
Introduction

Glutenins and gliadins are the main components of

wheat storage proteins, and make up almost all of

the proteins found in gluten. Glutenins are poly-

meric proteins whose subunits are held together by

inter-molecular disulphide bonds. They mainly

consist of 2 types of subunits: high-molecular-

weight glutenin subunits (HMW-GS) and low-

molecular-weight glutenin subunits (LMW-GS).

HMW-GS consist of only a few components and

have been widely characterized (Shewry et al.

1992, 1995; Yan et al. 2002; Wang et al. 2007),

LMW-GS represent about 1/3 of total seed storage

proteins and 60% of glutenins (Bietz and Wall

1973; D’Ovidio and Masci 2004). A number of au-

thors have proposed that the allelic variation at

LMW-GS loci is associated with significant dif-

ferences in dough quality of bread wheat (Gupta

et al. 1989, 1994) and durum wheat (Pogna et al.

1990; Ruiz and Carillo 1993; D’Ovidio et al.

1999).

The typical LMW-GS are encoded by gene

families at each of the orthologous Glu-3 loci

(Singh and Shepherd 1988; D’Ovidio and Masci

2004). A number of LMW-GS genes have been

isolated from wheat and its relatives (Cassidy et al.

1998; Cassidy and Dvorak 1991; D’Ovidio et al.

1999; Ikeda et al. 2002; Long et al. 2004; Wang

et al. 2005; Huang et al. 2005; Shang et al. 2005;
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Yue et al. 2005), and the general structure of a typ-

ical LMW-GS consisted of 4 main structural do-

mains, including a signal peptide of 20 amino

acids (aa), a short N-terminal domain (13 aa) that

usually contains the first cysteine residue, a highly

variable repetitive domain rich in glutamine

codons, and a conserved C-terminal domain with

the remaining 7 cysteines (D’Ovidio and Masci

2004).

The common wheat, Triticum aestivum, has no

direct hexaploid wild progenitor (Morris and

Sears 1967; Kimber and Feldman 1987). The spe-

cies has 3 sets of homeologous genomes, desig-

nated as AABBDD. It has been proved that

Aegilops tauschii (2n = 2x = 14, DD) of the genus

Aegilops (Kihara 1944) and Triticum urartu or

T. monococcum (2n = 2x = 14, AA) were the wild

diploid D- and A-genome donors (Huang et al.

2002) of wheat, respectively. Extensive studies on

allelic variations of LMW-GS at the protein level

(Lee et al. 1999a; Gianibelli et al. 2002) and their

coding genes (Ciaffi et al. 1999; D’Ovidio et al.

1999; D’Ovidio and Masci 2004; Johal et al. 2004;

Huang et al. 2005; Ma et al. 2006) in these species

revealed rich genetic variations, which were con-

sidered as valuable sources for the improvement

of wheat quality. However, to date, few LMW-GS

genes were reported to be isolated from wild dip-

loid donor species of the B genome.
The ultimate source of the wild diploid B ge-

nome donor of wheat is still in discussion but tra-
ditionally it is sought in the section Sitopsis of the
genus Aegilops (Sarkar and Stebbins 1956; Kerby
and Kuspira 1988), including Ae. longissima
(2n = 2x = 14, SlSl), Ae. sharonensis (2n = 2x = 14,
SshSsh), Ae. searsii (2n = 2x = 14, SsSs),
Ae. bicornis (2n = 2x = 14, SbSb) and Ae. speltoides
(2n = 2x = 14, SS), which are considered as useful
sources of novel genes for wheat improvement.
Evaluation of a range of Aegilops species has led
to the identification of accessions with high levels
of resistance to wheat leaf rust, powdery mildew,
Hessian fly, and greenbug (Gill et al. 1985). An
example of Sitopsis genes that have been trans-

ferred into bread wheat was the powdery mildew
resistance gene Pm13 from Ae. longissima
(Ceoloni et al. 1992).

