza P, Craft ], Hay A,
Woolley L, Rieu I, et al. KNOX action in



Seed Biology Updates

Arabidopsis is mediated by coordinate
regulation of cytokinin and gibberellin
activities. Current Biology. 2005;15:1560-
1565. DOI: 10.1016/j.cub.2005.07.023

[157] XuY], Gu DJ, Zhang BB, Zhang H,
Wang ZQ, Yang JC. Hormone contents
in kernels at different positions on an ear
and their relationship with endosperm
development and kernel filling in maize.
Acta Agronomica Sinica. 2013;39:1452-
1461. DOI: 10.3724/SP].1006.2013.01452

[158] Liu Y, Han J, Wen XX, Wu W, Guo Q,
Zeng Al, et al. Effect of plastic-covered
ridge and furrow planting on grain filling
of winter wheat is related to changes

in endogenous hormones. Journal of
Integrative Agriculture. 2013;12:1771-1782.
DOI: 10.1016/52095-3119(13)60337-8

[159] Liu Y, Sui YW, Gu DD, Wen XX,
ChenY, Li CJ, et al. Effects of
conservation tillage on grain filling

and hormonal changes in wheat under
simulated rainfall conditions. Field Crops
Research. 2013;144:43-51. DOI: 10.1016/j.
fcr.2013.01.009

[160] Liu Y, Peng L, Dong ST, Zhang JW.
Hormonal changes caused by the xenia
effect during grain filling of normal
corn and high-oil corn crosses. Crop
Science. 2010;50:215-221. DOI: 10.2135/
cropsci2009.04.0186

[161] JiaQ, Sun L, Mou H, Ali S,

Liu D, ZhangV, et al. Effects of planting
patterns and sowing densities on
grain-filling, radiation use efficiency
and yield of maize (Zea mays L.) in
semiarid regions. Agricultural Water
Management. 2018;201:287-298.

DOI: 10.1016/j.agwat.2017.11.025

[162] Tamas IA, Engels CJ, Kaplan SL,
Ozbun JL, Wallace DH. Role of
indoleacetic acid and abscisic acid in the
correlative control by fruits of axillary
bud development and leaf senescence.

32

Plant Physiology. 1981;68:476-481.
DOI: 10.1104/pp.68.2.476

[163] Singh G, Gerung SB. Hormonal
role in the problem of sterility in Oryza
sativa. Plant Physiology Biochemistry.
1982;9:22-23

[164] Ahmad S, Wennan S, Kamran M,
Ahmad I, Meng X, Xiaorong W, et al.
Foliar application of melatonin delay
leaf senescence in maize by improving
the antioxidant defense system and
enhancing photosynthetic capacity
under semiarid regions. Protoplasma.
2020;257:1079-1092

[165] Rijavec T, Kova'c M, Kladnik A,
Chourey PS, Dermastia M. Comparative
study on the role of cytokinins in
caryopsis development in the maize
miniaturel seed mutant and its

wild type. Journal of Integrative

Plant Biology. 2009;51:840-849.

DOI: 10.1111/}.1744-7909.2009.00863.x

[166] Panda BB, Kariali E, Panigrahi R,
Mohapatra PK. High ethylene production
slackens seed filling in compact panicled
rice cultivar. Plant Growth Regulation.
2009;58:141-151. DOI: 10.1007/
s10725-009-9362-3

[167] Kudryakova NV, Burkhanova EA,
Rakitin VY, Yakovleva LA, Smith A,

Hall MA, et al. Ethylene and cytokinin

in the control of senescence in detached
leaves of Arabidopsis thaliana eti-
5mutant and wild-type plants. Russian
Journal of Plant Physiology. 2001;48:624-
627. DOI: 10.1023/A:1016708002899

[168] Taverner E, Letham DS, Wang J,
Cornish E, Willcocks DA. Influence of
ethylene on cytokinin metabolism in

relation to Petunia corolla senescence.
Phytochemistry. 1999;51:341-347

[169] Ochatt SJ. Agroecological impact
of an in vitro biotechnology approach



Seed Filling
DOI: http://dx.doi.org/10.5772/intechopen.106843

of embryo development and seed filling
in legumes. Agronomy for Sustainable
Development. 2015;35:535-552.

