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Abstract We characterized 45 LMW glutenin

genes from three diploid species of Taeniatherum

using 63 primer combinations, designed according to

264 genes reported in wheat and related species. The

genes had 909–1,059 bp nucleotides and 301–351

amino acids. The deduced peptides shared similar

structures with LMW-m proteins of wheat. The 45

genes shared 77.2–99.7% identities in peptide

sequence among each other and 60.0–82.0% identi-

ties to proteins from wheat and related species. They

were divided into five types according to the

N-terminals, starting with METSCIP-, METSRVP-,

METGRIP-, METGSIP- and VETSCIP-. The last

three and some other structural domain variations

were not reported previously in the Triticeae. Thirty-

three genes encoded full mature proteins with intact

ORFs, whereas the other 12 were pseudogenes with

incomplete ORFs, in-frame stop codons or frame-

shift mutations. Phylogenetic analysis showed that

orthologous genes from Taeniatherum were more

similar to those in the B and D genomes than in the A

genome.

Keywords Gene sequencing � LMW glutenin �
Sequence analysis � Taeniatherum

Abbreviations

INDELS Insertions and deletions

ORF Open reading frame

LMW Low molecular weight

Introduction

Glutenins and gliadins are the major storage proteins

determining end-use quality of wheat flours (Payne

et al. 1987; D’Ovidio and Masci 2004). The glutenins

can be divided into high molecular weight (HMW)

glutenins of 70,000–90,000 Da and low molecular

weight (LMW) glutenins of 20,000–45,000 Da

(D’Ovidio and Masci 2004). LMW glutenins are

Electronic supplementary material The online version of
this article (doi:10.1007/s10722-010-9640-y) contains
supplementary material, which is available to authorized users.

C. Han � Z.-H. Yan (&) � S.-F. Dai �
D.-C. Liu � Y.-M. Wei � Y.-L. Zheng �
X.-J. Lan � Y.-Y. Peng

Triticeae Research Institute, Sichuan Agricultural

University, Wenjiang District, No. 555, Northeast Road,

611130 Chengdu, Sichuan, China

e-mail: zhyan104@163.com

Z.-H. Yan � S.-F. Dai � D.-C. Liu � Y.-M. Wei �
Y.-L. Zheng � X.-J. Lan � Y.-Y. Peng

Key Laboratory of Crop Genetic Resources and

Improvement, Ministry of Education, Sichuan

Agricultural University, 625014 Yaan, Sichuan, China

D.-C. Liu

Northwest Plateau Institute of Biology, Chinese Academy

of Science, 810001 Xining, Qinghai, China

123

Genet Resour Crop Evol (2011) 58:1029–1039

DOI 10.1007/s10722-010-9640-y

http://dx.doi.org/10.1007/s10722-010-9640-y


grouped as B, C, and D types based on electropho-

retic mobilities and isoelectric points. They are also

classified as LMW-i (isoleucine), LMW-m (methi-

onine), and LMW-s (serine) types based on the first

amino acid residue in the N-terminal of mature

proteins (Cloutier et al. 2001; Lew et al. 1992;

Masci et al. 1993). In hexaploid wheat (Triticum

aestivum L. 2n = 6x = 42, AABBDD), LMW

glutenins, encoded by the orthologues Glu-A3,

Glu-B3, and Glu-D3 on chromosome arms 1AS,

1BS and 1DS, respectively (Gupta and Shepherd

1990), account for *60% of the total endosperm

storage proteins. The number of LMW glutenin

genes in bread wheat was estimated to be as high as

35–40 (Harberd et al. 1985; Sabelli and Shewry

1991; Cassidy et al. 1998).

The LMW glutenins are important quality determi-

nants of wheat flours and the genes involved are well

studied. Moreover, some progress has been made in

molecular characterization of LMW glutenin genes

from various Triticeae species, including Aegilops spp.

(Johal et al. 2004; Li et al. 2008), Agropyron elong-

atum (Luo et al. 2005), Secale sylvestre (Shang et al.

2005), Crithopsis delileana (Guo et al. 2008), Hord-

eum chilense, and H. brevisubulatum (Pistón et al.

2005; Hou et al. 2006). Sequence comparisons of these

genes revealed some differences between wheat

and its relatives. For example, some genes from

H. chilense and A. elongatum lack the N-terminal

regions in the predicted mature proteins (Luo et al.

2005; Pistón et al. 2005). To further understand the

evolution of LMW glutenin genes in the Triticeae

and to better utilize them in wheat quality

improvement, more genes in wild cereals need to

be analyzed.

