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Abstract 

The high-molecular-weight glutenin subunits (HMW-GS) in bread wheat are major 

determinants of the viscoelastic properties of dough and the end-use quality of wheat 

flour. Two novel HMW-GSs, 1Cx1.1 and 1Cy9.1, from the diploid species Aegilops 

markgrafii (CC) were identified in the present study. The corresponding open reading 

frames (ORFs) of the genes of 1Cx1.1 and 1Cy9.1 were isolated and sequenced using 

allele-specific polymerase chain reaction (AS-PCR). Sequence comparison 

demonstrated that the HMW-GSs from Ae. markgrafii possess a similar primary 

structure to the homologous proteins in wheat and related species. A tandem tripeptide 

exists in the central repetitive domain of 1Cx1.1, and this unique structure is very rare 

in the HMW-GSs of other genomes. To confirm the authenticity of these isolated 

endogenous HMW-GS, the heterologous proteins produced by removing the signal 

peptides expressed by E. coli exhibited the same electrophoretic mobility as the native 

proteins. Subsequently, the single protein was purified at a sufficient scale for 

incorporation into flour to perform SDS sedimentation testing. Notably, the SDS 

sedimentation volume was less with the addition of 1Cx1.1 than it was with 1Cy9.1. 
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Introduction 

Wheat is one of the most important crops in the world. The seed storage proteins, 

which account for 50% of the total proteins, are primarily composed of glutenins and 

gliadins and are responsible for dough elasticity and extensibility (Payne et al. 1979). 

Using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

electrophoresis, glutenins can be divided into two types according to their molecular 

weight: high-molecular-weight glutenin subunit (HMW-GS) and 

low-molecular-weight glutenin subunit (LMW-GS). HMW-GS in wheat plays a 

crucial role in determining the viscoelastic properties and bread-making quality of 

dough (Shewry et al. 1992; Halford et al. 1992). Differences in the composition of 

HMW-GSs are largely responsible for the variation in the quality parameters of dough 

(Tang et al. 2008). In common wheat, HMW-GSs are encoded at the Glu-1 loci, 

which have been mapped to the long arms of chromosomes 1A, 1B and 1D. Each 

locus of Glu-1 loci contains two tightly linked genes, which encode a large molecular 

mass x-type subunit and a small molecular mass y-type subunit.  

Wheat has many related species that have contributed to the variation in the 

Glu-1 loci. These loci are postulated to encode the orthologs of HMW-GS in wheat. In 

common wheat and its related species, HMW-GSs showed numerous variations that 

may provide a gene pool suitable for improving wheat quality (Fang et al. 2009; Xu et 

al. 2009). Currently, many variants of HMW-GSs have been cloned from bread wheat 

and its wild relatives (Cao et al. 2007; An et al. 2009; Liu et al. 2010). Comparisons 

of amino acid sequences have shown that the HMW-GSs possess a similar structure: a 

signal peptide that is removed in the mature proteins and non-repetitive and conserved 

N- and C-terminal domains flanking a central repetitive domain that is composed of 

tri- (in the x-type subunit), hexa- and nonapeptide motifs (Halford et al.1992). The 

length of the N-terminal domain is used as a reference to distinguish the x- and y-type 

subunits. Previous studies have shown that the x-type subunits possess 74-89 amino 

acid residues and the y-type subunits possess 102-105 amino acid residues in this 



 

 

region (Wang et al. 2007). The HMW-GS genes are intronless and possess two stop 

codons (TGATAG) in tandem (Anderson et al. 1989).  

HMW-GS is considered the second most important allergen of wheat, after ω-5 

gliadin (Mastuo et al. 2005). The peptides QQPGQXQX and QXSGQXQ in 

HMW-GS (X means any amino acid) are the IgE-binding epitopes and can be 

identified by B lymphocytes (Mastuo et al. 2005, 2009). These peptides have been 

used in clinical diagnosis of wheat allergies but are not currently used in wheat 

breeding. 

The processing quality of wheat is impacted by both genetic factors and 

cultivation. HMW-GS has widely been recognized as the most important genetic 

factor in determining wheat viscoelasticity (Don et al. 2006).  The interaction of the 

wheat storage proteins form glutenin macropolymers (GMP), which contribute 

significantly to dough strength and loaf volume (Don et al. 2005). The glutenin 

subunits affect the size and amount of GMP in flour (Don et al. 2005, 2006). Another 

genetic factor is the ratio of gluten and gliadin. The expression of gluten is also 

important in determining the processing quality of wheat (Braka et al. 2013). During 

cultivation, altering the nitrogen that is supplied during the filling stages of wheat 

grain could help regulate the expression of gama-gliadin genes (Wan et al. 2012). 