DOI: 10.1007/s13593-014-0276-8

[170] Lichtenhaler HK. Vegatation stress:
An introduction to the stress concept

in plants. Journal of Plant Physiology.
1996;148:4-14

[171] Zinn KE, Tunc-Ozdemir M,
Harper JF. Temperature stres and plan
sexual reproduction: Uncovering the

weakest links. Journal Experimental
Botany. 2010;61:1959-1968

[172] Thakur P, Kumar S, Malik JA,
Berger JD, Nayyar H. Cold stress effects
on reproductive development in grain
crops: An overview. Environmental and
Experimental Botany. 2010;67:429-443.
DOI: 10.1016/j.envexpbot.209.09.004

[173] Kumar S, Malik J, Thakur P,

Kaistha S, Sharma KD, Upadhyaya HD,
et al. Growth and metabolic responses

of contrasting chickpea (Cicer

arietinum L.) genotypes to chiling

stress at reproductive phase. Acta
Physiologiae Plantarum. 2011;33:779-787.
DOI: 10.1007/s11738-010-0602-y

[174] Prasad PVYV, Pisipati SR,

Mutava RN, Tuinstra MR. Sensitivity

of grain sorghum to high temperature
stress during reproductive development.
Crop Science. 2008;48:1911-1917.

DOI: 10.1016/jjplph.2009.11.007

[175] Sehgal A, Sita K, Kumar J, Kumar S,
Singh S, Siddique KHM, et al. Effects of
drought, heat and their interaction on

the growth, yield and photosynthetic
function of lentil (Lens culinaris Medikus)
genotypes varying in heat and drought
sensitivity. Frontiers in Plant Science.
2017;8:1776. DOI: 10.3389/fpls.2017. 01776

[176] Asseng S, van Herwaarden AF.
Analysis of the benefits to wheat yield

33

from assimilates stored prior to grain
filling in a range of environments.
Plant and Soil. 2003;256:217-229.
DOI: 10.1023/A:1026231904221

[177] Plaut Z, Butow BJ, Blumenthal CS,
Wrigley CW. Transport of dry matter
into developing wheat kernels and

its contribution to grain yield under
post-anthesis water deficit and elevated
temperature. Field Crops Research.
2004;86:185-198. DOI: 10.1016/j.
£cr.2003.08.005

[178] Anjum SA, Xie XY, Wang LC,
Saleem MF, Man C, Lei W.
Morphological, physiological

and biochemical responses of
plants to drought stress. African

Journal of Agricultural Research.
2011;6:2026-2032

[179] Siddique KHM, Regan KL,
Tennant G, Thomson BD. Water use and
water use efficiency of cool season grain
legumes in low rainfall Mediterranean-
type environments. European Journal
of Agronomy. 2001;15:267-280.

DOI: 10.1016/ S1161-0301(01) 00106-X

[180] Valentovic P, Luxova M,

Kolarovic L, Gasparikova O. Effect of
osmotic stress on compatible solutes
content, membrane stability and water
relations in two maize cultivars. Plant,
Soil and Environment. 2006;52:184-191

[181] Franca MGC, Thi ATP, Pimentel C,
Rossiello ROP, Zuily-Fodil Y, Laffray D.
Differences in growth and water relations
among Phaseolus vulgaris cultivars in
response to induced drought stress.
Environmental and Experimental
Botany. 2000;43:227-237. DOI: 10.1016/
S0098-8472(99)00060-X

[182] Farooq M, Wahid A, Kobayashi N,
Fujita D, Basra SMA. Plant drought
stress: Effects, mechanisms and
management. Agronomy for Sustainable



Seed Biology Updates

Development. 2009;29:185-212.
DOI: 10.1051/agro:2008021

[183] Sita K, Sehgal A, Kumar J,

Kumar S, Singh S, Siddique KHM, et al.
Identification of high-temperature
tolerant lentil (Lens culinaris Medik.)
genotypes through leaf and pollen traits.
Frontiers in. Plant Science. 2017;8:744.
DOI: 10.3389/ fpls.2017.00744

[184] Massacci A, Nabiev SM,
Pietrosanti L, Nematov SK,

Chernikova TN, Thor K, et al. Response
of the photosynthetic apparatus of cotton
(Gossypium hirsutum) to the onset of
drought stress under field conditions
studied by gas-exchange analysis and
chlorophyll fluorescence imaging.

