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Abstract: Maize varieties with high amylose proportion are more valuable for starch industry. The
SBE /b gene encodes one of the starch branching isozymes (SBEI, SBEIla, and SBEIIb). Its recessive
mutant amylose-extender (ae/sbe2b) decreases the total activities of SBEs and increases amylose pro-
portion up to 60%. Here, the breeding potential of introduced germplasm line GEMS-0067 was eval-
uated by genotyping and phenotyping. The deletion of the ninth exon of the SBE //b gene, high
amylose proportion, and the typical irregular granules suggested that this germplasm line was de-
rived from the same resource of high amylose line AE11. The gelatinization and thermal properties,
and degree of polymerization of starch chain showed its advantages used for high amylose breed-
ing. However, the negative correlation between amylose proportion and starch content, as well as
ker-nel filling characteristics should be overcome during breeding process.
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1. Introduction

Maize is one of the staple crops in the world [1]. The kernels provide large amount
of starch, consisting of essentially linear amylose and highly branched amylopectin [2].
The content and proportion of amylose and amylopectin determine the quality and usage
of maize [3]. Native starch granules in cereal endosperm normally comprise 20%-30%
amylose and 70%—-80% amylopectin [4]. In waxy maize, which are usually planted as veg-
etable varieties for favorite food, the proportion of amylopectin can be as high as 100%
almost [5, 6]. Whereas, high amylose varieties with amylose proportion more than 50%
are more valuable for starch industry and beneficial to control dietary intake [7-9], because
it has high level of resistance to gelatinization and hydrolysis and cannot be digested in
the upper gastrointestinal tract [8, 10-13]. Therefore, maize improvement for high amylose
proportion has attracted more considerable attention in recent years [14-16].

The amylose proportion in maize endosperm is controlled by a series of starch syn-
thesis genes [4-6, 12, 17]. One of the critical is the SBE //b gene that encodes starch branch-
ing enzyme (SBE) IIb (one of the SBE isozymes: SBEI, SBEIla, and SBEIIb). The full length
of its genomic sequence is 23,449 bp and contains 22 exons [4-6, 12, 16-19]. The amylose
proportion of its recessive mutant amylose-extender (ae/sbe2b) is over 60% [20-24]. For ex-
ample, the total activities of SBEs in an ae mutant AE11 were decreased to about 71% of
its wild control because of the deletion of the ninth exon of the SBEIIb gene containing 84
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bases. Under the modification of other modifier genes, such as sbel, the amylose propor-
tion of this line was raised as high as 70% [5].

In the present study, the introduced germplasm line GEMS-0067 released as parent
of maize breeding for high amylose by Truman State University [25], together with its
wild type (WT) control, was genotyped for the ae/sbe2b mutation, and phenotyped for
morphology of starch granules, starch content and amylose proportion, gelatinization and
thermal properties, degree of polymerization, and major agronomic traits, to evaluate its
breeding potential for high amylose proportion.

2. Results
2.1. The ae/sbe2b gene

A 750 and a 1576 bp specific band was separated from the amplified products of
GEMS-0067 and its WT control (Figure 1A). The results of sequencing and alignment
showed that the full length of the genomic sequence of the ae/SBE /b gene was 23449 bp
in the WT control. The whole 84 bases of the ninth exon were completely deleted in GEMS-
0067, but not causing a frame shift (Figure 1B).
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Figure 1. The ae/sbe2b gene in inbred germplasm line GEMS-0067. (A) Specific bands separated from the amplified products of GEMS-
0067 and the WT. (B) The structure pattern of the genomic sequences of the ae/SBEIIb gene between GEMS-0067 and WT.

2.2. Morphology of starch granules and amylose proportion

The scanning electron microscopy images showed that the starch granules isolated
from WT endosperm were spherical and elliptical with smooth surface, whereas the starch
of GEMS0067 contained individual or aggregate elongated granules with irregular de-
pressions, as well as small subgranules (Figure 2). The starch content and amylose pro-
portion of GEMS0067 were 72.63% and 72.95%, respectively, significantly different from
74.21% and 26.26% of WT (Table 1).

Table 1. Starch content and amylose proportion of GEMS0067 and WT.