Additionally, applying nitrogen fertilizer during a later period of wheat growth would 

improve the amount of HMW-GS and LMW-GS in the seeds (Luo et al. 2000). 

Compared to improvements in cultivation practices, genetic factors are much more 

important in promoting the processing quality of wheat. Further, improving 

cultivation leads to a cost increase.  

The C genome is present only in Ae. markgrafii (CC), Ae. cylindrica (CCDD) 

and Ae. triuncialis (CCUU) (Kimber et al. 1972), which are sources of novel genes 

that can be transferred into bread wheat. Recently, several HMW-GSs from the C 

genome were characterized (Liu et al. 2003; Yan et al. 2006; Li et al. 2015), but little 

is known about their properties. In this paper, we report and verify two novel 



 

 

HMW-GSs identified in the C genome of Ae. markgrafii accession Y46 that affect the 

quality of wheat flour. 

Materials and methods 

Plant materials 

The Aegilops markgrafii (Greuter) Hammer (synonym Ae. caudata L., 2n=2x=14, 

genome CC) accession Y46 was used in this work. Two common wheat strains 

maintained in our laboratory, Chinese Spring (1Bx7+1By8, 1Dx2+1Dy12) and 

Marquis (1Ax1, 1Bx7+1By9, 1Dx5+1Dy10), were used as standards for estimating 

the electrophoretic mobility of HMW-GSs in Ae. markgrafii. 

SDS-PAGE 

The glutenins of Ae. markgrafii and common wheat were extracted based on the 

method described by Liu et al. (2010). Briefly, single seeds were crushed and mixed 

with 60% ethanol (v/v) for 30 min to remove gliadins. Then, glutenins were extracted 

from the precipitates using extraction buffer containing 1 g DTT, 4 g SDS, 12.5 ml 1 

M Tris-HCl (PH 6.8), 20 mL glycerol and 50 mL deionized water. The supernatants 

were used for SDS-PAGE analysis. The SDS-PAGE was performed on 10% running 

gel (Ma et al. 2013).  

Cloning the ORFs of HMW-GSs  

Genomic DNA was extracted from young leaves of Ae. markgrafii using a Plant 

Genomic DNA Kit (Tiangen, Beijing, China). A pair of degenerate oligonucleotide 

primers based on the reported HMW-GS genes were designed and used to amplify  

the complete coding sequences of HMW-GSs. The primer sequences were as follows: 

P1: 5′-ATGGCTAAGCGGC/TTA/GGTCCTCTTTG-3′; P2: 

5′-CTATCACTGGCTA/GGCCGACAATGCG-3′ (synthesized by Sangong, Inc, 

China). A total of 50 μl of the PCR reaction mixture containing 2.5 U LA Taq with 

GC buffer I (TaKaRa, Dalian, China) was placed in a C1000 cycler (Bio-Rad). The 

mixture was kept at 94°C for 4 min to denature the template DNA, followed by 36 

cycles at 94°C for 50 s to denature, 68°C for 4 min for annealing and extension, and a 



 

 

final extension at 68°C for 10 min. PCR products were separated on 1% agarose gel. 

The targeted DNA fragments were purified using a Universal Plant DNA Purification 

Kit (Tiangen, Beijing, China), cloned into a pMD18-T vector (TaKaRa, Dalian, 

China), and then transformed into DH5α competent cells (Tiangen, Beijing, China). 

Positive clones were identified by colony PCR. The DNA sequencing was performed 

by Beijing Genomics Institute. At least three individual clones were sequenced to 

minimize errors. 

In vitro expression in E. coli  

For the expression of the mature HMW-GSs from Y46 in E. coli, a pair of primers (P3: 

5′-GAAGGTGAGGCCTCTGGGCAACTA-3′ and P4: 

5′-CTATCACTGGCTRGCCGACAATGCG-3′) were used to remove the signal 

peptides of the two proteins and were designed based on the ORFs of 1Cx1.1 and 

1Cy9.1. The PCR products were cloned into pEASY-E1 expression vectors (Transgen, 

Beijing, China). BL21 (DE3) competent cells were transformed with the pEASY-E1 

plasmids containing the HMW-GS genes and then inoculated into 10 ml LB, with 

shaking at 37°C under 200 rpm. When the OD600 reached 0.6, BL21 (DE3) was 

induced by IPTG, with a final concentration of 0.5 mM for 10 h at 25°C under 200 

rpm. BL21 (DE3) without pEASY-E1 plasmids containing the HMW-GS genes was 

also treated with IPTG as control. The heterogeneous proteins were extracted and 

purified from the SDS-PAGE gel following the method described by Chen et al. 