Plant Physiology and Biochemistry.
2008;46:189-195. DOI: 10.1016/j.
plaphy.2007. 10.006

[185] Rahbarian R, Khavari-Nejad R,
Ganjeali A, Bagheri A, Najafi F. Drought
stress effects on photosynthesis,
chlorophyll fluorescence and water
relations in tolerant and susceptible
chickpea genotypes. Acta Biologica
Cracoviensia Series Botanica. 2011;53:47-
56. DOI: 10.2478/v10182-011-0007-2

[186] Awasthi R, Kaushal N, Vadez V,
Turner NC, Berger J, Siddique KH, et al.
Individual and combined effects of
transient drought and heat stress on
carbon assimilation and seed filling

in chickpea. Functional Plant Biology.
2014;41:1148-1167. DOI: 10.1071/FP13340

[187] Samarah NH, Alqudah AM,
Amayreh JA, McAndrews GM. The effect
of late-terminal drought stress on yield
components of four barley cultivars.
Journal of Agronomy and Crop Science.
2009;195:427-441. DOI: 10.1111/j.1439-
037X.2009. 00387.x

[188] Jiang Y, Huang B. Drought and
heat stress injury to two cool season

34

turfgrasses in relation to antioxidant
metabolism and lipid peroxidation. Crop
Science. 2001;41:436-442. DOI: 10.2135/
cropsci2001.412436x

[189] Samarah N, Mullen R, Cianzio S.
Size distribution and mineral nutrients
of soybean seeds in response to drought
stress. Journal of Plant Nutrition.
2004;27:815-835. DOI: 10.1081/
PLN-120030673

[190] Gunes A, Cicel N, Inal A,
Alpaslan M, Eraslan F, Guneri E, et al.
Genotypic response of chickpea (Cicer
arietinum L.) cultivars to drought
stress implemented at pre- and post-
anthesis stages and its relations with
nutrient uptake and efficiency. Plant
Soil Environment. 2006;52:368-376.
DOI: 10.17221/3454-PSE

[191] Serraj R. Effects of drought stress
on legume symbiotic nitrogen fixation:
Physiological mechanisms. Indian
Journal of Experimental Biology.
2003;41:1136-1141

[192] Gonzalez A, Galvez L, Royuela M,
Aparicio-Tejo P, Arrese-Igor C. Insights
into the regulation of nitrogen fixation

in pea nodules: Lessons from drought,
abscisic acid and increased assimilate
availability. Agronomie. 2001;21:607-613.
DOI: 10.1051/agro:2001151

[193] Leport L, Turner NC,

Davies SL, Siddique KHM. Variation in
pod production and abortion among
chickpea cultivars under terminal
drought. European Journal of Agronomy.
2006;24:236-246. DOI: 10.1016/j.
€ja.2005.08.005

[194] Mafakheri A, Siosemardeh A,
Bahramnejad B, Struik PC, Sohrabi Y.
Effect of drought stress on yield, proline
and chlorophyll contents in three

chickpea cultivars. Australian Journal of
Crop Science. 2010;4:580-585



Seed Filling
DOI: http://dx.doi.org/10.5772/intechopen.106843

[195] Zare M, Ghahremaninejad M,
Bazrafshan F. Influence of drought stress
on some traits in five mung bean (Vigna
radiata (L.) R. Wilczek) genotypes.
International Journal of Agronomy and
Plant Production. 2012;3:234-240

[196] Seghatoleslami M]J, Kafi M,
Majidi E. Effect of drought stress at
different growth stages on yield and
water use efficiency of five proso
millet (Panicum miliaceum L.)

genotypes. Pakistan Journal of Botany.
2008;40:1427-1432

[197] Pushpavalli R, Zaman-Allah M,
Turner NC, Baddam R, Rao MV,

Vadez V. Higher flower and seed
number leads to higher yield under
water stress conditions imposed during
reproduction in chickpea. Functional
Plant Biology. 2014;42:162-174.

DOI: 10.1071/FP14135

[198] Farooq M, Hussain M, Wakeel A,
Siddique KHM. Salt stress in maize:
Effects, resistance mechanisms and
management. A review. Agronomy for
Sustainable Development. 2015;35:461-
481. DOI: 10.1007/s13593-015-0287-0

[199] Liu F, Jensen CR, Andersen MN.
Pod set related to photosynthetic rate and
endogenous ABA in soybeans subjected
to different water regimes and exogenous
ABA and BA at early reproductive stages.
Annals of Botany. 2004;94:405-411.

