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Abstract: Cereal crops with inhibition expression of starch branching enzyme (SBE) contain highly
resistant starch in the endosperm, and have potential health benefits for human. However, seed
plumpness is significantly different, with different inhibition effects of SBE expression, resulting
in differently shrunken seeds. In this study, a transgenic resistant starch rice line, which has
highly resistant starch and is developed through inhibition expression of SBEs, had non-, slightly,
and moderately shrunken seeds with plumpness from high to low. The differently shrunken seeds
had significantly different seed weight and starch content. Different morphological starch granules
were detected in the endosperm and had similar spatial distribution pattern among the non-, slightly,
and moderately shrunken seeds. Starches from differently shrunken seeds had similar amylose
content and amylopectin structure. The protein amount of amylose/amylopectin synthesis key
enzymes in endosperm was no different between differently shrunken seeds. The primary branch
of the panicle had a higher percentage of non-shrunken seeds than did the secondary branch at
the same part of the panicle. From the upper part to the base of the panicle, non-shrunken seeds
gradually decreased but slightly and moderately shrunken seeds gradually increased. The above
results indicated that the differently shrunken seeds in transgenic rice line had the same SBE dosage,
and the starch morphology and structure had no relationship with seed plumpness. The grain
position on the panicle influenced seed plumpness, but had no effect on starch properties.

Keywords: rice; inhibition expression of starch branching enzyme; seed plumpness; grain position
on panicle; starch morphology; starch structure

1. Introduction

Starch is the main component of cereal endosperm. Its content and properties determine the
quality and utilization of cereal crops. Starch contains rapidly digestible starch, slowly digestible
starch, and resistant starch (RS) according to its digestion rate. RS is a portion of starch that cannot be
degraded in the upper gastrointestinal tract but functions as a substrate for bacterial fermentation in
the large intestine [1]. RS can provide many health benefits for humans. For example, RS-enriched food
can lower the glycemic and insulin responses and reduce the risk of developing obesity, cardiovascular
diseases, and type II diabetes [2–4]. However, normal cereal crops contain very low RS in endosperm.
Therefore, it is of interest and importance to cultivate high-RS cereal crops for breeders [3–6].
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Starch consists of two main components: linear amylose and highly branched amylopectin. In the
cereal endosperm, granule-bound starch synthase I (GBSSI) is responsible for amylose synthesis,
and starch synthase (SS), starch branching enzyme (SBE), and starch debranching enzyme (DBE)
cooperatively synthesize the amylopectin [7]. In addition, starch phosphorylase 1 (Pho1) also plays
a role in starch synthesis [8]. The inhibition expression of SBE in cereal endosperm can change
amylopectin structure and increase amylose content, leading to the improvement of RS [3–6,9–12].
In cereal endosperm, SBE has three isoforms, SBEI, SBEIIa, and SBEIIb. The SBEIIb mutation, also
designated as an amylose extender (ae) mutant, can lead to amylose increase of 10% and 30% in rice
and maize, respectively [5,9]. The inhibition expression of SBEIIa produces 55.7% and 38% amylose
content in wheat and barley, respectively [3,12]. A higher increase of amylose content is detected when
two or three SBEs inactivation are combined. For example, simultaneous inhibition of SBEIIa and
SBEIIb improves amylose content up to 76.2% in barley [10], while the concerted repression of SBEI,
SBEIIa, and SBEIIb can develop an amylose-only starch in barley [6]. Though the above crops with
inhibition expression of SBE have high amylose, the amylopectin content significantly decreases and
its branch-chains markedly elongate [5,6,9,10,12]. Their endosperm is rich in RS and can improve
health indices in normal and diabetic rats [3,4].

In cereal crops with inhibition expression of SBE, seed plumpness and weight decrease due to
reduced starch synthesis in endosperm. For example, in the rice ae mutant, starch content drops by
50% [9,13]. A similar phenotype is also detected in the maize ae mutant [14]. Furthermore, along with
the addition of SBEI mutation in maize ae background, the shrunken seed phenotype is more evident
than that of the SBEIIb mutation alone [14]. In SBEIIa–/SBEIIb– transgenic barley, the wrinkled seed is
also detected and starch content decreases to 45.4% from 60% [10]. Amylose-only barley seeds show
47.2% starch content, which is slightly lower than that of the control (52.8%) [6].