GEMS0067 WT
Starch content 72.63%* 74.21%
Amylose proportion 72.95%* 26.26%

! Values are presented as mean + standard deviation (n = 3). The asterisk (*) and double asterisk (**) indicate significance at p <0.05
and p <0.01 respectively.
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Figure 2. SEM images of starch granules of GEMS0067 and WT. The starch granules of WT were spherical and elliptical with smooth
surface. The starch granules of GEMS0067 were elongated with irregular depressions, as well as more small subgranules..
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2.3. Gelatinization properties

Rapid viscosity analysis showed obvious difference of viscosity curves between
GEMS0067 and WT starch (Figure 3). Along with the increasing of temperature, the vis-
cosity of WT starch gradually increased caused by gelatinization and presented a typical
double-peak curve, whereas GEMS0067 demonstrated almost a horizontal straight line
with a small peak at the beginning. The peak viscosity, through viscosity, break viscosity,
final viscosity, and setback viscosity of GEMS0067 starch were significantly lower, while
its peak time and gelatinization temperature were higher than those of WT starch (Table
2).
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Figure 3. Viscosity curves of GEMS0067 and WT starch. The WT starch presented a typical double-peak curve, whereas GEMS0067
starch demonstrated almost a horizontal straight line with a small peak at the beginning.

Table 2. Gelatinization properties of starch of GEMS0067 and WT

Property GEMS0067 WT
Peak viscosity (cP) 13.67 + 1.15** 1256.67 + 32.02
Through viscosity (cP) 11.67 £ 1.15** 722.33 +23.46
Breakdown viscosity (cP) 2.00 £ 0.00** 534.33 £ 10.97
Final viscosity (cP) 13.00 + 1.73** 1575.33 + 37.69
Setback viscosity (cP) 1.33 £ 0.58** 853.00 £ 37.24
Peak time (min) 4.56 + 0.41** 4.02 +0.04
Gelatinization temperature (°C) >95 75.18 £ 0.03

! Values are presented as mean + standard deviation (n = 3). cP centipoise. Double asterisk (**) indicates significant difference at P <

0.01.
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2.4. Thermal properties

Differential scanning calorimetry showed that the transition temperatures, including
onset temperature (To), peak temperature (Tp) and conclusion temperature (Tc), of
GEMS0067 starch were significantly higher than those of WT starch, and the gelatinization
enthalpy of GEMS0067 starch was significantly lower than that of WT starch (Table 3).
Along with the increasing of temperature, the differential scanning calorimetry thermo-
gram of WT starch presented an obvious absorption peak at 70°C, whereas the absorption
peak of GEMS0067 starch almost became a straight line (Figure 4) because its gelatiniza-
tion enthalpy was six times lower than WT (Table 3).

Table 3. Thermal properties of starch of GEMS0067 and WT

Property GEMS0067 WT
Onset temperature (°C) 73.38 + 0.93** 65.19+0.15
Peak temperature (°C) 91.65 + 2.97%* 70.09 + 0.03
Conclusion temperature (°C) 101.05 + 0.09** 76.21+0.13
Gelatinization enthalpy (J-g~1) 2.33 £ 0.54** 12.60 £ 0.31

! Values are presented as mean * standard deviation (n = 3). Double asterisk (**) indicates significant difference at P < 0.01.
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Figure 4. Differential scanning calorimetry thermogram of GEMS0067 and WT starch. The thermogram of WT starch presented an
obvious absorption peak at 70°C, whereas GEMS0067 starch almost became a straight line.
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2.5. Degree of polymerization

The result of high-performance anion-exchange chromatography (HPAEC) showed
that the degree of polymerization heavily depended on the proportion of amylose and
amylopectin of starch. Referring to Hanashiro et al. (1996) [26], the percentage of short
chains (6 < DP < 24) was less in GEMS0067 starch than that in WT starch, whereas the
percentage of medium chains (25 < DP < 36) and long chains (DP > 37) was more in
GEMS0067 starch than that in WT starch (Figure 5).

WT —GEMS0067

1
-

Percentage (%)

S = N W R Y

T T T T T T L —

6 12 18 24 30 36 42 48 54 60 66 72 78

Degree of polymerization (Chain length)

Figure 5. Degree of polymerization of GEMS0067 and WT starch. The percentage of short chains (6 < DP < 24) was less, and the
percentage of medium chains (25 < DP < 36) and long chains (DP > 37) was more in GEMS0067 starch than that in WT starch.

2.6. Agronomic traits

During all the growth period, the two lines grew normally and was not infected by
any pathogen. The result of paired t-test showed that the differences of anthesis stage,
silking stage, growth period, plant height, ear height, and row number per ear were non-
significant between GEMS-0067 and WT (Table 4). Whereas, the GEMS0067 kernels were
a little shrunk and dull, and its endosperm was stained much darker by I2/KI solution than
WT kernels (Figure 6), resulting in the significant decrease of its 100-kernel weight and
kernel weight per plant, although its kernel number per row was significantly more than
WT (Table 4).