DOI: 10.1093/aob/mch157

[200] Saeedipour S. Activities of sucrose-
metabolizing enzymes in grains of two
wheat (Triticum aestivum L.) cultivars
subjected to water stress during grain
filling. Journal of Plant Breeding and
Crop Science. 2011;3:106-113

[201] Shrestha R, Turner NC,

Siddique KHM, Turner DW, Speijers J. A
water deficit during pod development in
lentils reduces flower and pod numbers

35

but not seed size. Australian Journal of
Agricultural Research. 2006;57:427-438.
DOI: 10.1071/ AR05225

[202] Ghanbari AA, Mousavi SH,
Mousapour Gorgi A, Rao IM. Effects of
water stress on leaves and seeds of bean

(Phaseolus vulgaris L.). Turkish Journal of
Field Crops. 2013;181:73-77

[203] Smiciklas KD, Mullen RE,

Carlson RE, Knapp AD. Soybean seed
quality response to drought stress

and pod position. Agronomy Journal.
1992;84:166-170. DOI: 10.2134/agronj199
2.00021962008400020008x

[204] Samarah NH, Haddad N, Alqudah A.
Yield potential evaluation in chickpea
genotypes under late terminal drought in
relation to the length of reproductive stage.
Italian Journal of Agronomy. 2009;3:111-
117. DOI: 10.4081/ija.2009. 3.111

[205] Saini HS, Westgate ME.
Reproductive development in grain crops
during drought. In: Sparks DL, editor.
Advances in Agronomy. Vol 68. Delaware:
Academic Press; 1999. p. 59-96. DOLI:
10.1016/S0065-2113(08)60843-3

[206] Nicolas ME, Gleadow RM,

Dalling MJ. Effect of postanthesis drought
on cell division and starch accumulation
in developing wheat grains. Annals of
Botany. 1985;55:433-444. DOI: 10.1093/
oxfordjournals.aob.a08 6922

[207] Behboudian MH, Ma Q, Turner NC,
Palta JA. Reactions of chickpea to water
stress: Yield and seed composition.
Journal of the Science of Food and
Agriculture. 2001;81:1288-1291.

DOI: 10.1002/jsf2.939

[208] Ahmadi A, Baker DA. The
effect of water stress on the sucrose
to starch pathway. Plant Growth
Regulation. 2001;35:81-91.

DOI: 10.1023/A:1013827600528



Seed Biology Updates

[209] Singh S, Singh G, Singh P, Singh N.
Effect of water stress at different stages
of grain development on the
characteristics of starch and protein

of different wheat varieties. Food
Chemistry. 2008;108:130-139.

DOI: 10.1016/j.foodchem. 2007.10.054

[210] Bellaloui N, Hu Y, Mengistu A,
Kassem MA, Abel CA. Effects of foliar
boron application on seed composition,
cell wall boron, and seed _15N and _13C
isotopes in water-stressed soybean plants.
Frontiers in Plant Science. 2013;4:270.
DOI: 10.3389/fpls.2013.00270

[211] Dwivedi SL, Nigam SN, Rao RCN,
Singh U, Rao KVS. Effect of drought on
oil, fatty acids and protein contents of

groundnut (Arachis hypogaea L.) seeds.
Field Crops Research. 1996;48:125-133.
DOI: 10.1016/S0378-4290(96) 01027-1

[212] Ali Q, Ashraf M, Anwar F. Seed
composition and seed oil antioxidant
activity of maize under water stress.
Journal of the American Oil Chemists
Society. 2010;87:1179-1187. DOI: 10.1007/
s11746-010-1599-5

[213] Ali Q, Ashraf M, Anwar F,
Al-Qurainy F. Trehalose-induced changes
in seed oil composition and antioxidant
potential of maize grown under drought
stress. Journal of the American Oil
Chemists Society. 2012;89:1485-1493.
DOI: 10.1007/s11746- 012-2032-z

[214] Dornbos DLJr, Mullen RE. Soybean
seed protein and oil contents and fatty-
acid composition adjustments by drought
and temperature. Journal of American
Oil Chemists’ Society. 1992;69:228-231.
DOI: 10.1007/BF02635891

[215] Sung DY, Kaplan F, Lee K], Guy CL.
Acquired tolerance to temperature
extremes. Trends Plant Science.
2003;8:179-187. DOI: 10.1016/
S$1360-1385(03)00047-5

36

[216] Kaushal N, Bhandari K,

Siddique KHM, Nayyar H. Food crops
face rising temperatures: An overview
of responses, adaptive mechanisms,

and approaches to improve heat
tolerance. Cogent Food Agriculture.
2016;2:1134380. DOI: 10.1080/23311932.
2015.1134380

[217] Dias AS, Lidon FC. Evaluation of
grain filling rate and duration in bread
and durum wheat, under heat stress
after anthesis. Journal of Agronom
Crop Science. 2009;195:137-147.