A transgenic resistant starch rice line (TRS) has been developed through antisense RNA inhibition
of SBEI/SBEIIa/SBEIIb in the background of an indica cultivar Te-qing (TQ) [4,15]. TRS seeds have four
differently morphological starch granules, including polygonal, aggregated, elongated, and hollow
granules, that are regionally distributed in a single seed from inside to outside of the endosperm [16,17].
The TRS endosperm contains abundant RS and has shown significant potential to improve the health
of the large bowel in rats [4]. The amylose content in TRS seed is approximately 40% higher than
that of TQ, but the amylopectin content per seed in TRS decreases by approximately 70%, leading
to markedly reduced starch content and seed weight [15]. TRS seeds, except for seriously shrunken
seeds, can be classified into non-, slightly, and moderately shrunken seeds according to the plumpness
of the seed. The differently shrunken seeds come from the same panicle. However, it is unclear
whether the starch morphology and structure are different among differently shrunken seeds. To our
knowledge, no papers have reported the reason for these differently shrunken seeds in the same
mutant or transgenic line with inhibition expression of SBE.

In this study, seed characteristics, starch morphology and structure, protein amount of key
amylose/amylopectin synthesis enzymes, and grain position on panicle were investigated in differently
shrunken seeds of TRS through morphological observation, physicochemical analysis, and Western blot
methods. Our objective was to reveal the starch properties and discover the reason for the differently
shrunken seeds in TRS. This study would provide important information for quality breeding and
seed utilization of cereal crops through inhibition expression of SBE.

2. Materials and Methods

2.1. Plant Materials

The transgenic resistant starch rice line (TRS) was developed through antisense RNA inhibition of
SBEI, SBEIIa, and SBEIIb in the background of an indica rice cultivar Te-qing (TQ) [4,15]. The expression
levels of SBEI, SBEIIa, and SBEIIb in TRS are about 8.5%, 10.0%, and 10.7%, respectively, of those
in TQ [15]. TRS is a stable transgenic line chosen from four independent homozygous transgenic
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lines [4], and has been planted for 15 generations. TRS was cultivated in a closed transgenic experiment
field of Yangzhou University, Yangzhou, China. Mature panicles from the single transgenic line TRS
were used as plant materials. Grains were dehulled by hands, and the resulting seeds were used
to investigate seed characteristics, starch morphology and structure, and the protein amount of key
amylose/amylopectin synthesis enzymes.

2.2. Determination of Seed Weight and Its Starch and Soluble Sugar Contents

Dry seeds were weighed to calculate the seed weight. The starch and soluble sugar contents
in seed were measured following the method of Gao et al. [18]. Briefly, dry seeds were extensively
ground with a mortar and passed through a 100-mesh sieve to obtain seed flour. The soluble sugar in
seed flour was extracted using 80% (v/v) ethanol three times, and the starch in flour precipitate was
hydrolyzed to soluble sugar using HClO4. Finally, the soluble sugar content was determined using
anthrone-H2SO4 method and converted to soluble sugar and starch contents.

2.3. Seed Sections for Light Microscopy

The whole sections of mature seeds were prepared exactly following the method of Zhao et al. [19].
The semithin sections with 2 µm thickness were sectioned under an ultrathin microtome (EM UC7),
stained with I2/KI, and observed using an Olympus BX53 light microscope equipped with a
CCD camera.

2.4. Molecular Weight Distribution of Starch

Total starch was isolated from seeds following the method of Man et al. [20]. The debranched
starch was prepared exactly by following the method of Lin et al. [21]. Briefly, isolated starch was
deproteinized with protease and sodium bisulfite, dissolved in DMSO solution, and precipitated
with 80% ethanol. The precipitated starch was dispersed in water and debranched using isoamylase.
The debranched starch was analyzed using a gel-permeation chromatography (GPC) system (PL-GPC
220) with three columns (PL110-6100, 6300, 6526) and a differential refractive index detector,
as described in the method of Man et al. [20].

2.5. Western Blot

The above isolated starches with the same weight were dispersed in a gelatinized buffer
(50 mM Tris-HCl, pH 8.0, 10% SDS) and boiled in a water bath with constant stirring to release the
granule-bound protein. After centrifuging, the soluble fraction was precipitated in acetone overnight
to obtain the protein pellet. The protein pellet was suspended in the same volume of gelatinized
buffer. The same volume of protein suspension was loaded to the SDS gels and then electrophoretically
transferred from SDS gels to polyvinylidene difluoride membranes. These blots were soaked in TBST
buffer (50 mM Tris-HCl, pH 7.4, 0.1% Tween 20, 0.2 M NaCl) containing 5% milk to block non-specific
sites and then exposed to antibodies at 4 ◦C overnight. After washing, the blots were probed by goat
anti-rabbit immunoglobulins conjugated to horseradish peroxidase. Detection was conducted using
ECL detection reagents, and imaging was detected by a chemiluminescence analyzer. Antibodies
against SBEI, SBEIIa, SBEIIb, Pho1, SSI, and GBSSI were described previously [22].

