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The waxy wheat shows special starch quality due to high amylopectin content. However,
little information is available concerning the development and degradation of amyloplast
from waxy wheat endosperm. To address this problem, waxy wheat variety, Yangnuo 1, and
a non-waxy wheat variety, Yangmai 13, were chosen to investigate the development and
degradation of endosperm amyloplast during wheat caryopsis development and germination
stage respectively using histochemical staining and light microscopy. Changes of morphol-
ogy, the soluble sugar and total starch content were indistinguishable in the process of cary-
opsis development of two wheat varieties. The developing endosperm of non-waxy was
stained blue-black by I,-KI while the endosperm of waxy wheat was stained reddish-brown,
but the pericarp of waxy and non-waxy wheat was stained blue-black. In contrast to non-
waxy wheat, endosperm amyloplast of waxy wheat had better development status and
higher proportion of small amyloplast. During seed germination many small dissolution
pores appeared on the surface of endosperm amyloplast and the pores became bigger and
deeper until amyloplast disintegrated. The rate of degradation of waxy wheat endosperm
amyloplast was faster than non-waxy wheat. Our results may also be helpful to the use of
waxy starch in food and nonfood industry.
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Introduction

Wheat (Triticum aestivum L.), one of the most important grain crops, is widely cultivated
around the world. As one of the three main food crops, wheat played a vital role in the
development of human civilization (Dodson et al. 2013). As the most important reserve
substances in wheat, starch accounts for about 50-60% of the grain dry weight (Wang et
al. 2015) and exists in wheat endosperm in the form of amyloplast. Starch was constituted
by amylose and amylopectin, and the content of amylose from 22-25% in normal wheat
(Morrison et al. 1984). The synthesis of amylose was controlled by granule-bound starch
synthase (GBSS, EC24.1.21), which was composed of three subunits. In normal wheat,

*Corresponding author; E-mail: feixiong@yzu.edu.cn

0133-3720/820.00 © 2018 Akadémiai Kiado, Budapest



334 YU et al.: Amyloplast Development and Degradation of Wheat

the three subunits were controlled by three homoeologous waxy genes, Wx-41, Wx-B1
and Wx-D1, respectively (Chao et al. 1989). The deficient of one or two waxy genes cre-
ated partially waxy plant and the waxy plant with three non-functional waxy genes (Ma
et al. 2013). Therefore, the pattern changes of starch synthase in waxy plant had signifi-
cant effect on amyloplast and the structure of starch (Macdonald and Preiss 1985). In
1995, waxy wheat was first cultivated by artificial hybridization (Nakamura et al. 1995).
In recent years, scientists in Australia, Canada, the United States, China and others had
researched on waxy wheat (Zhang et al. 2013; Ma et al. 2013).

Since the extremely high content of amylopectin, waxy wheat starch exhibits some
special physicochemical properties. Waxy wheat starch has lower pasting temperature,
lower setback viscosity, higher peak viscosity values, rapid swelling and higher thermal
stability (Sasaki et al. 2000). A lot of researches on the application of waxy wheat starch
also have been done. Noodles made by waxy wheat starch had higher taste quality (Baik
and Lee 2003). The application of waxy wheat starch was good for slowing down
bread staling for the reason of the lower pasting temperature and lower setback viscosity
(Sasaki et al. 2000). Overall, waxy wheat starch has important application value and high
economic value in starch industry, food processing industry and the development of spe-
cial food (Morell et al. 1995).

The development of waxy wheat plays an important role in the structure and properties
of starch, thus affects the quality and application of starch (Mira et al. 2007). According
to the shape and size, endosperm amyloplast could be classified as A- (>10 pm in diam-
eter) and B-type (<10 pm in diameter) (Parker 1985). The A- and B-type amyloplast have
different amylose, amylopectin, lipid, and protein content. The differences in chemical
composition will influence on crystallinity, swelling properties, pasting properties and
other physicochemical properties of starch (Hung et al. 2006; Li et al. 2013). However,
there is a small amount of information about the proportion of A- and B-type amyloplast
in waxy and non-waxy wheat.