In this study, we conducted a PCR-based strat-

egy, based on known gene information, to isolate

and characterize the LMW-GS genes from

Ae. longissima. The objective of this study was to

identify novel LMW-GS genes in Ae. longissima

and their relationship with the known genes from

B genomes of tetra- and hexaploid wheats. It

would be the first step to better understanding of

the LMW-GS gene families in the section Sitopsis

of the genus Aegilops.

Materials and methods

Plant materials

Four accessions (i.e. PI604103, PI604124,
PI604126, and PI604129) of Ae. longissima
(2n = 2x = 14, S1S1) were used to isolate the
LMW-GS genes. A total of 21 accessions of dip-
loid, tetraploid, and hexaploid wheats and
Ae. tauschii were used for PCRs with specific
primers, including 2 accessions of T. monococcum
(2n = 2x = 14, AmAm), 2 accessions of T. urartu
(2n = 2x = 14, AuAu), 4 accessions of A. tauschii
(2n = 2x = 14, DD), 4 accessions of T. durum
(2n = 4x = 28, AABB), 4 accessions of
T. dicoccoides (2n = 4x = 28, AABB), 4 accessions
of T. araraticum (2n = 4x = 28, AAGG), and the
extensively studied cv. Chinese Spring of
hexaploid wheat (T. aestivum, 2n = 6x = 42,
AABBDD) (Table 1). The T. dicoccoides acces-
sions were provided by Prof. E. Nevo (Institute of
Evolution, University of Haifa, Israel), while
T. durum accessions AS2246, AS2319 were col-
lected and conserved by the Triticeae Research In-
stitute of Sichuan Agricultural University, Yaan,
Sichuan, China, and the remaining accessions
were obtained from the National Small Grains
Collection, U.S. Department of Agricul-
ture-Agricultural Research Service (USDA-ARS),
Aberdeen, Idaho, USA.
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Table 1. Diploid and tetraploid wheats (Triticum spp.) and Aegilops tauschii

accessions used in this study

Species Genome Accessions

T. monococcum AmAm PI119435, PI170196

T. urartu AuAu PI487268, PI538738

A. tauschii DD CIae8, PI511366, PI603225, PI499264

T. durum AABB CItr14624, CItr14631, AS2246, AS2319

T. dicoccoides AABB Qazerin05-2, Qazerin05-40, Qazerin05-41, Qazerin05-43

T. araraticum AAGG CItr17679, PI427317, PI427367, PI427368



PCR primer sets

Two primer sets, pGluB-F (5’-ATC AAA ACC

AAG CAA CAG TAT-3’) and pGluB-R (5’-ATA

TTA CTA GAG ATA TTT TCT TAT CA-3’), and

pGluU-F (5’-GAT CAT CAC AG/A GCAC

AAT/G CAT CA-3’) and pGluU-R (5’-TTT TCT

TAT CAG TAG G/C/A CAC CAA CT-3’) were

developed for the amplification of LMW-GS

genes. The first primer set was proved to be

B-genome-specific in wheat (Long et al. 2006),

targeting the group 4.1 of LMW-GS genes (Long

et al. 2005), and the second primer set was devel-

oped as universal primers based on the conserved

sequences of known genes. To obtain the complete

open reading frames (ORFs) of LMW-GS genes,

both primer sets were purposely designed, flank-

ing the coding regions (Figure 1). The primers

specific to the 3 groups of LMW-GS genes ob-

tained in this study were designed (Table 2) to ver-

ity if they were also present in A, B, D and

G genomes of diploid, tetraploid, and hexaploid

wheats and Ae. tauschii.

