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Abstract

High molecular weight glutenin subunits (HMW-GSs) are important seed storage proteins in
wheat (Triticum aestivum) that determine wheat dough elasticity and processing quality.
Clarification of the defined effectiveness of HMW-GSs is very important to breeding efforts
aimed at improving wheat quality. To date, there have no report on the expression silencing
and quality effects of 1Bx20 and 1By20 at the Glu-B1 locus in wheat. A wheat somatic varia-
tion line, AS208, in which both 7Bx20 and 7By20 at Glu-B1 locus were silenced, was devel-
oped recently in our laboratory. Evaluation of agronomic traits and seed storage proteins by
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and reversed-
phase high performance liquid chromatography (RP-HPLC) indicated that AS208 was
highly similar to its parental cultivar Lunxuan987 (LX987), with the exception that the com-
position and expression of HMW-GSs was altered. The 7Bx20 and 7By20 in AS208 were
further identified to be missing by polymerase chain reaction (PCR) and quantitative real-
time RT-PCR (qRT-PCR) assays. Based on the PCR results for HMW-GS genes and their
promoters in AS208 compared with LX987, 1Bx20 and 1By20 were speculated to be
deleted in AS208 during in vitro culture. Quality analysis of this line with Mixograph, Farino-
graph, and Extensograph instruments, as well as analysis of bread-making quality traits,
demonstrated that the lack of the genes encoding 1Bx20 and 1By20 caused various nega-
tive effects on dough processing and bread-making quality traits, including falling number,
dough stability time, mixing tolerance index, crude protein values, wet gluten content, bread
size, and internal cell structure. AS208 can potentially be used in the functional dissection
of other HMW-GSs as a plant material with desirable genetic background, and in biscuit
making industry as a high-quality weak gluten wheat source.
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Introduction

As one of the most important grain crops, most common wheat (Triticum aestivum) produced
is consumed as food. The varieties and characteristics of proteins in the grain kernel are known
to be critical for the food processing character of wheat flour [1]. According to their function,
proteins in wheat grain can be divided into two main types: lipid metabolism proteins (LMP)
and storage proteins (SP). Lipid metabolism proteins include enzymes, albumin, and globulin,
and constitute around 15% of the total protein content of wheat grains. Storage proteins
include gliadins and glutenins, which constitute the remaining 85% [2]. Gliadins are classified
into o, B, v, and w types, based on their mobility in A-PAGE, and are mainly related to dough
extensibility and ductility [3-4]. Glutenins are divided into high molecular weight glutenin
subunits (HMW-GS) and low molecular weight glutenin subunits (LMW-GS), accounting for
12% and 33% of the endosperm proteins, respectively; these are known to be the major deter-
minants of gluten elasticity and strength in bread making, respectively [4-6]. Although the
HMW-GS content is relatively low, it determines as much as two-thirds of the bread-making
quality of a wheat flour [7-9].

Since Payne and Corfield (1979) confirmed that a HMW-GS gene family member,1AxI,
had a close relationship with the bread-making quality of wheat flour [10], HMW-GS has been
examined extensively with functional studies and with genetics, gene cloning, and molecular
marker development. It is now known that that HMW-GS is encoded by genes at Glu-1 loci
located on the long arms of chromosomes 1A, 1B, 1D, known as the Glu-A1I, Glu-B1 and Glu-
D1 loci, respectively [11]. Each locus carries two genes that are tightly linked together and
encode a larger x-type subunit (80-88 kDa) and a smaller y-type subunit (67-73 kDa).
Although theoretically every wheat variety should be able to express six HMW-GSs, most
bread wheat varieties typically express three to five HMW-GSs, and these frequently differ in
expression levels and composition, due to allelic variation and gene silencing [12-14]. To date,
more than twenty HMW-GS-encoding genes have been cloned in wheat, and their sequences
have been found to be highly conserved, with the exception that there are difference numbers
of DNA repeats [6, 15-17]. Allelic genetic variations at the Glu-1 loci are known to have signifi-
cant effects on wheat quality properties. 1Dx5, 1Dx10, 1Ax1, 1By8, 1Bx13, and 1By16 may play
relatively more important roles on dough elasticity and strength than other alleles, contributing
to higher quality bread; the 1Dx2, I1Dy12 and 1Bx20 alleles are known to have weak effects on
the quality of glutenins [18-21]. The wheat varieties harboring genes with these negative effects
are thought to be unsuitable for bread making. Expression of additional genes encoding HMW
glutenin subunits in durum wheat resulted in increased dough strength and stability [22],
implying that genetic transformation technology can be used as a powerful tool for improving
wheat quality. To conveniently discriminate different HMW glutenin alleles contained in dif-
ferent wheat cultivars, some molecular markers have been developed, including markers for
1Dx5, 1Dy10, 1Dx2, 1Dy12, 1Ax2*, 1Bx7°%, 1Bx6, 1By8, 1Bx17, 1By18, 1Bx7, 1By8*, 1Bx7,
1By9, 1Bx13, 1Byl16, 1Bx14, 1By15, and 1Bx20 [23-31]. By using these specific markers, Jin
et al. (2011) evaluated 718 wheat varieties and lines from 20 countries for HMW glutenin com-
positions [32].