Seed germination is a complex and order process, which involves different tissues and
many substances. As the main storage place of nutrients, endosperm amyloplast provided
important energy and substances for germinating seed in the early growth stage
(Van Dongen et al. 2004). The degradation of endosperm amyloplast associated with the
synthesis and secretion of relevant hydrolytic enzymes controlled by the embryo, scutel-
lum, and aleurone layer cells (Dominguez and Cejudo 2014). However, the difference in
the degradation of endosperm amyloplast between waxy wheat and non-waxy wheat had
rarely been studied.

Although many researchers have studied the special physicochemical properties of
waxy wheat, the development and degradation of endosperm amyloplast have been poor-
ly investigated. In this paper, Yangnuo 1 (waxy wheat variety) and Yangmai 13 (non-
waxy wheat variety) were used to investigate the development and degradation of en-
dosperm amyloplast of waxy and non-waxy by using resin semi-thin section technology,
histochemical staining technology, frozen section technique and scanning electron micro-
scope observation.
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Materials and Methods
Plant materials and treatments

Normal wheat variety Yangmai 13 and waxy wheat variety Yangnuo 1 were provided by
the Lixiahe Regional Agricultural Research Institute of Jiangsu Province, China. Field
experiment of both two wheat varieties were conducted in the experimental field of Yang-
zhou University, Jiangsu, China. The date of flowering was recorded accurately by mark-
ing florets during the flowering stage.

Morphological and histochemical staining observation of developing wheat

Wheat caryopses at different days after flowering (DAF) were observed and photographed
by using a stereomicroscope (Leica MZ6, Germany) equipped with a digital camera
(D3200, Nikon, Thailand). In addition, caryopses at different DAF were cut longitudi-
nally along with the ventral groove. The section was stained by 1,-KI (3.0 mg L' ,+ 3.0
mg L1 KI) for 10 s and observed.

Fresh wheat caryopses at different DAF were cut into 5-mm-thick slices transversely,
immersed by embedding medium (Sakura Finetek, USA), cut into 10 pm-thick slices by
freezing microtome (Leica CM 1100, Germany), stained with I,-KI (3.0 mg L' I+ 3.0 mg
L1 KI), observed and photographed by using a light microscope (Leica DMLS, Germa-
ny) equipped with a digital camera (D3200, Nikon, Thailand).

Determination of soluble sugar, total starch, amylose, amylopectin and
1000-grain weight

The soluble sugar content was determined according to Stitt et al. (1989). The total starch,
amylose and amylopectin content were determined according to Zhu et al. (2007) with
slight modifications as follows: fresh wheat caryopses at different DAF were processed
green removing treatment under 105 °C for 30 minutes, dried to a constant weight in a
ventilated oven under 80 °C and fully grinded into powder. All tests were repeated at least
three times.

Microstructural observation of endosperm amyloplast

Fresh wheat caryopses at different DAF were cut into 2 mm-thick slices transversely and
rapidly immersed into a fixative with 2.5% glutaraldehyde and 0.05 mol L' sodium
methylarsonate in phosphate buffer (pH 7.2; 0.05 mol L) at 4 °C for four hours. The
samples were rinsed three times with phosphate buffer, dehydrated by a series of ethanol,
displaced by propylene oxide, infiltrated and embeded by low glutinosity resin, and po-
lymerized at 70 °C for 12 hours in a mould. The polymerized materials were cut into
1 pm-thick slices by an ultramicrotome (Leica Ultracut R, Germany), stained with 1%
safranin for one minute and 0.01 mol L' methyl violet for five minutes, observed and
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photographed by using a light microscope (Leica DMLS, Germany) equipped with a
digital camera (D3200, Nikon, Thailand).

Size and area determination of endosperm amyloplast

As showed by Yu et al. (2013), endosperm amyloplasts in images of above experiments
were colored by Adobe Photoshop CS5 (Adobe, USA), the size and area of endosperm
amyloplasts were counted by Image-Pro Plus (Media Cybernetics, USA). According to
above method, the total area was measured, and then the area ratio of amyloplast to en-
dosperm cell was got.