DNA extraction and PCR amplification

Genomic DNA was extracted from 3- to 5-day-old

seedlings with the CTAB procedure, as reported

by Murray and Thompson (1980). Each PCR am-

plification was conducted in a volume of 50 �L,

containing 200 ng of genomic DNA, 200 �M of

each dNTP, 5 �M of each primer, 3U of ExTaq

DNA polymerase with high fidelity (TaKaRa),

and 1 × PCR buffer (supplied with the Taq poly-

merase). The cycling parameters were 94°C for

5 min, followed by 35 cycles of 94°C for 45 s,

55°C for 60 s, and 72°C for 90 s, and a final exten-

sion at 72°C for 5 min. The electrophoretic separa-

tion of amplified products was conducted on 1%

agarose gels in 1 × Tris-acetate-EDTA (TAE)

buffer.

Cloning and sequencing of PCR products and

sequence analysis

The desired DNA fragments were recovered from
the gels and subjected to ligation with the
pMD18-T vector (TaKaRa), and then transformed

into E. coli DH5� competent cells (Sambrook
et al. 1989). The positive colonies were amplified
by using M13 universal primers to identify the
clones with an insert. Five clones of each of the
amplified DNA fragments obtained from one ac-
cession were randomly selected for DNA sequenc-
ing by a commercial company (TaKaRa). More
clones will be sequenced until a sequence ap-
peared repetitively.

The construction of full-length sequence and
the subsequent sequence analysis were conducted
by using DNAMAN (Version 5.2.2), MEGA2
software, and the programs available in the NCBI
network (http://www.ncbi.nlm.nih/gov/), respec-
tively.

Results

Isolation of complete ORFs of LMW-GS genes

Using primer set pGluB, DNA bands of approxi-
mately 1100 bp were amplified from genomic
DNA of Ae. longissima accessions PI604103,
PI604124, and PI604129, whereas no desired
product was obtained in PI604126. In contrast,
primer set pGluU failed to generate products in
PI604103 and PI604124, while approximately
1000-bp fragments were amplified from PI604126
and PI604129. All these amplified fragments were
cloned and sequenced.

Nucleotide sequences and deduced amino acid

sequences

A total of 8 genes were obtained and their acces-

sion numbers in the GenBank are EU305550,

EU305551, EU305552, EU305553, EU305554,

Novel LMW-GS genes from Ae. longissima 11

Figure 1. Schematic representation of primers used in this study. The rectangular boxes represent the general structural

domains of a LMW-GS. SP = signal peptide; N-Ter = N-terminal domain



EU305555, EU305556, and EU305557, respec-

tively (Appendix 1). Genes SL103-1 (EU305550)

and SL103-2 (EU305551), obtained from

Ae. longissima accession PI604103, were 1119

and 1029 bp long and could be translated into 352

and 322 aa, respectively. Single genes were ob-

tained from PI604124 and PI604126, designated

as SL124-1 (EU305552) and SL126-1

(EU305553), respectively. The lengths of

SL124-1 and SL126-1 were 870 bp and 966 bp,

from which 269 and 299 aa could be deduced, re-

spectively. Four genes, SL129-1 (EU305554,

894 bp), SL129-2 (EU305555, 1155 bp), SL129-3

(EU305556, 966 bp) and SL129-4 (EU305557,

966 bp), were obtained from PI604129, which

could be translated into 277, 364 and 299 aa, re-

spectively. However, an in-frame stop codon was

present in SL129-4, indicating that SL129-4 could

not encode the correct mature protein.
The sequence similarity comparison was con-

ducted against the nr nucleotide database (includ-
ing all GenBank, RefSeq Nucleotides, EMBL,
DDBJ, and PDB sequences) on the NCBI website
using BLAST program. The high sequence iden-
tity between the known LMW-GS genes deposited
in the NCBI and those from this study (Appen-
dix 1) revealed that all 8 genes belong to
LMW-GS gene families. Alignment of nucleotide
sequences (Appendix 2) and of deduced protein
sequences (Figure 2) showed that the obtained
LMW-GS genes in this study were highly similar
to each other (sequence identities were calculated
and presented in Appendix 3) and shared a com-
mon general structure of deduced protein: a short
N-terminal domain following an extremely con-
served signal peptide, a hyper-variable repetitive
domain rich in proline and glutamine, a long and
conserved C-terminal domain comprising over
half of polypeptide length, and 8 conserved
cysteines (7 in the C-terminal domain and one in
the N-terminal or repetitive domain), as proposed
by Cassidy et al. (1998). Four substitutions of