Studies have shown that the effect of wheat HMW-GS on flour processing quality is also
attributable to factors such as the number and location of cysteine residues [33-34], the struc-
ture of central repeat regions, the occurrence of chain termination on the proteins, the gluten
of mature kernels gluten, the distribution of multimers, and the expression levels and accumu-
lation rates of HMW-GS during grain development [35-39]. A generally accepted view on this
topic is that additional cysteines, long repeat regions, and higher expression levels of HMW-GS
likely have relatively positive effects on wheat dough quality [37]. HMW-GS and LMW-GS
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together form an intermolecular disulfide bond, and further produce glutenin aggregates,
which contribute to the market value of particular food products such as bread and noodle
[18-19, 40].

Even though a few genes encoding HMW-GS, including 1Dx5, 1Dy10, and 1AxI have been
identified and functionally characterized through gene over-expression in wheat by genetic
transformation [41-43], the roles of most HMW-GS alleles on flour processing properties
remain unclear, due to the inefficient transformation system and locating effect of the glutenin
genes on the chromosomes of this crop. Therefore, the functions of some HMW-GSs on
bread-making quality have been indirectly characterized by combining bacterial expression
systems and small-scale dough testing methods [19, 44-46]. However, these results are often
unreliable. Therefore, it is necessary to develop some wheat somatic variation silencing
mutants of genes encoding HMW-GSs to test their contributions to bread-making quality
more precisely.

Recently, the wheat somatic variation line AS208, in which both the 1Bx20 and 1By20
genes (encoding HMW-GS protein) were silenced, was developed from the commercial wheat
cultivar Lunxuan987 (LX987) by tissue culture in our research group (unpublished). In the
present study, the wheat somatic variation line AS208 was examined for its HMW-GS propor-
tions and its soluble protein content. We also performed gene cloning and gene expression
analysis targeting the possible reason of the silenced Glu-B1 in AS208. Agronomic traits, yield,
and dough quality traits were also evaluated for AS208 and control wheat grown in three loca-
tions in China that each differed in terms of climate/growing conditions. Our study indicated
that the proteins encoded by 1Bx20 and 1By20 play essential roles on the bread-making qual-
ity of wheat flour and suggest that the AS208 line may be potentially useful in the biscuits
industry.

Materials and Methods
Plant materials

The common wheat (Triticum aestivum) cultivar, Lunxuan987 (LX987), used for tissue culture
and used as the control in this study was kindly provided by Prof. Binghua Liu of the Institute
of Crop Science (ICS) of the Chinese Academy of Agricultural Sciences (CAAS). The
HMW-GS compositions of LX987 are 1Dx2, 1Dy12, 1Bx20, and 1By20. Wheat somatic varia-
tion line AS208 was developed by our research group from LX987 by immature embryo cul-
ture. In AS208, the HMW-GS encoding genes 1Bx20 and 1By20 at the Glu-BI locus were
silenced. Another common wheat line, Chinese Spring (CS), which was obtained from the
National Crop Germplasm Bank at CAAS, was used as the control in the reversed-phase high
performance liquid chromatography (RP-HPLC) experiments in this study.

AS208 and 1LX987 were planted in Beijing (B]) in the autumn of 2012 as 20 rows with a
length of 1.5 m and a width of 20.0 cm. Six immature kernels from AS208 and LX987, after
flowering for 5, 8, 11, 13, 15, 17, 19, 21, 23, 26, and 29 d, were collected from the middle part of
the ears and immediately frozen in liquid nitrogen. Three sampled immature kernels for each
sampled time point were used to extract RNA for gene expression analysis; the remaining three
immature kernels from each time point were used for the extraction of glutenin for the
HMW-GS composition investigation at different developmental stages.

AS208 and LX987 were planted in BJ, Shandong (SD), and Jiangsu (JS) in 10 m?> plots in the
autumn of 2013. At maturity, ten plants were randomly picked from the two materials for the
examination of agronomic traits including plant height, spike length, spikelets per ear, grains
per spike, and 1000-kernel weight (TKW). Grain yield was measured after harvest.
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Extraction of seed storage proteins

Glutenin was extracted following a previously described method, with some modifications
[47-48]. Mature seed samples harvested at maturity and immature seed samples collected post
anthesis for different time from AS208 and LX987 were crushed and ground in a mortar and
then transferred into a 1.5-ml Eppendorf tube with 800 pl of ethanol. The samples were vor-
texed for 20 min and then centrifuged at 13,200 rpm for 10 min. The pellet was washed 3 times
with 800 pl of 55% isopropanol, and then the sample tubes were maintained at 65°C in a water
bath for 40 min and subsequently centrifuged at 13,200 rpm for 10 min. Glutenin was purified
from the clean pellet by adding extraction buffer consisting of 50% isopropanol, 200 mM Tris-
HCI (pH 8.0), and 1% DTT or 1.4% 4-vinylpyridine (v/v). The supernatant from the immature
seed samples was used for sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). The supernatant from the mature seed samples were divided into two portions,
one of which was subjected to SDS-PAGE analysis, the other of which was subjected to
reversed-phase high performance liquid chromatography (RP-HPLC) analysis, respectively.