Histochemical staining and microstructural observation of germinating wheat

After disinfection, wheat seeds were cultivated in an artificial climate chamber according
to Yu et al. (2016). Wheat seeds at different days past germination (DPG) were cut longi-
tudinally along with the ventral groove. The section was stained by I,-KI (3.0 mg L' I, +
3.0 mg L' KI) for 10 s and observed.

Wheat seeds at different DPG were cut into 2 mm-thick slices transversely and embe-
ded by low glutinosity resin. The slices were stained, observed and photographed as de-
scribed above.

Ultrastructural observation of endosperm amyloplast during germination

The wheat starch at different DPG was isolated according to the method of He et al.
(2012) with minor modifications. 2 mg of dry starch was dissolved by anhydrous ethanol
and dried naturally. The sample was gilded by a sputter coater (BAL-TEC SCD 500,
Austria), observed and photographed by an environment scanning electron microscope
(SEM) (Philips XL-30 ESEM, Netherlands).

Statistical analysis

All data were conducted using SPSS Statistics 19.0 (IBM, USA). Fisher’s protected least
significant difference (LSD) test were used to compare the means at probability signifi-
cance level (P <0.05). Origin 8.0 (OriginLab, USA) and Adobe Photoshop CS5 were
used to make figures.

Results

Morphological and histochemical staining observation of developing wheat

The changes in size, shape and color of wheat caryopses from the time of flowering to 40
days after flowering (DAF) are summarized in Fig. S1*. Wheat caryopses had a white

*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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surface and colorless syrupy substance within interior at the early stage of development.
As development proceeded, the size of caryopses increased, nutritious substances accu-
mulated gradually and the color of surface changed from white to green. At the late stage
of development, caryopses were enriched, the shape of caryopses changed no more, and
the caryopses turned yellow due to the disintegration of chloroplast. Changes of morphol-
ogy of waxy and non-waxy wheat varieties were indistinguishable in the process of cary-
opsis development.

Starch could be stained purple black or reddish-brown by I,-KI and the accumulation
of starch could be judged by the degree of staining. At the early stage of development, the
endosperm could not be stained by L,-KI, while the pericarp stained purple black because
of the existence of amyloplast (Fig. S2). The endosperm started be stained at 8 DAF, the
staining area and staining degree became larger and deeper as development proceeded
(Fig. S2). The staining degree of the pericarp became slighter and it could not be stained
any more due to the degradation of amyloplast (Fig. S3f, h). In general, the pericarp of
two wheat varieties could be stained purple black at the early stage of development (Fig.
S3b, d). The endosperm of non-waxy wheat was stained purple black by 1,-KI, while that
of waxy wheat was stained reddish-brown (Figs S2 and S3).

Soluble sugar, total starch, amylose, amylopectin content and 1000-grain weight
of wheat caryopsis

The soluble sugar content of two wheat varieties was at a high level at the early stage of
development, decreased at 8-16 DAF and became stable after 24 DAF (Fig. S4. A). The
change of total starch content showed an “S” shaped pattern (Fig. S4. B). The total starch
content increased rapidly at 8-16 DAF, the increasing rate slowed down at 16-24 DAF
and became stable after 24 DAF. Compared with non-waxy wheat, waxy wheat had a
higher soluble sugar content at the early and late stage of development. Waxy wheat had
a lower total starch content at the early stage while a higher total starch content at the late
stage than non-waxy wheat. Compared with non-waxy wheat, waxy wheat had lower
1000-grain weight, total starch and amylose content, but higher soluble sugar and amylo-
pectin content (Table 1).

Table 1. Content of soluble sugar, total starch, amylose, amylopectin and 1000-grain weight of mature

caryopsis
Varicties 1000-grain Soluble sugar Total starch Amylose Amylopectin
weight (g) content (%) content (%) content (%) content (%)
Waxy wheat 41.89a 6.24a 76.38a 0.95a 75.43a
Non-waxy wheat 43.51b 4.37b 79.81b 15.54b 64.27b

Data in the table are determined from three replicates. Lowercase letters in this table represent significant differences
(P<0.05).
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Microstructural observation of endosperm amyloplast

Few and little endosperm amyloplast appeared firstly at the region adjacent to the nucleus
at 6 DAF of two wheat varieties. With the increase of development days, the endosperm
cell developed and enriched gradually. Endosperm amyloplast increased in number and
size at 8-24 DAF and completed development at 28 DAF (Fig. 1). In this process, the
amyloplasts extruded and the nucleus disappeared gradually. There are two kinds of en-
dosperm amyloplast, i.e., large amyloplast and small amyloplast. The large amyloplast
appeared earlier and proliferated before 16 DAF, while the small amyloplast appeared
firstly at 16 DAF (Fig. le, f).