amino acid residues in the conserved N-terminal
and 23 in C-terminal domains were the major vari-
ations present. Additionally, 4 single-base dele-
tions were found in the C-terminal domain.
Compared with SL129-2, the other genes in this
study were found to have large fragment deletions
in the repetitive domains, revealing their high vari-
ability. Cluster analysis, on the basis of sequence
alignment, indicated that the 8 genes could be clas-
sified into 2 major groups (Figure 3). One group
consisted of SL103-1, SL103-2, SL124-1, SL129-1
and SL129-2, and the other group consisted of
SL126-1, SL129-3, and SL129-4, which resulted
from primer sets pGluB and pGluU, respectively.

N-terminal sequence

Long et al. (2005, 2006) proposed that LMW-GS
genes could be divided into groups based on the
deduced amino acids of the conserved N-terminal
domains. This is a simple and convenient method
to assign newly isolated genes into the specific
groups. In this study, 3 types of N-terminal se-
quence were found among the 8 genes (Figures 2
and 3), among which SL124-1, SL103-1, SL103-2,
and SL129-1 had the N-terminal sequence of
METSHILSLEKPL, whereas SL126-1, SL129-3,
and SL129-4 had METSCIPSLERPW, and SL129-2
had METSHIPSLEKSL, respectively. N-terminal
domain comparison indicated that they were very
similar but not identical to any of the known
LMW-GS genes (Appendix 4), among which
METSHILSLEKPL and METSHIPSLEKSL were
distinguished from that of LMW-GS gene group 4.1
(Long et al. 2005) by single amino acids at posi-
tions 8 and 13, respectively; METSCIPSLERPW
was extremely similar to that in LMW-GS gene
group 7.1 with an amino acid difference at position
8 (Long et al. 2005).

A consensus alignment (Appendix 4) of the de-
duced amino acid sequences of the conserved do-
mains, signal peptide, N-terminal, and partial of
C-terminal domains, and a subsequent cluster
analysis, showed that the genes obtained by pGluB
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Table 2. PCR primers specific to 3 groups of LMW-GS genes from Aegilops longissima used in

this study

N-terminal domain Group-specific primers Exp. l. (bp) Ta

(°C)

METSHILSLEKPL Glu-
SL1

F: 5’-CAAATGGAGACTAGCCACATCGT-3’
R: 5’-ATAGATGGCTGAACAGATGGTAT-3’

550 60

METSCIPSLERPW Glu-
SL2

F: 5’-ATGGAGACTAGCTGCATCCATA-3’
R: 5’-AAAATGGATGGATGAACAATAGAT-3’

320 55

METSHIPSLEKSL Glu-
SL3

F: 5’-ACATCCCTAGCTTGGAGACAT-3’
R: 5’-ATAGATGGCTGAACAGATGGTAT-3’

550 55

Exp. l. = Expected length; Ta = annealing temperature. Bold italic letters indicate unique nucleotides, as compared to other

LMW-GS gene groups. Additional primer-template mismatched bases are underlined



were closely related to the B-genome-derived
gene group 4.1, and the other genes obtained by
pGluU were clustered together with the gene
groups from the A and D genomes (Figure 4).

Development of group-specific primer sets and

PCRs in wheat and its relatives

Based on the unique sequence of the N-terminal
domain, 3 primer sets specific to the 3 groups of
novel LMW-GS genes from Ae. longissima were
developed (Table 2 and Figure 1), according to the
strategy reported by Kwok et al. (1990). The
unique nucleotide that distinguished one group
from the other groups of LMW-GS genes in the

N-terminal domain was placed at the 3’ end of the
forward primer, with an additional primer-template
mismatched base artificially added at positions 2 or
3 of the 3’ end. The reverse primers were at the be-
ginning of the C-terminal domains. Using the
3 group-specific primer sets, the PCR amplifica-
tions failed to generate the desired products in any
accession of T. monococcum, T. uratru,
Ae. tauschii, T. durum, T. dicoccoides, and
T. araraticum, as well as T. aestivum (Appendix 5).
However, the primer sets Glu-SL1, Glu-SL2, and
Glu-SL3 could amplify the DNA fragments with
the expected length in the Ae. longissima acces-
sions, from which the corresponding LMW-GS
genes were isolated.