2.6. Analysis of Grain Position on Panicle

The growing position on panicle of differently shrunken seeds was analyzed according to the
method described by Dong et al. [23] with some modifications. All branches of the panicle were
classified into three parts: the upper, middle, and basal (Figure 1). The growing positions of grains
were numbered 1 to 6 on the primary branch from the top to the bottom and 1 to 3 or 4 on the secondary
branch. Ten random panicles from different lines were chosen as one replication, and three replications
were conducted.
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Figure 1. Diagram of rice panicle and grain growing position.

2.7. Statistical Analysis

The data were analyzed using SPSS 16.0 Statistical Software Program. The one-way analysis of
variance was evaluated using Tukey’s test.

3. Results

3.1. Characteristics of Differently Shrunken Seeds

TRS mature seeds showed an opaque phenotype. These seeds, except for the seriously shrunken
ones, were classified into three types, non-, slightly, and moderately shrunken seeds, according to their
plumpness and morphology (Figure 2). The seriously shrunken seeds might be due to the endosperm
development having stopped at the middle stage of kernel development. This phenomenon also exists
in normal rice. Therefore, they were ignored in the present study. The seed testing of three successive
years showed that 18.9~19.6% of seeds had a non-shrunken phenotype, 37.2~39.1% of seeds were
slightly shrunken, and 41.3~43.9% of seeds were moderately shrunken.

The seed weight, starch content, and soluble sugar content in non-, slightly, and moderately
shrunken seeds are shown in Figure 3. It was clear that seed weight and starch content significantly
decreased from non-shrunken to slightly shrunken and moderately shrunken seeds. However,
the soluble sugar content in moderately shrunken seed was significantly higher than in non- and
slightly shrunken seeds.
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letters are significantly different (p < 0.05).

3.2. Starch Morphology in Differently Shrunken Seeds

Our previous study showed that TQ seed had homogeneous compound starch granules
in endosperm, whereas TRS endosperm contained differently morphological starches including
polygonal, aggregated, elongated, and hollow granules [16,17]. To investigate whether the morphology
of starch granules in non-, slightly, and moderately shrunken seeds was different from each
other, the semithin section of the whole seed was stained with I2/KI (Figure 4). The polygonal,
aggregated, elongated, and hollow starch granules were all observed from the inside to the
outside of the endosperm in the non-, slightly, and moderately shrunken seeds. The innermost
polygonal granule contained subgranules of compound starch, as in normal rice (Figure 4(A1,B1,C1)).
The aggregated starch granule was a compound starch but circled by a thick band (Figure 4(A2,B2,C2)).
When separating starches from TRS endosperm, the aggregated starch granule can maintain
its complete morphology, while a compound starch is disassociated into several polygonal
subgranules [16]. The elongated starch granule consisted of two or three polygonal starch granules in
line to form an elongated morphology (Figure 4(A3,B3,C3)) [16]. The outermost hollow starch granule
was hollow inside and only contained a thick starch band (Figure 4(A4,B4,C4)) [16]. The morphology
and distribution of the abovementioned polygonal, aggregated, elongated, and hollow starch granules
showed no significant differences in non-, slightly, and moderately shrunken seeds. However,
the packed degree of these starch granules was significantly different among differently shrunken
seeds. The starch granules in the non-shrunken seed were arranged more tightly than in the slightly
shrunken seed, followed by the moderately shrunken seed (Figure 4). The present results indicated
that the shrunken phenotype was related to the packed degree of starch granules, and the more densely
packed the starch granules with high plumpness, the less shrunken the seed.
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Figure 4. Morphology of starch granules in non-shrunken (A), slightly shrunken (B), and moderately
shrunken seeds (C). The whole seed was transversely sectioned at the mid-region of the seed. (A1–A4),
(B1–B4), and (C1–C4) are magnified regions responsible for the square areas in (A), (B), and (C),
respectively. Scale bar = 300 µm for (A–C) and 20 µm for (A1–C4).