(2010). 

In silico analysis 

The ORFs of HMW-GSs were translated into amino acid sequences using Expasy 

network services (http://www.expasy.org/translate) and multiple sequence alignments 

were performed using DNAMAN 7.0 software.  

SDS sedimentation test 

SDS sedimentation tests were conducted using the methods described by Gao et al. 

(2013). Three independent flours (3.0 g) were incorporated with 1.5 mg, 3.0 mg, and 



 

 

4.5 mg of each purified protein and were placed in glass tubes with stoppers. Distilled 

water (50 mL) was added to each tube. The samples were mixed on a vortex mixer for 

30 s and then hydrated for 5 min; this process was then repeated. Then, 50 mL 

LA/SDS solution was added to each sample, and the tubes were shocked for 3 min, 

rested for 5 min, and shocked again for 3 min. The tubes were left in an upright 

position for 5 min, and the height (mm) of the sediment was recorded. Each SDS 

sedimentation test was performed twice, and Jimai 22 flour was used as a control. 

Results 

Cloning the HMW-GS genes from Ae. markgrafii 

SDS-PAGE analysis showed that two HMW-GSs designated as 1Cx1.1 and 1Cy9.1 

were identified in Ae. markgrafii from their electrophoretic mobility, which was 

comparable to those of the x- and y-type subunits in hexaploid wheat (figure 1). 

1Cx1.1 migrated slower than 1Ax1 in Marquis, and 1Cy9.1 migrated faster than 1By8 

in Chinese Spring and slower than 1By9 in Marquis (figure 1). 

The complete open reading frames (ORFs) encoding the two novel HMW-GSs were 

amplified by AS-PCR (figure 2). The amplified fragments from Ae. markgrafii 

included two clear PCR products, which corresponded to the x- and y-type subunits. 

After cloning and sequencing, two complete ORF sequences were obtained. The sizes 

of the two cloned genes were 2637 bp for presumptive 1Cx1.1 and 1938 bp for 

presumptive 1Cy9.1. The coding sequences and deduced amino acid sequences of the 

two HMW-GSs were deposited in GenBank with the accession numbers JN977610 

(1Cx1.1) and JN977611 (1Cy9.1). 

Sequence comparisons demonstrated that the HMW-GS genes are intronless and 

possess typical structural characters of previously cloned HMW-GS genes (figure 3, 

Table 1), including a signal peptide (21 amino acids), N-terminal domain (89 amino 

acids in 1Cx1.1 and 104 amino acids in 1Cy9.1), central repetitive domain (748 amino 

acids in 1Cx1.1 and 498 amino acids in 1Cy9.1) and C-terminal domain (42 amino 

acids). 1Cx1.1 possesses three cysteine residues in the N-terminal domain and one in 



 

 

the C-terminal domain. The central repetitive domain consists of short tandem 

peptides and the unique tandem tripeptide with the amino acid sequence 

PAQGQQGQQGQQ, which appears twice (figure 3). The amino acid sequences 

deduced from the 1Cy9.1 gene showed that the mature protein possesses seven 

cysteine residues in the 1Cy9.1 subunit. Of those residues, five exist in the N-terminal 

domain, one in the C-terminal and one in the repetitive domain near the C-terminal 

domain, which is present in almost all y-type subunits except the Ay subunit. The 31st 

amino acid at the N-terminal of 1Cy9.1 is Val instead of Ala, which occurs in the 

known HMW-GSs. Because both 1Cx1.1 and 1Ax1 have large repeated sequence 

domains, the number of tripeptides and hexapeptides in 1Cx1.1 and 1Ax1 were 

compared (Table 2): there were 66 tripeptide (GQQ), 19 consensus hexapeptide 

(PGQGQQ) and 6 consensus (SGQGQQ) in 1Cx1.1, and 1Ax1 had 45, 9, and 7, 

respectively. 

Recently, three novel HMW-GS genes (Cx1; Cx3 and Cy3) from C genomes 

were cloned by Li et al. (2015). Compared with their sequences, three details are 

worthy of attention. First, the sequences of HMW-GS of the C genome show a high 

similarity. A high level of nucleotide identity (99%) was found between the coding 

sequences of HMW-GS 1Cy9.1 and Cy3. The nucleotide identity between the coding 

sequences of HMW-GS Cx1 and 1Cx1.1 was 92% (Li et al., 2015). Second, it is 

noteworthy that 1Cx1.1 is 5 amino acids longer than Cx1 at the N-terminal domain. 