Novel LMW-GS genes from Ae. longissima 13

Figure 2. Alignment of the amino acid sequences of LMW-GS genes of Aegilops longissima. The in-frame stop codon

(asterisk) is indicated by a triangle, cysteines by black circles, while deletions or inserted gaps by dots



Discussion

So far, only one sequence (Jiang et al. 2008,
GenBank accession no. EF188289) of LMW-GS
gene was isolated from the section Sitopsis of the
genus Aegilops, the discussed B-genome donors
(Sarkar and Stebbins 1956; Kerby and Kuspira
1988). In our study, to isolate LMW-GS genes
from Ae. longissima, a species of the section
Sitopsis, 2 primer sets with different approaches
were developed: (1) a B-genome specific primer
set (designated as pGluB), to check if the
LMW-GS genes from the B-genome of hexaploid
and tetraploid wheats were also present in the Sl

genome; and (2) a universal primer set (designated
as pGluU) based on the consensus sequence of
known genes, to isolate different LMW-GS genes.
As a result, 8 novel LMW-GS genes were ob-
tained and could be divided into 3 groups. The
consensus sequence alignment (Appendix 4) of
conserved domains of the 3 groups in this study
and other 7 known groups indicated that the
2 groups resulting from primer set pGluB were
clustered together with the B-genome specific
group 4.1, which was originally targeted by pGluB
(designated as Glu3B.2 in Long et al. 2005), sug-
gesting that they might have evolved from the

same ancestor. These results also supported the
close relationship between the B genome of wheat
and the S genomes of the section Sitopsis of the ge-
nus Aegilops.

The novel genes resulting from primer set
pGluU were clustered with 2 closely related
groups from the A (group 2) and D genomes
(group 7.2) of wheat (Long et al. 2005), respec-
tively (Figure 4). These results supported the
hypothetic polyphyly for the B genome, which
would come from intergenome recombination be-
tween different S-genome diploid species. Sarkar
and Stebbins (1956) proposed that AABB
amphiploids might have formed several times with
different Sitopsis diploids and a common AA dip-
loid. Although many efforts have been made
(Sarkar and Stebbins 1956; Kerby and Kuspira,
1988; Blake et al. 1999; Huang et al. 2002), the or-
igin of the B genome is not yet clarified.

The LMW-GS genes derived from the A, B,
and D genomes of wheat and their genome donors
could be distinguished from each other by the nu-
cleotide and deduced amino acid sequences, espe-
cially by the conserved N-terminal domains (Long
et al. 2005). Different alleles and allele composi-
tions have different effects on wheat quality
(Gupta and Shepherd 1988; Gupta et al. 1989,
1990a, 1990b; Metakovsky et al. 1990; D’Ovidio
et al. 1999; Brites and Carrillo 2001; Luo et al.
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Figure 3. Cluster analysis of the LMW-GS genes derived from Aegilops longissima based on sequence similarity

Figure 4. Phylogenetic tree based on the alignment of consensus sequence of conserved domains of LMW-GS groups. The

bracketed numbers indicate the groups determined in a previous study (Long et al. 2005). The capital letters are gene group

symbols, composed of their partial protein sequences of the N-terminal domain and the corresponding genome symbols.