Table 4. Agronomic traits and statistical significance

Trait GEMS0067 WT

Anthesis stage (d) 56 +0.6 55+0.5
Silking stage (d) 60+0.3 59+04
Growth period (d) 101+£1.2 100+ 1.2
Plant height (cm) 154.3+5.4 152.6 +8.7
Ear height (cm) 70.1+£8.6 70.7£5.6
Row number per ear 15.0+0.6 14.9+0.9
Kernel number per row 28.0 £1.2% 26.0+1.5
100-kernel weight (g) 25.6 £0.1* 30.3+0.2
Kernel weight per ear (g) 107.5 + 0.6** 117.3+1.0

! Values are presented as mean * standard deviation (n = 3). The asterisk (*) and double asterisk (**) indicate significance at p < 0.05
and p <0.01 respectively.
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Figure 6. Shrunk kernels and darker stained endosperm of inbred germplasm line GEMS-0067. (A) and (B) The kernels of GEMS0067
were a little shrunk and dull. (C) and (B) The endosperm of GEMS0067 was stained much darker than WT. The wight bar is 1 cm
long.

3. Discussion

The SBE //b gene encodes one of the starch branching enzyme (SBE) isozymes (SBEI,
SBEIIa, and SBEIIb) that play critical role in synthesis of amylopectin [4-6, 12, 16-22]. Its
recessive mutant amylose-extender (ae/sbe2b) decreased the total activities of SBEs to
about 71% and increases amylose proportion of maize kernel up to 60% [23-25]. From the
SBE IIb gene of the inbred germplasm line GEMS-0067, the whole 84 bases of the ninth
exon were completely deleted (Figure 1B), suggesting that this germplasm line was de-
rived from the same resource of high amylose inbred line AE11 [5].

The individual or aggregate elongated granules with irregular depressions and small
subgranules (Figure 2), and high amylose proportion (Table 1), as well as the darker stain-
ing of the endosperm by I>/KI solution (Figure 6C), are the typical phenotypes of the re-
cessive mutant amylose-extender (ae/sbe2b) [7, 15, 22, 27, 28]. Those are caused by inhibi-
tion of SBE activity [28, 29].

The gelatinization temperature of GEMS0067 starch was recorded as >95°C because
it was higher than the upper limit of heating temperature of the differential scanning cal-
orimeter. This property of maize amylose was also observed under confocal laser scan-
ning microscopy and scanning electron microscopy [30]. The viscosity of starch was in-
creased along with its gelatinization during gradual heating due to the absorption of wa-
ter and loss of starch structure [31-33]. The significantly lower peak viscosity, through
viscosity, break viscosity, final viscosity and setback viscosity, and gelatinization enthalpy
(Figure 3, Table 2, 3), and significantly higher peak time, gelatinization temperature, and
transition temperatures (To, Tp, and Tc, Table 2, 3), as well as the inconspicuous absorp-
tion peak (Figure 4) of GEMS0067 starch implied that gelatinization initiation of
GEMS0067 starch needed much more energy to heat, because of its high proportion of
amylose (Table 1) and high percentage of medium and long chains (Figure 5).

Negative correlation between amylose proportion and starch content, as well as ker-
nel filling characteristics, was found in most of high amylose inbred germplasm lines [34].
In some high amylose lines with recessive mutation of some other modifier genes, the
kernel filling characteristics were not much affected, but the amylose proportion was not
as high as the ae/sbe2b mutant lines [35]. In the present study, the shrinkage of GEMS0067
kernels resulted in the significant decrease of its 100-kernel weight (Figure 6, Table 4).
However, the significant increase of kernel number per row recovered some of the loss.
The kernel weight per ear of GEMS0067 was only 8.3% lower than its WT (Table 4). There-
fore, GEMS0067 was suggested as an elite germplasm line for maize breeding of high am-
ylose proportion.

4. Materials and Methods
4.1 Genotyping of ae/sbe2b mutation

The genomic DNA was extracted from the leaf samples of the inbred germplasm line
GEMS-0067 and its WT control with the CTAB buffer [36]. The quality and quantity of
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DNA samples were detected on Nano Photometer™P-Class (Implen, Schatzbogen, Ger-
many) and visualized by 1% agarose gel electrophoresis. The reference sequence of the
WT SBE I b gene (GenBank: AF072725.1) was downloaded from the NCBI database
(https://www.ncbi.nlm.nih.gov/gene/?term=AF072725.1). Referring to Kim et al. (1998)
[20], the genomic sequence from the 8th to 10th exon of the SBE IIb gene was amplified
with a pair of specific primers (5-CCAGCCTGGATCAAGTACTC-3'/5-CTTGGATA-
CAATGCAGTGCAA-3'), separated by 1.5% agarose gel electrophoresis, subcloned into
pMD-19-T vector, and sequenced at Sengon Biotech (China). The possible mutation of the
ae/SBE Il b gene was genotyped by alignment between the inbred germplasm line GEMS-
0067 and its WT control by using the SnapGene software (https://www.snapgene.com/).