Third, HMW-GS in the C genome does not have extra cysteine residues, which 

indicates that these genes are relatively conserved in the evolutionary process. 

In vitro expression of the novel HMW-GS genes in E. coli 

To further confirm the ORFs of the HMW-GS genes isolated from Ae. markgrafii, the 

prokaryotic expression of the two novel HMW-GS genes was induced in E. coli. To 

determine whether the molecular mass of the heterologous protein is the same as that 

of the native HMW-GSs in the seeds, the coding sequence of the signal peptide was 

removed by PCR. Two recombinant plasmids, pEASY-Cx and pEASY-Cy, were both 



 

 

transformed into BL21 (DE3) competent cells (Transgen, Beijing, China). The 

heterologous protein expression was subsequently induced by IPTG. Using 

SDS-PAGE, the two heterologous proteins showed very similar electrophoretic 

mobility as 1Cx1.1 and 1Cy8 in the seeds of Y46 (figure 4), suggesting that the ORFs 

cloned in this study were a faithful representation of the native HMW-GS genes in Ae. 

markgrafii.  

Functional properties of 1Cx1.1 and 1Cy9.1 

All samples with the addition of 1Cx1.1 and 1Cy9.1 had significantly higher SDS 

sedimentation volume compared to the plain base flour (table 2). The SDS 

sedimentation volumes were 32.60 mL and 25.10 mL when the flour was incorporated 

with 1.5 mg of either 1Cx1.1 or 1Cy9.1. The samples with a larger amount (4.5 mg) 

of either HMW-GS exhibited much higher SDS sedimentation volumes. In contrast, 

as shown in table 2, the SDS sedimentation volume with the addition of 1Cx1.1 was 

greater than that of 1Cy9.1, which indicates that 1Cx1.1 increases the gluten strength 

more than 1Cy9.1 does.  

Discussion 

In HMW-GSs, the N- and C-terminal domains form global structures through 

disulfide linkages to maintain the stability of the glutenin polymers (Shewry et al. 

1997). Moreover, the amino acid composition and the number of cysteine residues are 

strongly conserved. The central domain is thought to form β-turns, which was 

confirmed by scanning tunneling microscopy (Shewry et al. 1989). Compared to 

known HMW-GSs, the HMW-GSs derived from Y46 exhibited variation in the x-type 

subunits at the N-terminal domain but were consistent in y-type subunits (figure 3). 

The central repetitive domain consisted of short peptides, and the variation in the 

length of the HMW-GS was due to the insertion and duplication of the blocks 

(Shewry et al. 1997). In previous studies of HMW-GS, the tripeptide and nonapeptide 

motifs always occurred between two hexapeptides. In addition, tandem tripeptide 

motifs have been reported in the Cx and Tax subunits (Yan et al. 2006; Liu et al. 



 

 

2003). In this study, tandem tripeptide duplications of GQQ were found in 1Cx1.1, 

which were located in a region composed of arrangements of the hexapeptide 

(PAQGQQ) (figure 3),. The results indicate that the tandem sequences might be C 

genome-specific. In the N-terminal domain of 1Cy9.1, the amino acid at position 31 is 

Val instead of Ala, which occurs in most y-type HMW-GSs. These characteristics 

contribute to the uniqueness of the two proteins identified in Ae. markgrafii Y46. 

Interestingly, the tandem tripeptide motifs identified in 1Cx1.1 and the variation at the 

conserved position in 1Cy9.1 might suggest that the HMW-GSs in the C genome are 

more active than other genomes in the evolutionary process.  

The baking quality of wheat is mainly determined by glutenin proteins (Luo et al. 

2000). Previous research has suggested that wheat quality parameters depend on the 

composition of HMW-GSs (Tang et al. 2008). The number and distribution of 

cysteine residues are important to the flour processing quality. In common wheat, 

subunits 1Dx5 and 1Dy10 are thought to be associated with high quality due to their 

extra cysteine residues, which can provide intermolecular disulphide bonds between 

HMW-GS and LMW-GS to form protein polymers (Shewry et al. 1992; Pirozi et al. 