Three additional seed proteins, including gliadin, globulin, and albumin, were extracted
from mature wheat seeds according to their solubility by previously described method [49].
After being ground into a powder in a mortar, each sample was treated with 200 pl of distilled
water (for albumin extraction), 1M NaCl (for globulin extraction), or 70% ethanol (for gliadin
extraction). All of the samples were centrifuged for 10 min at 13,200 rpm.

SDS-PAGE and RP-HPLC analysis

For SDS-PAGE analysis, each 60 ul sample was mixed in a Eppendorf tube with 60yl of loading
buffer (2% (w/v) SDS, 80 mM Tris-HCI (pH 8.0), 40% (v/v) glycerol, and 0.02% (w/v) bromo-
phenol blue) following an incubation in a water bath at 65°C for 20 min centrifugation at
13,200 rpm for 5 min. Electrophoresis was performed with 12% gels on a Bio-Rad PROTEAN
II XL apparatus at 15 mA for 2 h, based on previously described methods [47-50]. For
RP-HPLC analysis, each 60 pl sample was combined with 40 ul of cold acetone and incubated
overnight at -20°C, followed by a centrifugation at 13,200 rpm for 12 min. The pellet was air
dried for 30 min, then dissolved in 20 pl of a solution containing 0.05% trifluoroacetic acid and
0.5% acetonitrile and centrifuged at 13,200 rpm for 5 min. An Agilent 1100 instrument with a
Zorbax 300SB-C18 column was used [50-51]. A Tunable ultraviolet (TUV) detector was used
and 10 pl sample volume was injected for analyses.

RNA isolation and quantitative real-time polymerase chain reaction
(gRT-PCR) analysis

Sixty micrograms of wheat immature seeds collected at different time points of 5, 8, 11, 13, 15,
17,19, 21, 23, 26, and 29 d post anthesis were used as samples for total RNA extraction with
TRIzol reagent (Invitrogen, USA) according to the manufacturer’s instructions. Complemen-
tary DNA (cDNA) was synthesized using a reverse transcription kit (Takara, Japan).
Traditional reverse transcription PCR (RT-PCR) and qRT-PCR were both used to evaluate
the expression of 1Bx20 in the somatic variation line AS208 and the parental variety LX987 at
the different time points during grain development. For traditional RT-PCR, the primer pair of
M1/M2 (S1 Table), specific for 1Bx20, was used in a 20 pl reaction mixture composed of 2 pl
PCR buffer (10x), 1 ul cDNA (100 ngul™"), 2 ul ANTP (2 mM), 0.8 pl primer mix (10uM), 0.6 pl
MgSO4 (25mM), 0.2 ul KOD-Plus-Neo (1.0 U/ul), and 13.4 pl ddH,O. PCR was performed
with a Bio-Rad C1000 thermal cycler (Bio-Rad, USA) at 94°C for 5 min followed by 34 cycles
of 94°C for 30 sec, 60°C for 30 sec, 72°C for 30 sec, and 10 min for final extension at 72°C. For
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qRT-PCR, the 1Bx20 specific primers of M1/M2 were applied in a 20 pl reaction volume
(SYBR PrimeScript RT-PCR Kit, Takara, Japan) containing 10 pl 2x SYBR Premix Ex Tagq, 2 ul
first-stand cDNA, 0.3 pl primer mix (10 uM), 0.4 pl ROX Reference Dyell and 7.3 ul ddH,O.
The amplification was performed in a ABI PRISM 7500 Real-Time PCR System (ABI, USA)
with a thermal cycling program of 95°C for 5 min, followed by 40 cycles of amplification (95°C
for 5 sec, 60°C for 20 sec, 72°C for 20 sec). qRT-PCR results were analyzed by ABI 7500 soft-
ware and DPS (Data Processing System; IBM, USA) for standard deviation calculations.

Dough quality analysis

A 10-gram Mixograph (National Manufacturing, USA) was used to evaluate the functional
properties of AS208 dough, based on a previously described procedure [17]. Mixograph assays
and SDS-sedimentation values were conducted with three repeats, following the 54-40
AAACC method [52]. The extensogram method used was based on the ICC standard [53].
Mixograph and Farinograph analyses were performed at the ICS of CAAS according to previ-
ously-described protocols [54-55]. Bread baking experiments were carried out at the Academy
of State Administration of Grain, Beijing, China, to evaluate the differences between the
somatic variation line and the control line in bread making qualities. The baking procedure
used the standard rapid-mix-test with 1 kg flour at 14% moisture content. Each sample was
mixed and baked in three repeats.

Statistical analysis

Data analysis was performed using SPSS for Windows, version 17 (SPSS, USA). Continuous
variables were compared using Student’s t-tests. The criterion for statistical significance used
was P < 0.05.