In order to analyze the development of endosperm amyloplast, the proportion of small
amyloplast and area ratio of amyloplast to endosperm cell were measured (Fig. S5). There
were obvious differences in the proportion of small amyloplast between waxy and non-
waxy wheat according to Fig. 1. The small amyloplast proportion of waxy wheat was
lower than non-waxy wheat, and less than 60% of both two wheat varieties at 12 DAF. As
the development progressed, the proportion of small amyloplast increased gradually. The
small amyloplast proportion of waxy wheat was higher than non-waxy wheat, and more
than 80% of both two wheat varieties at 20 DAF. The results indicated that main develop-
ment stage of small amyloplast of waxy wheat was at 12-16 DAF, and the non-waxy
wheat was at 16-20 DAF (Fig. S5A). As the development of endosperm amyloplast, the
area ratio of amyloplast to endosperm cell increased gradually, and the ratio of waxy
wheat was higher than non-waxy wheat consistently (Fig. S5B). The results indicated that
the development of endosperm amyloplast of waxy wheat was better than non-waxy
wheat.

Histochemical staining observation of germinating wheat

As germination progressed, the endosperm changed from hard solid substance to soft gel
substance and disappeared eventually (Fig. S6). The endosperm near scutellum was con-
sumed firstly at 2 DPG, and extended to the part away from embryo gradually. Most of
the endosperm was depleted and the section almost could not be stained by I,-KI at
8 DPG. In general, the degradation of endosperm began from the part close to embryo,
and extended to the part away from embryo along with the ventral groove in two wheat
varieties. Compared with non-waxy wheat, the degradation rate of endosperm was faster
in waxy wheat.

Microstructural and ultrastructural observation of endosperm amyloplast during
germination

In the early stage of wheat seed germination, amyloplast in the endosperm cells were ar-
ranged densely and extruded severely (Fig. S7a, d). Amyloplast arranged in loose with
larger interspace and the large amyloplast decreased as the germination of seed. Obvious
gaps appeared between the endosperm and the aleurone layer at 4 DPG. The large amylo-
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Waxy wheat Mon-waxy wheat

Ir h

Figure 1. Development of endosperm amyloplast of two wheat varieties. a-b: 6 days after flowering (DAF);
c—d: 12 DAF; e—f: 16 DAF; g—h: 32 DAF. A: amyloplast; N: nucleus. Scale bars: 10 um
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plast were hydrolysed into fragments and most of small amyloplast were consumed at 6
DPG. Compared with non-waxy wheat, the hydrolysis rate of endosperm amyloplast was
faster in waxy wheat (Fig. S7h, 1, k, 1).

Few small dissolution pores appeared on the surface of endosperm amyloplast at 2
DPG as shown by the black arrows in Fig. 2. As the germination progressed, the pores
became more, bigger and deeper until amyloplast disintegrated to be small amyloplast
and be consumed eventually (Fig. 2e, f). On the whole, the degradation rate of endosperm
amyloplast in waxy wheat was faster than in non-waxy wheat.

non-waxy wheat waxy wheat

AoV Spochage Dot D ————— e
MO 20 2000 SE W

Figure 2. SEM images of endosperm amyloplast of waxy wheat (b, d, f) and non-waxy wheat (a, c, ¢) at dif-
ferent days past germination (DPG). The black arrows in images indicate dissolution pores
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Discussion

In the present study the developing endosperm of non-waxy was stained blue-black with
L,-KI while the endosperm of waxy wheat was stained reddish-brown possibly due to the
lack of the waxy protein, which was also known as granule-bound starch synthase I
(GBSSI). However, the pericarp of waxy and non-waxy wheat was stained blue-black
possibly because both variety pericarps contain granule-bound starch synthase II
(GBSSII) which has an important function in amylose synthesis (Nakamura et al. 1998).
The above results indicate that amylose starch synthesis differs between wheat pericarp
and endosperm tissues.