The Taeniatherum Nevski (TaTa, 2n = 2x = 14)

genus is a member of the Triticeae. Biosystematical-

ly, it is very distantly related to wheat (Frederiksen

1986; Frederiksen and Bothmer 1986). It contains

three diploid species, T. caput-medusae, T. crinitum

and T. asperum. However, the LMW glutenin genes

in these species are not reported. To exploit poten-

tially new sources of LMW glutenins that can be used

for wheat end-use quality improvement and for

understanding the relationships among orthologous

genes among Triticeae species, we firstly describe the

isolation and characterization of LMW glutenin

genes from Taeniatherum spp.

Materials and methods

Materials and DNA extraction

Three T. caput-medusae (PI 598389, PI 577708, and

PI 577710), three T. crinitum (PI 561094, PI 204577,

and PI 220590), and two T. asperum accessions (PI

561091 and PI 561092) used in this study were

derived from Turkey (except for PI 220590 from

Afghanistan) and provided by the USDA-ARS

(http://www.ars-grin.gov/) germplasm bank. Seeds

were germinated in darkness at 23�C for one week

before planting in pots. Young leaves were harvested

and crushed into powder after freezing in liquid

nitrogen. Total genomic DNA was extracted using

2 9 CTAB method (Yan et al. 2002).

Primer design, PCR and sequencing

For designing DNA primers for the isolation of LMW

glutenin genes from Taeniatherum spp., the nucleo-

tide and amino acid sequences of LMW glutenin

genes from wheat and related species were collected

from the GenBank database (http://www.ncbi.nih.

nlm.gov/). Based on the amino acid at the beginning

signal peptide or the end of the C-terminals, these

genes were classified into different groups. Within a

group, the nucleotides were further used for poly-

morphism site screening. PCR primers were then

designed according to the amino acids in each group.

For polymorphic nucleotide sites within a group,

degenerate primers were designed. Seven forward

and nine reverse primers were designed based on the

gene types (Table 1). These primers formed 63

combinations. They were used for amplifying the

genomic DNA of the eight accessions Taeniatherum

spp.

PCR amplifications of LMW glutenin gene frag-

ments were conducted in total volumes of 50 ll in a

PTC-200 DNA Cycler (MJ Research, USA). The

PCR ingredients were 1.25 U high fidelity ExTaq

polymerase (Takara, China), 0.2 mM of each dNTP

and 1 lM of each primer, and 200–300 ng template

DNA. The PCR parameters were 94�C for 4 min to

denature the template DNA, followed by 35 cycles at

94�C for 1 min, 58�C for 1 min, and 72�C for 2 min,

then a final extension at 72�C for 5 min. The PCR

products were separated in 0.8% agrose gels and the
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targeted DNA fragments were recovered and ligated

into pMD18-T vectors (Takara, China).

The ligated products were transformed into E. coli

DH10B cells and positive clones were selected. At

least one DNA fragment derived by each primer pair

was used for cloning and sequencing. Three clones

for each candidate DNA fragment were sequenced.

The sequnence was determined by sequnecing of

three clones at two directions.

Sequence alignment and phylogenetic analysis

Sequence alignments were conducted by Clustal W

(Thompson et al. 1994). The deduced amino acid

sequences of 45 genes from Taeniatherum and 26

homologous genes from four diploid species of wheat

relatives, including eight from Ae. tauschii (Johal et al.

2004; Pei et al. 2007; Huang and Cloutier 2008), nine

from Ae. longissima (Jiang et al. 2008), and nine from

T. monococcum and T. urartu (An et al. 2006), were

used to construct a topology tree to elucidate the

evolutionary relationships among them. The phyloge-

netic tree was established using the deduced protein

sequences by MEGA 4.0 (Tamura et al. 2007). For the

analysis, the Neighbor-Joining (NJ) method and the

complete deletion option were used with respect to

gaps in the aligned sequences. Bootstrap values were

estimated based on 1,000 replications. At the same

time, evolutionary distances were measured by calcu-

lating p-distances for each pair of aligned sequences.

Results

LMW glutenin genes in GenBank

At January 24, 2009, 264 LMW glutenin gene

sequences (including complete genes, partial genes

and pseudogenes) were in the GenBank database. The

sequences were derived from species of five Triticeae

genera, including Triticum (168 sequences), Aegilops

(42), Lophopyrum (25), Secale (3), and Hordeum (26)

(Supplementary Table 1).