DOI: 10.1111/j.1439-037X.2008.00347.x

[218] Prasad PV, Pisipati SR,
Momcilovic I, Ristic Z. Independent and
combined effects of high temperature
and drought stress during grain

filling on plant yield and chloroplast
protein synthesis elongation factor
(EFTu) expression in spring wheat.
Journal of Agronomy and Crop

Science. 2011;197:430, 10.1111/j.
1439-037X.2011.00477.x-441

[219] Prasad PVV, Craufurd PQ,
Summerfield RJ, Wheeler TR. Effects of
short episodes of heat stress on flower
production and fruit-set of groundnut
(Arachis hypogaea L.). Journal of
Experimental Botany. 2000;51:777-784.
DOI: 10.1093/jexbot/ 51.345.777

[220] Tsukaguchi T, Kawamitsu Y,
Takeda H, Suzuki K, Egawa Y. Water
status of flower buds and leaves

as affected by high temperature in
contrasting snap bean (Phaseolus
vulgaris L.) varieties in heat tolerance.
Plant Production Science. 2003;6:24-27.
DOI: 10.1626/pps.6.24

[221] Devasirvatham V, Tan DKY,
Trethowan RM, Gaur PM,
Mallikarjuna N. Impact of high
temperature on the reproductive stage
of chickpea. In: Food Security from
Sustainable Agriculture Proceedings of



Seed Filling
DOI: http://dx.doi.org/10.5772/intechopen.106843

the 15th Australian Society of Agronomy
Conference. New Zealand: Lincoln; 2010.
pp. 15-18

[222] Djanaguiraman M, Prasad PV,
Seppanen M. Selenium protects sorghum
leaves from oxidative damage under

high temperature stress by enhancing
antioxidant defense system. Plant
Physiology and Biochemistry.
2010;48:999-1007

[223] Rashid M, Hampton ]G, Rolston MP,
Khan KM, Saville D]. Heat stress during
seed development affects forage

brassica (Brassica napus L.) seed quality.

Journal of Agronomy Crop Science.
2017;204:147-154. DOI: 10.1111/jac.12251

[224] Kaushal N, Awasthi R, Gupta K,
Gaur P, Siddique KH, Nayyar H. Heat-
stress-induced reproductive failures in
chickpea (Cicer arietinum) are associated
with impaired sucrose metabolism

in leaves and anthers. Functional

Plant Biology. 2013;40:1334-1349.

DOI: 10.1071/FP13082

[225] Duthion C, Pigeaire A. Seed lengths
corresponding to the final stage in seed
abortion of three grain legumes. Crop
Science. 1991;31:1579-1583. DOI: 10.2135/
cropscil991.0011183X003100060040x

[226] Nielsen CL, Hall AE. Responses of
cowpea (Vigna unguiculata (L.)Walp.)
in the field to high night air temperature
during flowering. II. Plant responses.
Field Crops Research. 1985;10:181-196.
DOI: 10.1016/0378-4290(85)90025-5

[227] Chakrabarti B, Singh SD, KumarV,
Harit RC, Misra S. Growth and yield
response of wheat and chickpea crops
under high temperature. Indian Journal
of Plant Physiology. 2013;18:7-14.

DOI: 10.1007/s40502-013-0002-6

[228] Barnabas B, Jager K, Fehér A. The
effect of drought and heat stress on

37

reproductive processes in cereals. Plant
Cell Environment. 2008;31:11-38

[229] Hurkman W], McCue KF,
Altenbach SB, Korn A, Tanaka CK,
Kothari KM, et al. Effect of temperature
on expression of genes encoding
enzymes for starch biosynthesis in
developing wheat endosperm. Plant
Science. 2003;164:873-881. DOI: 10.1016/
S0168-9452(03)00076-1

[230] Yamakawa H, Hakata M. Atlas of
rice grain filling-related metabolism
under high temperature: 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

[231] DuPont FM, Altenbach SB.
Molecular and biochemical impacts
of environmental factors on wheat
grain development and protein
synthesis. Journal of Cereal Science.
2003;38:133-146. DOI: 10.1016/
S0733-5210(03)00030-4

[232] Thomas JMG, Boote K], Allen LH,
Gallo-Meagher M, Davis JM. Elevated
temperature and carbon dioxide effects
on soybean seed germination and
transcript abundance. Crop Science.
2003;43:1548-1557. DOI: 10.2135/
cropsci2003.1548

[233] Jenner CF. Effects of exposure of
wheat ears to high temperature on dry
matter accumulation and carbohydrate
metabolism in the grain of two cultivars.
Functional Plant Biology. 1991;18:165-
177. DOI: 10.1071/PP9910165

[234] Yamakawa H, Hirose T, Kuroda M,
Yamaguchi T. Comprehensive expression
profiling of rice grain filling-related
genes under high temperature using
DNA microarray. Plant Physiology.