Results

Comparison of several agronomic and bread-making quality traits
between AS208 and LX987

In the second generation derived from the immature culture of LX987, a plant was found to be
missing genes encoding two HMW-GSs, 1Bx20 and 1By20, at the Glu-B1 locus. The offspring
derived from this plant was sown in the autumn in a field with the ID number ‘AS208’. The
seeds harvested from this line were still segregated at the Glu-BI locus according to SDS-PAGE
(S1 Fig). The plants lacking 1Bx20 and 1By20 were selected for the next generation. Stable line
AS208 was obtained from the selected plants in the fourth generation, in which the genes
encoding 1Bx20 and 1By20 were completely lost (S1 Fig). To examine whether the loss of these
two subunits affected the morphology of this line, AS208 was compared with LX987 in terms
of several agronomic and grain quality traits with plants grown side by side in a field. AS208
and LX987 were highly similar in growth period, plant height, panicle length, spikelet number,
kernels per spike, TKW, grain diameter, and water content (Fig 1, Table 1). However, a signifi-
cant difference was found in grain hardness between the two lines, with the value for AS208
being much lower than that of LX987 for this trait (Table 1). These results indicated that
AS208 was highly similar to LX987 in appearance and in main agronomic and grain traits, but
that AS208 may have inferior traits for flour processing quality.

Characterization of seed proteins in AS208

To investigate the biochemical changes of the somatic variation line AS208 in seeds, the storage
protein glutenin, gliadin, globulin, and albumin, were extracted and separated by SDS-PAGE
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AS208

Fig 1. Comparison of main agronomic and seed traits between AS208 and LX987. AS208 was identical
to its parental cultivar of LX987 in plant height, spike length, and grain shape.

doi:10.1371/journal.pone.0146933.g001

and RP-HPLC. AS208 extracts were compared with LX987 and CS extracts. The band patterns
of albumin, globulin, and gliadin in AS208 were the same as those of LX987 (Fig 2A, 2B, and
2C). The band patterns of glutenin were different in the HMW-GSs region, where the 1Bx20
and 1By20 bands were present in LX987, but missing in AS208 (Fig 2D). No difference was
observed in the LMW-GSs region between the two lines. Further, the chromatography peaks
for albumin, globulin, and gliadin in AS208 were identical to those in LX987, but different
from those in model wheat cultivar CS (Fig 3A, 3B and 3C). In contrast, the peaks for glutenin
were different among AS208, LX987, and CS. The three cultivars showed common peaks for
1Dx2 and 1Dy12 (Fig 3D). AS208 was missing the peaks of 1Bx20 and 1By20 in comparison
with LX987, while CS displayed other two peaks of 1Bx7 and 1By8 (Fig 3D). We concluded
that AS208 was highly similar to LX987 in seed proteins with the noted exception in the
HMW-GS composition.

Expression analysis of 1Bx20 in AS208 and LX987 during seed
development

The above results confirmed that the 1Bx20 and 1By20 proteins were lost in the mature seeds
of AS208. To clarify if the 1Bx20 and 1By20 genes at Glu-B1I locus were expressed and their
products could be detected in AS208 during grain development, especially at the early grain fill-
ing stage, RNA and glutenin were extracted from the immature grains of AS208 and its progen-
itor genotype LX987 at increasing days post anthesis. Then, the RNA and glutenin samples

Table 1. Comparison of main agronomic and grain traits between AS208 and LX987.

Material Plant height (cm) Spike length (cm) Spikelet number TKW (g) Grain diameter (mm) Hardness grade  Grain water (%)

LX987 80.00+0.8 8.40+0.05 17.80+0.60 49.79+0.31 2.53+0.05 74.27(H)x0.43 11.40+0.09
AS208 80.00£1.0 8.60+0.05 20.00*+0.80 51.94*+0.25 2.62+0.04 63.90(H)*+0.38 11.20+0.11

Note: Comparison between LX987 and AS208, significance at P < 0.05 represented by *. The grains were harvested in Beijing (BJ) in 2013.

doi:10.1371/journal.pone.0146933.1001
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LX987 AS208  LX987 AS208  LX987 AS208 LX987 AS208

Fig 2. Identification of seed storage proteins in AS208 and LX987 by SDS-PAGE. The compositions for
albumin (a), globulin (b), and gliadin (c) in AS208 were the same as those in its parental cultivar LX987, while
the band patterns for glutenin (d) differed. The middle two HMW-GSs (1Bx20 and 1By20) were missing in the
AS208 samples (d). The grains were harvested in Beijing in 2013.

doi:10.1371/journal.pone.0146933.9g002

were analyzed by qRT-PCR and SDS-PAGE for the expression of 1Bx20 and 1By20. We found
that the expression of 1Bx20 in LX987 started from the eleventh day, reached its highest level at
19 days post anthesis, and then gradually declined as filling progressed (Fig 4). 1Bx20 was not
expressed in AS208 at any point of the post-anthesis time course tested in this study (Fig 4). It
should be noted that we did not attempt to measure the expression of 1By20, because we did
not develop specific primers for 1By20 due to the highly conserved sequence features of the
HMW-GS genes. SDS-PAGE analysis showed that 1Dx2 and 1Dy12, as well as the LMW-GSs,
accumulated normally in AS208 starting from the eleventh day post anthesis, while neither
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Fig 3. Identification of seed storage proteins in AS208, LX987, and CS by RP-HPLC. The peaks for
albumin (a), globulin (b), and gliadin (c) in AS208 and LX987 were very similar, but were different from those
of CS. However, the peak patterns for glutenin (d) were different among AS208, LX987, and CS, in which the
three wheat accessions all had peaks for 1Dx2 and 1Dy12, while AS208 was missing peaks for 1Bx20 and
1By20 compared to its progenitor genotype LX987. The grains were harvested in Beijing in 2013.