2008). Because 1Cx1.1 possesses fewer cysteine residues than 1Cy9.1 does, 1Cx1.1 

did not increase the SDS sedimentation volume as much as 1Cy9.1 when they were 

incorporated into a base flour (table 2). It has been reported that the size of the 

repetitive domain is a factor that cannot be ignored in controlling properties. It is 

widely accepted that hydrogen bonds are important because they stabilize the 

polymeric structure (Wang et al. 2013) and that the large size of the repetitive domain 

provides the opportunity to form more hydrogen bonds. Additionally, the long 

repetitive domain contains a many short tandem peptides that can form more β-sheets, 

which are thought to afford greater protein elasticity and resistance to distortion (Chen 

et al. 2011). The results of this study demonstrate that the number of cysteine residues 

can be used as a main standard to evaluate the quality of HMW-GS. 
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Table1. Comparison of HMW‐GS in Y46 and the published HMW‐GSs in wheat and its relatives. 
 

Type of 
subunit 

Genbank   
accession 

Species 
N‐terminal 
domain 

Central repetitive 
domain 

C‐terminal 
domain 

Total 

  Size    Cys    Size    Cys    Size    Cys  Size    Cys 
1Cx1.1  JN977610  Aegilops markgrafii  86        3  727    0  42      1  877      4 
1Cx  GQ403045  Aegilops markgrafii  86        3  680    0  42      1  829      4 
1Cx  AF476959  Aegilops markgrafii  86        3  669    0  42      1  797      4 
Ux2.3  HQ380226  Aegilops kotschyi  86        3  819    1  42      1  968      5 
1Ex  AY277741  Thinopyrum elongatum 81        3  553    0  42      1  697      4 
1SSx  AY611721  Aegilops searsii  103      3  531    0  42      1  697      4 
1Dtx4  DQ307383  Aegilops tauschii  89        3  683    0  42      1  835      4 
1Mx  JN408504  Aegilops comosa  84        3  742    0  42      1  889      4 
1Cy9.1  JN977611  Aegilops markgrafii  104      5  476    1  42      1  643      7 
1Ay  AJ306977  Triticum monococcum  104      5  420    1  42      1  587      7 
1Ay  AY245578  Triticum urartu  104      5  440    0  42      1  607      6 
1Ey  AY263344  Thinopyrum elongatum 104      5  444    1  42      1  611      7 

1Ey1.5  AY299518  Thinopyrum elongatum 105      5  327    0  42      1  495      6 
1SSy  AY611724  Aegilops searsii  104      5  493    1  42      1  660      7 

1Dy12.2*  FJ226583  Triticum aestivum  104      5  490    1  42      1  657      7 
1Dty10.4  FJ499504  Aegilops tauschii  104      5  483    1  42      1  650      7 

1Cy  GQ403406  Aegilops markgrafii  104      5  516    1  42      1  683      7 
1By8  JF736014  Triticum aestivium  104      5  552    1  42      1  719      7 

              The HMW‐GSs obtained in this paper were underlines. 



 

 

 
 

Table 2. SDS sedimentation volumes of samples of base flour with and without incorporation of heterologously expressed HMW‐GS 

Additive  Treatments  SDS sedimentation volume (mL) 

None (Control)  /  16.30 a   
1Cx1.1  T1  32.60 b   
1Cx1.1  T2  39.50 c   
1Cx1.1  T3  42.40 d   
1Cy9.1  T1  25.10 b   
1Cy9.1  T2  30.30 b   
1Cy9.1  T3  36.20 c   

T1, T2, and T3: 1.5, 3.0, and 4.5 mg heterologously expressed glutenin subunits incorporated into base flour, respectively. Values followed by 

the different letters in the same column mean significantly difference at P < 0.05. 



 

 

Figure 1. HMW‐GS composition of Y46. Lane1: HMW‐GSs in Chinese Spring; Lane2: 

HMW‐GSs in Y46; Lane3: HMW‐GSs in Marquis. 

Figure 2. PCR products amplified with degenerate primers. M: DNA ladder; Lane1: 

PCR products were amplified from the genomic DNA of Y46. 

Figure 3. Comparison of primary structure of the 1Cx1.1, 1Cy9.1 and the published 

HMW‐GSs from wheat and its related species. Rectangle frames were used to mark 

the signal peptide, conservative cysteine residues were marked by arrows. The 

peptide PGQGQQGQQGQQ were also boxed. 

Figure 4. SDS‐PAGE analysis of purified 1Cx1.1 and 1Cy9.1 

Lane1: HMW‐GS of Chinese Spring, Lane 2: HMW‐GS of Marquis, Lane 3: HMW‐GS of 

Y46, Lane 4: Purified 1Cx1.1, Lane 5: Purified 1Cy9.1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

Figure 1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

Figure 2. 
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