Seed Biology Updates

2007;144:258-277. DOI: 10.1104/pp.107.
098665

[235] Tanamachi K, Miyazaki M,

Matsuo K, Suriyasak C, Tamada A,
MatsuyamaK, et al. Differential responses
to high temperature during maturation
in heat-stress tolerant cultivars of
japonica rice. Plant Production Science.
2016;19:300-308. DOI: 10.1080/
1343943X.2016.1140007

[236] Ozkaynak E, Samanci B.
Comparison of popcorn (Zea mays everta
Sturt.) lines and their testcrosses

for yield and yield-related traits.
Mediterranean Agricultural Sciences.
2003;16(1):35-42

[237] Bartholomew SB. Temperature
effects on the fatty acid composition of
developing seeds in safflower, Carthamus
tinctorius S.L. [thesis]. University of
California, Davis; 1971

[238] Canvin DT. The effect of temperature
on the oil content and fatty acid
composition of the oils from several oil

seed crops. Canadian Journal of Botany.
1965;43:63-69. DOI: 10.1139/b65-008

[239] Brunel-Muguet S, D’Hooghe P,
Bataillé MP, Larré C, Kim TH,

Trouverie J, et al. Heat stress during

seed filling interferes with sulfur
restriction on grain composition and
seed germination in oilseed rape (Brassica
napus L.). Frontiers in Plant Science.
2015;6:213. DOI: 10.3389/fpls.2015.00213

[240] Weiss EA. Oilseed Crops. Leonord
Hill Boks, New York: Tropical Agriculture
Series. Pub. By Longman Inc.; 1983

[241] Robbelen G, Downey RK, Ashri A.
Oilcrops of the World. USA: McgrawHill;
1989

[242] Erbas S, Tongug¢ M, Sanli A.
Variations in the agronomic and quality

38

characteristics of domestic and foreign
safflower Carthamus tinctorius L
genotypes. Turkish Journal of Field
Crops. 2016;21:110-119. DOI: 10.17557/
tjfc.56268

[243] Pritchard FM, Eagles HA,
Norton RM, Salisbury PA, Nicolas M.
Environmental effects on seed
composition of Victorian canola.

Australian Journal of Experimental
Agriculture. 2006;40(5):679-685

[244] Broun P, Somerville C.
Accumulation of Ricinoleic, Lesquerolic
and Densipolic acid an seeds to
transgenic Arabidopsis plants

that express a fatty acylhdroxlase

from Castor bean. Plant Phsiology.
1997;113:933-942

[245] Stryer L. Biochemistry. 30th press.
New York: W. H. Freeman Comp. Inc.;
1986

[246] Dybing CD, Zimmerman DC. Fatty
acid accumulation in maturing flax seeds

as influenced by environment. Plant
Physiology. 1966;41:1465-1470

[247] Harris HC, McWilliam JR,

Mason WK. Influence of temperature on
oil content and composition of sunflower
seed. Australian Journal of Agricultural
Research. 1978;29:1203-1212.

DOI: 10.1071/AR9781203

[248] Stone PJ, Gras PW, Nicolas ME.
The influence of recovery temperature
on the effects of brief heat shock on
wheat. III. Grain protein and dough
properties. Journal of Cereal Science.
1997;25:129-141. DOI: 10.1006/
jcrs.1996.0080

[249] Triboi E, Martre P,

Triboi-Blondel AM. Environmentally-
induced changes of protein composition
for developing grains of wheat are
related to changes in total protein



Seed Filling
DOI: http://dx.doi.org/10.5772/intechopen.106843

content. Journal of Experimental Botany.
2003;54:1731-1742. DOI: 10.1093/jxb/
ergl83

[250] Mession JL, Sok N, Assifaoui A,
Saurel R. Thermal denaturation of pea
globulins (pisum sativum L.) molecular
interactions leading to heatinduced
protein aggregation. Journal of
Agriculture and Food Chemistry.
2013;61:1196-1204. DOI: 10.1021/
j£303739n

[251] Zu L. Effects of gradual and sudden
heat stress on seed quality of Andean
Lupin, Lupinus mutabilis [thesis].
Helsinki: The University of Helsinki;
2009

39