doi:10.1371/journal.pone.0146933.g003
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Fig 4. Expression profile of the 1Bx20 gene at different development stages in LX987 and AS208
assessed by qRT-PCR. The 1Bx20 gene was not expressed at any stages during grain development in
AS208 (A8-A29). Its expression in LX987 started from the 11" day since anthesis (L11), reached its highest
level at the 19™ day post anthesis, and then gradually declined as filling progressed (L21-L29).

doi:10.1371/journal.pone.0146933.g004

1Bx20 nor 1By20 was detected in the AS208 samples during seed development (S2 Fig), which
was in consistent with the qRT-PCR results (Fig 4).

Yield and agronomic quality traits of AS208 grown in three different
regions

AS208 and LX987 were planted in the autumn in Beijing, Shandong, and Jiangsu in 2013 in
order to compare yield and agronomic traits. The yields of AS208 grown in the three regions
were 5844.0 kg/hectare, 6733.5 kg/hectare, and 6369.0 kg/hectare, respectively. These were
almost the same as the LX987 yields in the corresponding regions (Table 2). Compared with its
parental variety, AS208 was equivalent in most of the external agronomic traits in the three
experimental locations, including plant height, spike length, grain number per spike, and TGW
(Table 2). This analysis reveals that there were no significant differences in grain yield or agro-
nomic traits between AS208 and LX987 in differing experimental locations.

The grains of AS208 and LX987 harvested in the three regions in 2014 were tested for sev-
eral main parameters of dough processing quality. The flour yield of AS208 in the three sites
was lower than that of LX987, especially in Jiangsu, but there were no significant differences in
flour moisture, ash, or crude protein content between the two lines grown in different places
(Table 3). Falling number is a reflector of amylase activity in flour. The falling number of

Table 2. Yields and agronomical traits of AS208 and LX987 grown in different experimental locations.

Material Yield (kg/hectare) Plant height (cm) Spike length (cm) Grains per spike TGW (g9)
LX987-BJ 6130.5+11.8 78.8+0.4 7.910.2 34.7+0.6 31.810.4
AS208-BJ 5844.0*+12.0 79.0+0.6 8.2+0.2 36.6+0.4 34.7*10.5
LX987-SD 6688.5+13.2 95.0+0.8 NA 41.6+0.7 40.0+0.3
AS208-SD 6733.5+11.4 95.5+0.7 NA 37.2*+0.5 39.2+0.4
LX987-JS 6358.5+9.3 76.3+0.5 NA 40.8+0.8 36.1£0.4
AS208-JS 6369.0+10.8 77.0+0.6 NA 42.0+0.4 37.610.2

Note: Comparison between LX987 and AS208, significance at P < 0.05 represented by *. BJ, SD, and JS stand for the plants grown in Beijing, Shandong,
and Jiangsu, respectively, which is the same in the following tables.

doi:10.1371/journal.pone.0146933.1002
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Table 3. Comparison of several quality parameters between AS208 and LX987.

Samples

LX987-BJ
AS208-BJ
LX987-SD
AS208-SD
LX987-JS
AS208-JS

Flour yield
(%)
67.61+0.42
65.12+0.31
67.3810.12
66.51+0.24
68.42+0.33
64.67*%+0.15

Moisture
(%)
15.35+0.04
15.15+0.05
14.80+0.03
15.68+0.01
15.30+0.01
15.51+0.03

Ash content Crude protein content Falling Wet gluten content Dry gluten content
(%) (%) number (%) (%)
0.69+0.03 15.4940.01 534+4 40.2+0.4 13.7+0.1
0.66+0.04 14.58*+0.02 492*15 34.1*+0.1 12.4*+0.1
0.59+0.03 13.99+0.01 42014 14.4+0.1 38.8+0.4
0.62+0.05 14.21*+0.04 365*+3 10.6*+0.1 19.0*+0.1
0.67+0.01 13.68+0.01 439+1 31.8+0.3 11.4+0.1
0.64+0.02 13.73+0.02 405*+3 29.4*+0.2 10.5%+0.1

Note: Comparison between LX987 and AS208, significance at P < 0.05 represented by *.

doi:10.1371/journal.pone.0146933.t003

AS208 was significantly lower than that of LX987 grown in the three experimental locations
(Table 3), indicating that the amylase activity was slightly higher in AS208 than in LX987. Glu-
ten is a very important component for dough and bread quality. Gluten index is known to be
closely positively associated with the strength of gluten. Both wet gluten content and dry gluten
content were lower in AS208 than in LX987 in different experimental locations (Table 3).
Together, these results indicate that the lack of the two HMW-GS subunits, 1Bx20 and 1By20,
led to dramatic declines in the main processing quality parameters such as falling number and
the wet and dry gluten content.