4.2 Scanning electron microscopy

As described by He et al. (2020) and Lin et al. (2016) [5, 8], starch was isolated from
mature endosperm, dried completely at 40°C, mounted on aluminum specimen holder
using double-sided adhesive tape and sputtered with a gold in a vacuum evaporator, and
viewed with a scanning electron microscopy (Hitachi, Tokyo, Japan). The images of starch
granules were obtained at an accelerating voltage of 10 kV and a magnification of 4000 x.

4.3 Determination of starch content and amylose proportion

According to the National Stardard for determination of crude starch in cereal seeds
(National Bureau of Standards of the People's Republic of China 1985) [37], three repli-
cates of kernel samples were wetted with calcium chloride acetic acid solution, hydro-
lyzed in a glycerin bath at 119 + 1°C for 30 min. After precipitating protein by addition of
zinc sulfate and potassium ferrocyanide solution, the samples were made up to 100 ml
volume with distilled water, filtrated, and read for rotation angle in a polarimeter
(MCP150, Anton Paar, China). Starch content was as:

a x 106
L x W (100-H) = 203

Where, o, L, W, H, and 203 stand for the rotation angle, length (dm) of the polarizing
tube, weight of sample, moisture content of sample, and specific rotation of starch, respec-
tively.

Amylose proportion of three replicates of each line was determined by using an am-
ylose/amylopectin assay kit (Megazyme, Bray, Ireland) according to the manufacturer’s
instructions. After eliminating the possible lipids, proteins and amylopectin by using eth-
anol and concanavalin A, respectively [38], the remained amylose was enzymatically hy-
drolyzed to D-glucose, oxidized with glucose oxidase/peroxidase reagent, treated with
the GOPOD reagent, and read for absorbance at 510 nm in a spectrophotometer
(UV5Nano, Mettler Toledo, Switzerland).

4.4 Determination of physical properties

Starch content (%) =

As described by Wang et al. (2018) [39], the starch samples were homogenized and
sieved through a 200-mesh sifter, determined for moisture content in a rapid moisture
meter (HR83-P, Mettler Toledo, Switzerland), accurately weighted for 5 g (error < 0.05 g),
transferred onto the aluminum foil, mixed well with 25 ml sterile water, and determined
the viscosity in a rapid viscosity analyzer (RVA Super 4, Newport Scientific, Australia).

As described by Wang et al. (2018) [39], the homogenized and sieved starch samples
were accurately weighted for 10 mg, add with 30 uL sterile water, balanced at room tem-
perature for 24 h, heated from 30°C to 95°C at a heating rate of 10 ‘C/min and determined
for transition temperatures (To, Tp, and Tc) in a differential scanning calorimeter (TA In-
struments, New Castle, USA). The gelatinization enthalpy (AH) was calculated by the
software of the instrument.

As described by Hanashiro et al. (1996) [26], the starch samples were dissolved in 50
mM sodium acetate and debranched with isoamylase (Sigma, Darmstadt, Germany). The
degree of polymerization (chain length distribution) was determined and analyzed by
HPAEC (Thermo Fisher Scientific, Waltham, USA) via pulsed amperometric detection.

4.5 Phenotyping of agronomic traits
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The inbred germplasm line GEMS-0067 and its WT control were planted in field ran-
domized complete block design with three replicates. Twenty-one plants were cultivated
in three rows (230 cm long and 30 cm apart) per plot. Growth status and disease resistance
were observed during all the growth period. All the plants in the middle row of each plot
were investigated for anthesis stage, silking stage, growth period, plant height, and ear
height. At mature stage, the ears were harvested from the five middle plants in the middle
row of each plot, air dried, photographed and investigated for row number per ear, kernel
number per row, 100-kernel weight, and kernel weight per plant. And then, their kernels
were cut transversely and longitudinally, stained with I2/KI solution (5% [w/v] I2 / 10%
[w/v] K1) as described by Hunt et al. (2013) [40], and photographed under optical micro-
scope (Mshot, Guangzhou, China) with 2 x magnification.

The data was analyzed by Microsoft Excel 2013 (https://www.microsoft.com/) and
Origin 8.0 software (https://www.originlab.com/), and presented as means + standard de-
viations (SD). The significance of the difference between the two lines was tested with the
method of paired t-test by using SPSS software 11.2 (https://www.ibm.com/analytics/spss-
statistics-software).
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