atives with evaluated functional properties is
essential for the improvement of wheat quality.
Moreover, more attention has recently been paid
to developing molecular markers specific to
LMW-GS gene groups or functionally important
alleles (Zhang et al. 2004; Long et al. 2005, 2006)
for further application in marker-assisted selection
(MAS) of quality-related LMW-GS. In the present
study, 8 novel LMW-GS genes obtained from
Ae. longissima were divided into 3 unique groups
with distinct N-terminal domains. The 3 specific
primer sets designed for the 3 novel groups of
LMW-GS genes could amplify the expected DNA
segments from the corresponding Ae. longissima
accessions, but failed to detect any corresponding
gene fragment in A, B, D and G genomes of dip-
loid, tetraploid, and hexaploid wheats and
Ae. tauschii accessions. These results suggested
that they might be new members of the LMW-GS
gene families. The species of Sitopsis might be
used as valuable gene resources of LMW-GS. The
specific primers could be utilized to detect the
introgression of novel alien LMW-GS genes from
Ae. longissima into wheat. It was the first step to
better understanding of the LMW-GS gene fami-
lies of the section Sitopsis of the genus Aegilops.
Further research should focus on isolation and
characterization of LMW-GS genes in other spe-
cies of this section with a more efficient strategy,
and clarification of their functional properties.
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Appendix

Appendix 1. Characteristics of the LMW-GS genes from Aegilops longissima and their sequence

identities with known genes

Aegilops longissima
accession

Gene Accession no. Length (bp) Amino acids Accession no. of
most similar gene

Identity(%)

PI604103 SL103-1 EU305550 1119 352 EF188292 94

SL103-2 EU305551 1029 322 AB062852 92

PI604124 SL124-1 EU305552 870 269 EF371505 90

PI604126 SL126-1 EU305553 966 299 EF188291 93

PI604129 SL129-1 EU305554 894 277 EF371505 99

SL129-2 EU305555 1155 364 AY585354 96

SL129-3 EU305556 966 299 EF188291 93

SL129-4
a EU305557 966 298b EF188291 93

apseudogene; bamino acid number of the pseudogene, excluding in-frame stop codons

Appendix 2. Alignment of the 8 LMW-GS gene sequences from Aegilops longissima. Triangles indicate the initiation

and termination codons
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Appendix 3. Sequence identity (%) of LMW-GS genes from Aegilops longissima

Gene SL103-1 SL103-2 SL124-1 SL126-1 SL129-4 SL129-3 SL129-2

SL103-2 91.1

SL124-1 77.0 83.7

SL126-1 75.3 71.6 69.3

SL129-4 75.0 71.3 69.1 99.4

SL129-3 75.2 71.5 69.2 99.8 99.3

SL129-2 94.0 87.0 73.7 72.8 72.6 72.7

SL129-1 79.3 86.2 97.1 70.0 69.8 69.9 75.9

Appendix 5. Electrophoretic separation of products generated using 3 specific primer sets. M = D2000 DNA marker;

CS = Triticum aestivum cv. Chinese Spring; a, b, c, and d represent Aegilops longissima accessions PI604103, PI604124,

PI604126 and PI604129, respectively. Lanes 1–2 = T. monococcum (PI119435, PI170196); lanes 3–4 = T. urartu

(PI487268; PI538738); lanes 5–8 = Ae. tauschii (CIae8, PI511366, PI603225, PI499264); lanes 9–12 = T. durum

(CItr14624, CItr14631, AS2246, AS2319); lanes 13–16 = T. dicoccoides (Qazerin05–2, Qazerin05–40, Qazerin05–41,

Qazerin05–43); lanes 17–20 = T. araraticum (CItr17679, PI427317, PI427367, PI427368).

Appendix 4. Consensus alignment of deduced amino acid sequences of LMW-GS of Aegilops longissima. Each LMW-GS

group is represented by a symbol comprising its partial protein sequence of the N-terminal domain and the corresponding

genome symbol (like in Figure. 4). A dash indicates that an amino acid at a position was variable. N-ter = N-terminal

domain. According to the variability, the C-terminal domain could be subdivided into 3 domains (I, II, and III). In this

analysis, the C-terminal domain II was excluded because of its relatively high variability.