The two wheat lines produced in different locations in 2014 were analyzed with a Farino-
graph and a Mixograph. Even though the two accessions had similar water absorption capacity,
both the dough formation time and the stabilization time of AS208 were significantly shorter
than the times for LX987 (Fig 5, Table 4). In particular, the mixing tolerance index was 100 in
LX987 but 200 in AS208. In addition, the flour softening degree of AS08 was increased com-
pared with LX987 (Table 4). There was no significant difference between AS208 and LX987 in
Farinograph quality number (Table 4). These results indicated that AS208, which lacks both
1Bx20 and 1By20, was classified as a weak gluten wheat, while LX987 was classified as a strong
gluten wheat.

AS208 U T T LX987

Fig 5. Comparison of Farinograph for AS208 and LX987. The dough formation time and the stabilization
time for AS208 (left) were both shorter than the LX987 times (right) during noddle and bread processing. The
grains were harvested in Beijing in 2014.

doi:10.1371/journal.pone.0146933.9005
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Table 4. Mixograph parameters of AS208 and LX987 in the three experimental locations.

Materials Water absorption

(500fu)
LX987-BJ 59.8+0.1

AS208-BJ 58.6%+0.1
LX987-SD 56.90.2
AS208-SD 55.8%10.1
LX987-JS 57.1£0.1

AS208-JS 55.5%0.2

Formation time Stabilization time Degree of Mixing tolerance Farinograph quality
(min) (min) softening index number
2.940.2 2.1£0.1 72.0£3.0 10045.0 494.0+4.0
1.6%+0.2 1.4%+0.2 163.5*%+3.5 200*+8.0 502.5+2.5
2.0£0.1 1.5+0.2 124.048 10044.0 500.5+£7.5
1.7£0.1 1.2*+0.1 166.5*+1.5 200*+4.0 500.0+2.0
2.0£0.1 1.310.1 139.5+2.5 100+3.0 498.0+6.0
1.4*+0.1 1.3+0.3 168.5%+4 200*+7.0 502.0+8.0

Note: Comparison between LX987 and AS208, significance at P < 0.05 represented by *.

doi:10.1371/journal.pone.0146933.t004

Bread-making characteristics of AS208 in three regions

The grains of AS208 and LX987 harvested in Beijing, Shandong, and Jiangsu in 2014 were fur-
ther tested for bread-making quality by a baking method, and several parameters of bread
structure were assessed by C-Cell analysis. The results of the bread-making experiments clearly
showed that the bread volume was 400-510 cm” for AS208 and 600-627 cm”’ for LX987 in the
three experimental locations. AS208 was declined by 17% to 30% in bread volume compared
with LX987 (Fig 6, Table 5). According to C-Cell analysis, AS208 had lower values for section
area, wrapper length, slice brightness, cell contrast, stoma number, average stoma extension,
and net stoma extension than did LX987 in the three experimental locations (Table 5). AS208
had higher values for cell diameter, number ratio of big and small cells, and cell wall thickness
than did LX987 (Table 5). These results indicated that the processing quality and main bread-
making-related parameters of AS208 became significantly worse. These results implied that
1Bx20 and 1By20 play important roles in bread-making quality in the wheat flour industry.

Discussion
Development of wheat HMW-GS silencing mutants

Wheat seed storage proteins, especially the HMW-GSs, play very important roles in bread-
making quality [6]. To date, our knowledge of the function of each particular HMW-GS is lim-
ited. It is necessary to clarify the detailed contributions of each of the HMW-GSs in bread-
making quality. We are of the opinion that developing wheat near-allellic variation lines at
Glu-1loci is an ideal strategy to achieve this purpose. Lawrence et al. (1988) developed seven
homozygous wheat lines lacking one or two HMW-GSs at Glu-A1, Glu-B1, and Glu-D1, by
crossing a null mutant line at the Glu-BI locus with an isogenic line at the Glu-A1I and Glu-D1
loci [56]. By using these lines, the bread-making properties of four HMW-GSs (1Dx5, 1Dy10,
1Bx17, and 1By18) were initially characterized [56]. To precisely dissect the contribution of

AS208-JS LX987-JS AS208-SD LX987-SD AS208-BJ LX987-BJ

Fig 6. Bread shapes made from AS208 and LX987 flour from plants grown in different experimental
locations. The size of bread made with flour of AS208 was much smaller than that of bread made with flour of
LX987 produced in the three experimental locations. BJ, SD, and JS stand for the wheat grains harvested in
Beijing, Shandong, and Jiangsu, respectively.

doi:10.1371/journal.pone.0146933.9g006
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Table 5. Bread size and slices C-Cell parameters between AS208 and LX987 produced in different regions.