According to the seven amino acid residues at the

beginning of the signal peptides and the ends of the

C-terminals, these genes were divided into 15 and 17

groups, respectively (Table 2). Among them, the

signal peptides MKTFLVF and MKTFLIF and the

C-terminal GVGAY** and RVGAY** were predom-

inant types, accounting for 45.70% (117/256), 33.6%

Table 1 PCR primers used

for cloning LMW glutenin

genes from Taeniatherum
spp. Stop codons are shown

by asterisks (*)

Primer name Primer sequence Amino acid sequence

Forward

PF1 50-atg, aag, acc, ttc, ctc, att, tgt, g-30 MKTFLIC

PF2 50-atg, aag, acc, ttc, ctc, atc/a, ttc/t, g-30 MKTFLIF

PF3 50-atg, aag, acc/a, ttc, ctc/t, gtc, ttt, g-30 MKTFLVF

PF4 50-atg, aaa, acc, ttc, ctc, gtc, tgt, g-30 MKTFLVC

PF5 50-atg, agg, acc, ttc, ctt, gtc, ttt, g-30 MRTFLVF

PF6 50-atg, aag, acc, ttc, ccc, gtc, ttt, g-30 MKTFPVF

RF7 50-atg, aag, aaa, aac, ctc, gtc, ttt, g-30 MKKNLVF

Reverse

PR1 50-tta, tca, gta, ggc, acc, aac, t-30 RVGAY**; QVGAY**; GVGAY**

PR2 50-tta, tca, gta, gac, acc, c/aac, tc-30 GVGVY**

PR3 50-tta, ggc, acc, aac, tcc, ggt, gc-30 TGVGA*

PR4 50-tta, tca, gta, gca, cca, ctc, cg-30 PEWCY**

PR5 50-tta, tt/ca, gta, gcc, acc, aac, tc-30 GVGGY**

PR6 50-tta, tca, gta, ggc, act, aac, tc-30 GVSAY**

PR7 50-tta, tca, gta, ggc, agc, aac, tc-30 GVAAY**

PR8 50-tta, tca, gta, ggg, gcc, aac, tc-30 GVGPY**

PR9 50-tta, tta, gta, gga, acc, aac, tc-30 GVGSY**
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(86/256), 52.1% (126/242) and 12.4% (30/242) of the

total sequences, respectively.

LMW glutenin sequences from Taeniatherum spp.

In a total of 504 PCR reactions, 136 produced

candidate LMW glutenin fragments of 0.9 to 1.1 Kb

(Supplementary Table 2). Among 63 primer combi-

nations, 34 gave positive amplifications in the eight

accessions of Taeniatherum. Twenty eight, 26, 8, 20,

18, 16, 15, and 5 of these primer combinations

produced candidate LMW glutenins in PI 561094,

PI220590, PI204577, PI598389, PI577710, PI577708,

PI561092, and PI561091, respectively. We chose 45

DNA fragments (including all DNA fragments from PI

561094 and PI 561091 and 1, 2, 1 and 1 from PI

220590, PI 598389, PI 577710 and PI 577708,

respectively) for further use in cloning and sequencing

(Table 3, Supplementary Table 2).

Forty-five different LMW glutenin genes, desig-

nated Ta-1 to Ta-45 (GenBank accessions FJ481524

to FJ481568), were obtained (Table 3). Thirty-three

genes encoded complete mature proteins with intact

open reading frames (ORFs). The remaining 12

were pseudogenes with incomplete ORFs, caused

by in-frame stop codons or frame-shift mutations.

Characterization of LMW glutenin genes

from Taeniatherum spp.

The sequences of the 45 LMW glutenin genes ranged

from 909 to 1,059 bp at the nucleotide level and from

301 to 351 amino acids (Table 3; Fig. 1, Supplemen-

tary Fig. 1). Gene length differences were caused by

INDELs in the glutamine rich repetitive domains.

However, the genes shared a similar primary structure

with those of homologous genes in wheat and other

relatives in four structural regions: viz. a signal peptide

region with 20 residues, a N-terminal region with 13

residues, a repetitive domain rich in glutamine and

proline residues and characterized by tandem repeat

units, and a C-terminal domain consisting of three sub-

regions that are cysteine rich (I), glutamine rich (II),

and a final conserved domain (III). Five signal peptide

types occurred among the 45 genes, such as

MKKNLVF (4 genes), MKTFLIF (11), MKTFLVF

(11), MKTFPVF (8), and MRTFLVF (11). Five

different N-terminal sequences were also identified,

including METGRIP (1 gene), VETSCIP (1), METG-

SIP (1), METSRVP (14), and METSCIP (28). In

addition, there were 9 C-terminal peptides, viz.

GTGVGA* (5 genes), GVAAY** (8), GVGAY**

(7), GVGGY** (3), GVGPY** (3), GVGSY** (2),

GVGVY** (5), GVSAY** (7), and PEWCY** (5).

Table 2 Signal peptide

and C-terminal sequences in

264 LMW glutenin genes

from wheat and its relative

species

Some partial sequences

lacking signal peptide,

N-terminal or C-terminal

sequences were included

among the 264 sequences.