3.3. Molecular Weight Distribution of Starch from Differently Shrunken Seeds

To investigate whether starches from differently shrunken seeds had different starch
structures, total starch was isolated from mature seed. The molecular weight distribution of
isoamylase-debranched starch as measured by GPC is shown in Figure 5. A trimodal distribution
composed of Peak 1, Peak 2, and Peak 3 was identified. Peak 1 and Peak 2 represent short and long
branch-chains of amylopectin, respectively, and Peak 3 consists mainly of amylose [24]. The starches
from differently shrunken seeds all displayed similar molecular weight distributions (Figure 5).
The contents of amylopectin short-branch chain, amylopectin long chain, and amylose, and the ratio of
short and long branch-chain of amylopectin showed no differences among differently shrunken seeds
(Table 1), indicating that non-, slightly, and moderately shrunken seeds had a similar starch structure.
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Table 1. GPC parameters of isoamylase-debranched starches.

Peak Area
Area Ratio of Peak 1 to Peak 2

Peak 1 (%) Peak 2 (%) Peak 3 (%)

Non-shrunken seed 20.9 ± 0.2 a 23.8 ± 0.8 a 55.3 ± 0.6 a 0.88 ± 0.04 a
Slightly shrunken seed 20.9 ± 1.8 a 24.9 ± 1.7 a 54.1 ± 0.2 a 0.84 ± 0.13 a

Moderately shrunken seed 21.4 ± 0.9 a 24.7 ± 0.1 a 53.9 ± 0.8 a 0.87 ± 0.04 a

Data are means ± SD, n = 3. Values in the same column with same letters are not significantly different (p > 0.05).

3.4. Protein Amount of Amylose/Amylopectin Synthesis Key Enzymes in Differently Shrunken Seeds

GBSS, SS, SBE, and Pho1 are key enzymes responsible for the synthesis of amylose and
amylopectin [7]. The composition of starch granule-bound proteins is thought to reflect the composition
of the starch biosynthetic protein complex [25,26]. Though SBEI in wild-type rice is detected in only
soluble protein and loosely bound protein, it and soluble starch synthases can be trapped in the starch
granules in the absence of SBEIIb protein [27]. To investigate whether the different starch contents
in differently shrunken seeds were caused by different dosages of GBSS, SS, SBE, and Pho1, Western
blotting against SBEI, SBEIIa, SBEIIb, Pho1, SSI, and GBSSI was conducted. Results showed that no
significant difference was detected in the protein amounts of SBEI, SBEIIa, SBEIIb, Pho1, SSI, and GBSSI
in isolated starches from non-, slightly, and moderately shrunken seeds (Figure 6), indicating that the
amounts of these enzymes were not significantly different among differently shrunken seeds.
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3.5. Growing Position on Panicle of Differently Shrunken Seeds

It has been widely reported that seed development differs in different grain positions on the
rice panicle. Generally, grains situated the upper primary branches of the panicle flower earlier, fill
more rapidly, and achieve a bigger and heavier seed than grains situated on the lower secondary
branches [28–31]. Therefore, to detect whether there was a position effect of panicle on differently
shrunken seeds, the distributions of non-, slightly, and moderately shrunken seeds on the panicle were
investigated. As shown in Figure 7, the upper primary branches had the highest ratio of non-shrunken
seeds but the lowest ratio of moderately shrunken seeds. From the upper to the basal, non-shrunken
seeds in the primary branch gradually decreased, but slightly and moderately shrunken seeds gradually
increased. In basal primary branches, there were extremely low non-shrunken seeds but relatively
high slightly and moderately shrunken seeds. For secondary branches, they normally contained few
non-shrunken seeds. Even in the upper secondary branch, the highest ratio of non-shrunken seeds
was not more than 40%. From the upper to the basal, slightly shrunken seeds on secondary branches
gradually decreased while moderately shrunken seeds increased. Compared with primary branches,
secondary branches on the same part of the panicle generally had a lower percentage of non-shrunken
seeds but a higher percentage of moderately shrunken seeds. The above results indicate that the
grains located on primary branches developed better than those on secondary branches, and the upper
ones developed better than those of the middle, followed by the basal. Overall, differently shrunken
seeds were spatially distributed on the panicle and there was an obvious position effect of panicle on
seed plumpness.
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4. Discussion