Materials Bread Slice @ Wrapper Slice Cell Number Cell Wall Cell Coarse/ Average Net cell
size area length brightness contrast ofcells density thickness diameter Fine cell elongation
(cm®) clustering elongation
AS208-BJ 510#5 175079 15805 132.7+0.4 0.70 1942421 0.011096 3.50+0.01 16.26 0.205 1.46+0.01  1.05+0.02
+60 +0.01 +0.21 +0.022
LX987-BJ 626* 216639* 1707*t7 139.3*+0.6 0.73* 2479* 0.011444 3.30* 15.30 0.087 1.66*+0.01 1.22*+0.01
+10 +404 +0.01 +26 +0.02 +0.32 +0.006
AS208-SD 497+12 169845 1573115 129.6+0.7 0.70 1725+44 0.010158 3.60+0.03 18.47 0.236 1.46£0.02 1.0940.01
+608 +0.01 +0.01 +0.018
LX987-SD 600*+5 217447* 1703*+12 142.0¥+0.1 0.74* 2607* 0.011989*  3.27* 14.20* 0.105* 1.61+0.01 1.16*%0.01
+178 +0.01 +29 +0.02 +0.31 +0.004
AS208-JS 425+9 149046 147326 126.0+3.2 0.70 1764+3 0.011864 3.42+0.01 15.53 0.132 1.43+0.01 1.08+0.01
+857 +0.01 +0.42 +0.013
LX987-JS 605*t6 210162* 1688*+16 138.9+0.4 0.71% 2268* 0.010794 3.42+0.01 16.49 0.105+0.08 1.55*+0.01 1.15*+0.01
1576 +0.01 +12 +0.48

Note: Comparison between LX987 and AS208, significance at P < 0.05 represented by *.

doi:10.1371/journal.pone.0146933.t005

each of the HMW-GSs to bread-making quality in the same genetic background, Yang et al.
(2014) successfully used ion beam methods to develop three deletion lines lacking Glu-A1, Glu-
BI, or Glu-D1, respectively. Decreased LMW -GSs content and increased accumulation of glia-
dins were observed in these three mutants [57]. Their research further confirmed the rank of
the genetic effects of Glu-1 loci on gluten functionality as Glu-D1 > Glu-B1 > Glu-A1l, and sug-
gested that Glu-1 loci affected gluten functionality by promoting the formation of glutenin
macropolymers (GMP) and balancing the ratios of HMW-GSs, LMW-GSs, and gliadins [57].
Most recently, Li et al. (2015) developed a complete set of knockout and missense mutants for
1Ax1, 1Bx14, 1Byl15, 1Dx2, and 1Dy12 induced by ethylmethanesulfonate (EMS) in which one
or more of those above mentioned HMW-GS was knocked out, respectively, from a winter
wheat variety (Xiaoyan54) [21]. By comparing bread-relevant traits of wild-type and
HMW-GS:s deficient single or double mutants, the functions of 1A1 and 1Bx14 on dough func-
tionality and bread-making quality were characterized in detail [21].

Tissue culture can be used to induce variation to wheat storage protein alleles [58-59]. In
regenerated plants from the immature embryo cultures of the common wheat line CS, the vari-
ation for one protein band and protein bands controlled by the locus, mostly for gliadins, were
observed with frequencies of 0.11% and 0.69%, respectively [58]. In the regeneration offspring
from in vitro culture of immature embryos of four winter varieties, one plant lacking 1Bx7 and
11By?9 at the Glu-BI locus was found, and alteration at this locus with decreased expression
occurred in only one wheat genotype [59]. In this study, we reported a somatic variation
mutant AS208 lacking genes encoding 1Bx20 and 1By20 that was identified from the tissue cul-
ture offspring of a commercial winter variety, LX987. Further, we comparatively evaluated the
agronomic traits, seed storage proteins, and expression pattern of Glu-B1, and evaluated the
dough traits and bread-making quality traits of AS208 and its parental variety.

Silencing mechanism of glutenin subunits 1Bx20 and 1By20 in AS208

Gene silencing falls into two major mechanistic classes, transcriptional gene silencing (TGS)
and post-transcriptional gene silencing (PTGS) [60]. PTGS refers to the situation where the
target gene is expressed normally at the mRNA level. A PTGS mechanism 1Bx20 and 1By20 in
AS208 can be excluded, because our qRT-PCR result showed that 1Bx20 was not expressed in
the mutant line at all (Fig 4). TGS refers to the situation where the expression of a target gene is
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somehow blocked because of epigenetic alternations such as chromatin modification and DNA
methylation [61-62]. To investigate if the lack of 1Bx20 and 1By20 accumulation in AS208
results from TGS, two primer pairs (Px1 and Px2 for 1Bx20, Pyl and Py2 for 1By20) (S1 Table)
were used to amplify the promoters of 1Bx20 and 1Bx20y from LX987 and AS208, respectively.
The promoter regions of 1Bx20 and 1Bx20y were successfully obtained in LX987, but not in
AS208. Two primers pairs (Bx1 and Bx2 for 1Bx20, Byl and By2 for 1Bx20y) (S1 Table) were
used to amplify the open reading frame (ORF) regions of 1Bx20 and for 1Bx20y from LX987
and AS208. Consequently, the coding regions of 2.2 kb for 1Bx20 and 2.0 kb for 1Bx20y LX987
were obtained for LX987, but not for AS208. The amplification results for the promoters and
OREFs of 1Bx20 and 1Bx20y were consistent. Therefore, we speculate that 1Bx20 and 1Bx20y are
likely deleted in the genome of AS208. In order to further support this speculation, the specific
primer pair M1 and M2 (S1 Table) for 1Bx20 were used to amplify the genomic DNA of LX987
and AS208, and the results also showed that 1Bx20 was not amplified from AS208 gDNA, but
did amplify from LX987 gDNA (S3 Fig). Therefore, we suggested that the 1Bx20 and 1Bx20y in
AS208 was deleted from its genome led to their slicing in AS208. In previous reports, the silenc-
ing of genes encoding storage proteins was suggested to be caused by chromosomal deletion
and promoter region alterations [58-59]. The silencing mechanism of the 1Bx20 and 1Bx20y in
AS208 needs to be investigated further at the molecular level.