In the process of wheat seed germination, the amylase attacked amyloplast and formed
many pores on the surface, and the process of hydrolysis went deep into the internal until
the amyloplast disintegrated completely. The hydrolysis rate of amyloplast could be influ-
enced by size, integrity, surface-to-volume ratio granule, and amylose to amylopectin
ratio (Blazek and Copeland 2010). Furthermore, proteins and lipids on the surface of
amyloplast and some hydrolysis products could also slow down the hydrolysis (Colonna
et al. 1988; Shin et al. 2004). With the higher surface-to-volume ratio, the small amylo-
plast was hydrolyzed by a-amylase easier than the large amyloplast (Blazek and Cope-
land 2010; Li et al. 2013). In the present study, the hydrolysis rate of endosperm amylo-
plast was faster in waxy wheat as the higher proportion of small amyloplast, which was
consistent with those studies above.

As the main nutrient reservation organ, the development of endosperm amyloplast di-
rectly related to the production and quality of wheat. Though the development of amylo-
plast has been well characterized, we have little information concerning differences be-
tween waxy and non-waxy wheat. In the present study in contrast to non-waxy wheat,
endosperm amyloplast of waxy wheat had better development status and the development
of small amyloplast in waxy wheat was faster and higher proportion of small amyloplast
in mature grain, which was consistent with the findings of Yu et al (Yu et al. 2015) who
reported waxy wheat endosperm contained a larger proportion of B-type granules. The
development, morphology and size of the endosperm amyloplast related to molecular
structure and spatial arrangement of amylopectin (Singh et al. 2010). The high amylopec-
tin content of waxy wheat starch endowed itself special properties and application. Yang-
nuo 1, chosen as the waxy wheat variety in the study, only contains 0.95% amylose con-
tent in the wheat grain, this unique trait of waxy wheat confers to a great prospect in in-
dustrial areas such as food and starch processing (Zhang H.X et al. 2013). Therefore, the
development and application of waxy wheat is becoming more and more important re-
search tasks in modern agricultural fields.
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Electronic Supplementary Figure SI. Stereomicroscope images of caryopses profile of waxy wheat (A) and
non-waxy wheat (B). The numbers in images indicate days after flowering (DAF). Scale bars: 2 mm

Electronic Supplementary Figure S2. Stereomicroscope images of vertical sections of waxy wheat (A) and
non-waxy wheat (B) caryopses stained by I,-KI. The numbers in images indicate days after flowering (DAF).
Scale bars: 2 mm

Electronic Supplementary Figure S3. Different dyeing properties of amyloplast from endosperm cell and peri-
carp. a-h: frozen section stained by I,-KI; a—d: 8 days after flowering (DAF); e-h: 16 DAF. A: amyloplast;
EC: endosperm cell; Pe: pericarp. Scale bars: 50 pm

Electronic Supplementary Figure S4. Changes of soluble sugar (A) and total starch content (B) during develop-
ment

Electronic Supplementary Figure S5. Changes of proportion of small amyloplast (A) and area ratio of amylo-
plast to endosperm cell (B) during development. Lowercase letters in this figure represent significant differ-
ences (P<0.05)

Electronic Supplementary Figure S6. Stereomicroscope images of vertical sections of waxy wheat and
non-waxy wheat caryopses stained by I,-KI. AL: aleurone layer; Em: embryo; En: endosperm; Sc: scutellum;

VG: ventral groove. Scale bars: 2 mm

Electronic Supplementary Figure S7. Degradation of endosperm (a—f) and amyloplast (g—1) during germination.
A: amyloplast; AL: aleurone layer; En: endosperm; Pe: pericarp. Scale bars: 50 pm (a—f); 10 pm (g-1)

Cereal Research Communications 46, 2018