4.1. Morphology and Structure of Starch and Seed Plumpness

The inhibition expression of SBE in endosperm can change amylopectin structure and amylose
content, form different morphological starch granules, and increase RS content in endosperm [3–6,9–12].
The above variation ranges are significantly related to the dosage of SBE. Therefore, many cereal crops
with inhibition of SBE expression have been cultivated to provide the starches with different nutritional
qualities [3,4,11,32]. For example, a series of rice transgenic lines with different SBEIIb contents are
cultivated through introducing SBEIIb to the ae mutant [32]. The starch granule morphology in
these transgenic lines is variable, and the amylopectin structure is significantly influenced by the
SBEIIb dosage. The SBE dosage is positively correlated with short branch-chains of amylopectin
but negatively correlated with long branch-chains. Two transgenic rice lines with downregulating
SBEIIb expression are cultivated through artificial microRNA- (amiRNA) and Hairpin RNA-mediated
(hp-RNA) RNA silencing [11]. The expression of SBEIIb decreases more pronouncedly in the amiRNA
line than in the hp-RNA line, leading to a greater increase in long and intermediate branch-chains of
amylopectin and more severe alterations in starch morphology in the amiRNA line than in the hp-RNA
line. In this study, non-, slightly, and moderately shrunken seeds were identified in rice TRS with
inhibition of SBEI/SBEIIa/SBEIIb expression (Figure 2). Differently shrunken seeds had a significantly
different seed weight and starch content (Figure 3). Though different morphological starch granules
were detected in endosperm, their distributions had no difference among differently shrunken seeds
(Figure 4). The molecular weight distribution of starch indicated that starch structure, including
amylose content and amylopectin short and long branch-chains, was similar among differently
shrunken seeds (Figure 5). The protein amounts of GBSSI, SBEI, SBEIIa, SBEIIb, Pho1, and SSI in
endosperm were also similar among differently shrunken seeds (Figure 6), and agreed with their starch
structure. Though the differently shrunken seeds from different transgenic lines with inhibition of SBE
expression have different starch morphology and structure [11,32], the present results indicated that
starch morphology and structure had no relationship with seed plumpness. The seeming contradiction
might be due to the different transgenic lines having different dosages of SBE but the differently
shrunken seeds in the same transgenic line had the same SBE dosage.

4.2. Grain Position on Panicle and Seed Plumpness

In panicles of normal rice cultivars, grains situated on the upper primary branch and the basal
secondary branch have the highest and lowest kernel filling rate and exhibit the heaviest and lightest
seed weight, respectively. Therefore, the former and the latter grains are named the superior and
inferior grain, respectively [23,29,30]. In the present study, differently shrunken seeds were related
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to their growing positions on the panicle. The grains on the primary branch developed better than
those on the secondary branch, and the grains on the upper branch developed better than those on
the middle branch, followed by the basal branch (Figure 7). This phenomenon was similar to that
of superior/inferior grain. The mechanism leading to the superior/inferior grain in rice has been
investigated in some studies on starch-rich endosperm as a sink drawing photo assimilate towards it.
The superior grains have a higher cell division and kernel-filling rate in endosperm than the inferior
grains [29]. A series of starch metabolism-related genes show higher transcript levels in superior grains
than in inferior grains at the early and middle kernel-filling stages [30]. In addition, the photo assimilate
supply is also considered an important factor in the poor filling of inferior grain. The kernel-filling of
inferior grain significantly increases after removal of superior grain due to the assimilate, which should
be drawn towards the superior grain, being transported to the inferior grain [33,34]. In the present
study, a higher rate of starch synthesis and a lower rate of grain filling were detected in the grains on
the upper and basal branches of the panicle, respectively, although the three SBEs were inhibited in
them. This also indicated that the assimilate supply was a significant factor in grain development.

The inferior grain is also related to the decrease in starch synthesis and the accumulation of
soluble sugar in the developing kernel. It has been reported that the inferior grain has a higher
concentration of sucrose than the superior grain [28]. The high concentration of sucrose in inferior
grain is attributed to the low activity of sucrose synthase in the developing kernel, which catalyzes and
degrades sucrose to produce uridine diphosphoglucose and fructose [34,35]. Yang et al. [29] detected
that the changes in soluble sugar are closely related to those of sucrose in the spikelet, indicating that
the high concentration of soluble carbohydrate in inferior grains is mainly due to the high concentration
of sucrose in the inferior spikelet. In the present study, the soluble sugar in the three shrunken seeds of
TRS showed a gradually increasing trend with the decrease in seed plumpness (Figure 3). It could be
that the gradual increase in sucrose accumulation resulted from the gradually decreased activity of
sucrose synthase.

5. Conclusions

Rice TRS with inhibition expression of SBEs had non-, slightly, and moderately shrunken seeds
due to different seed plumpness. Seed weight, starch content, and soluble sugar content were
significantly different among differently shrunken seeds. However, starch morphology, starch structure,
and amylose/amylopectin synthesis key enzymes were similar among non-, slightly, and moderately
shrunken seeds, indicating that seed plumpness had no effect on starch properties. The grain growing
position on the panicle affected the plumpness of seeds, resulting in differently shrunken seeds.
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