Potential Application of AS208 in the functional studies of wheat genes
encoding HMW-GSs

The contributions of different individual HMW-GS proteins on gluten functionality and end-
use traits have been investigated with plant materials with allelic variation for HMW-GSs,
knockout mutants, bacterial expression combining small-scale dough testing system, and
transgenic strategy [21, 41-45. 56-57]. Among these methods, genetic transformation is the
most straightforward method for testing the function of the genes encoding HMW-GSs. To
date, only a few HMW-GSs, such as 1Dx5 and 1Dy10 were functionally explored through
transgenic approaches that manipulated the genes that encode these proteins. Highly efficient
wheat transformation methods mediated by Agrobacterium have been reported by several
groups in recent years [63-65]. This significant improvement provides powerful support for
the reliable functional testing of genes of the Glu-1 loci of wheat. In our previous studies, the
parental wheat variety LX987 of AS208 showed available regeneration ability from mature
embryos scraped into pieces and immature embryos infected by Agrobacterium [66-67].
AS208 can be transformed by Agrobacterium for obtaining transgenic wheat plants (data
unpublished). Therefore, AS208 can be used as a desirable receptor material in efforts to
develop transgenic lines to characterize the functions of other genes encoding HMW-GS pro-
teins at Glu-1 loci.

Potential application of AS208 in flour processing industry

Wheat flour is mainly used to make bread and biscuits [1]. For the use in bread or noodle mak-
ing, wheat cultivars are required to have strong gluten and high protein content. For making
biscuits or cake, wheat cultivars with weak gluten and low protein level are required [6].
According to the standards for wheat quality in China (GB /T17893-1999), detailed indicators
for weak gluten wheat include falling number values of more than 300 sec, crude protein con-
tent less than 11.5%, wet gluten content (at the condition 14% water level) less than 22.0%, and
dough stability time less than 2.5 min. Presently in China, the number of wheat varieties that
meet the standards for biscuits making is very limited (less than 20). AS208 meets the require-
ments for weak gluten wheat, though it does not have suitable protein or wet gluten levels
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(Tables 3 and 4). It can be crossed with low protein wheat varieties to develop more suitable
lines for use in biscuit or cake making.

Conclusions

In this study the genes encoding the HMW-GS proteins 1Bx20 and 1By20 at the Glu-B1 locus
in the wheat somatic variation line AS208 developed by tissue culture were found to be missing.
AS208 maintained high similarity to its parental cultivar LX987 in agronomic traits and seed
storage protein content, except for the HMW-GS composition. The expression of 1Bx20 and
1By20 genes in AS208 was silenced from the beginning of grain filling and remained silenced
during the entire development period of grains. Glu-B1I locus was further demonstrated to be
deleted from the genome of AS208. The lack of 1Bx20 and 1By20 subunits in AS208 negatively
affected dough traits and bread-making quality traits. AS208 can potentially be used to breed
novel wheat varieties with weak glutenin content and to identify the functions of other genes
encoding HMW-GS proteins at the Glu-1 loci.

Supporting Information

S1 Fig. Screening of wheat somatic variation mutants at the Glu-B1 locus in the tissue cul-
ture offspring of LX987 by SDS-PAGE. In the second generation derived from tissue culture
(a), a plant was found to be missing 1Bx20 and 1By20 (sample 5). The plants from sample 5
appeared different bands for the composition of HMW-GS, some with and some without
1Bx20 and 1By20 in the third generation (b). Stable line AS208 was obtained from sample 5 in
the fourth generation, in which the two bands of 1Bx20 and 1By20 were missed completely.
WT stands for LX987.

(DOC)

S2 Fig. Expression patterns of genes encoding glutenin subunits in AS208 at different
stages during grain development assessed by SDS-PAGE-. 1Dx2 and 1Dy12, as well as
LMW-GSs genes expressed stably in AS208 from the 11" day post anthesis (lane 3), while
1Bx20 and 1By20 were not expressed at any point during the whole period of grain develop-
ment. 1-10 stand for the samples collected at 5, 8, 11, 13, 17, 19, 21, 23, 26, and 29th day post
anthesis, respectively.

(DOC)

S3 Fig. Detection of 1Bx20 in AS208 and LX987 with the M1 and M2 PCR markers. 1Bx20
was not detected in the genome of AS208 by the marker (nothing was amplified). However,
1Bx20 was detected from genomic DNA of LX987 by the markers (a 216-bp fragment was
amplified). M represents a DL2000 DNA marker.

(DOC)

S1 Table. The PCR primers used in this study for the expression profiling and sequence
amplification of 1Bx20 and 1By20 in both AS208 and LX987.
(DOC)
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