The underlined sequences

were used for primer

design. Asterisks (*)

indicate stop codons

Signal peptide No. of sequences C-terminal No. of sequences

1 MKTFLVF 117 GVGAY** 126

2 MKTFLIF 86 RVGAY** 30

3 MKTLLIL 12 GVGGY** 16

4 MKTLLIF 11 GVSAY** 14

5 MKNFLVF 6 GVGVY** 13

6 MKTFLIC 6 QVGAY** 13

7 MKTFLVC 5 GVGPY** 8

8 MKTLFIL 4 GVGSY** 6

9 MKTFVVF 2 PPDFWH* 6

10 MKTVLVC 2 PVDFWH* 2

11 MKKNLVF 1 TRVGV** 2

12 MKTFLTF 1 GFGAY** 1

13 MKTFPVF 1 GVAAY** 1

14 MKTLLVF 1 PEWCY** 1

15 MRTFLVF 1 PSVGV** 1

16 TGVGA* 1

17 TVGAYL* 1

Total 256 242
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The 45 genes shared 77.2–99.7% identities in

peptide sequences among each other (data not shown)

and 60.0–82.0% identities with those in wheat and

other relatives. Thirteen genes (Ta-1, 8, 10, 11, 12,

13, 14, 16, 18, 20, 23, 25 and 36) showed a high

similarity of 78.0 to 81.0% to CAA74550 (D’Ovidio

et al. 1997), a durum wheat Glu-B3 encoded LMW

glutenin. Sixteen genes (Ta-2, 3, 4, 9, 15, 17, 19, 21,

22, 24, 26, 28, 29, 31, 32 and 38) showed a high

similarity of 68.0 to 80.0% to BAB78760, a common

wheat (T. aestivum) Glu-D3 encoded LMW glutenin

(Ikeda et al. 2002; D’Ovidio and Masci 2004). The

remaining 16 genes (Ta-5, 6, 7, 27, 30, 33, 34, 35, 37,

39, 40, 41, 42, 43, 44 and 45) showed a high

similarity of 60.0 to 82.0% to an Ae. geniculata

LMW glutenin ABM66823 (unpublished data).

Forty-four genes started with methionine in the N-

terminal and were therefore LMW-m types. Among

them, Ta-1 and Ta-15 had unique N-terminal

sequences of METGRIP and METGSIP, respectively.

However, gene Ta-26 started with valine (Val) at the

N-terminal and had a unique N-terminal sequence of

VETSCIP. These three N-terminal structures were

not reported previously in Triticeae species. The

genes with N-terminal METSRVP or METGSIP were

longer at the amino acid level than those with

M(V)ETSCIP or METGRIP.

Genes Ta-18 and Ta-36 should produce the same

mature proteins after signal peptide removal (Sup-

plementary Fig. 2a). However, their signal peptide

regions differed by four single base mutations.

Similarly, there were three, three, and four single

base differences between Ta-24 and Ta-32 (Supple-

mentary Fig. 2b), Ta-17 and Ta-41 (Supplementary

Fig. 2c), and among Ta-4, Ta-21 and Ta-28 (Supple-

mentary Fig. 2d), respectively.

Twelve pseudogenes (Fig. 1) were caused by in-

frame stop codons (Fig. 1a) or frame-shift mutations

(Fig. 1b). The single base transition of C/T in CAA or

CAG (glutamine, Gln) in Ta-1, 9, 23, 39 and 40 led to

in-frame stop codons TAA or TAG at amino acid

residues 56, 75, 129, 53 and 102, respectively, in the

repetitive domain (Fig. 1a). The pseudogene Ta-15

was caused by an in-frame stop codon, a single base

transverse T/G in TTA at amino acid residue 44. The

single base transverse of A/T in AAG (lysine, Lys) in

Ta-2 led to the in-frame stop codon TAG at residue

243 in the glutamine-rich domain (Fig. 1a). Five

genes (Ta-6, 8, 12, 14 and 34) had frame-shiftT
a
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mutations within their ORFs (Fig. 1b) because of

single base G or A insertions upstream the binding

site of primer PR4 (Fig. 1c).

Phylogenetic analysis of LMW glutenin genes

from Taeniatherum spp

LMW glutenin genes from Taeniatherum spp. and four

diploid relative species of wheat formed two separat-

ing branches (Fig. 2). The genes from the A genome

aggregated in one branch, whereas the remaining

genes formed a parallel branch. Taeniatherum genes

were dispersed in the two subclades and all the

Taeniatherum LMW genes except Ta-15 aggregated in

the branch formed by four genes from Ae. tauschii and

three genes from Ae. longissima. However, Ta-15

clustered with one Ae. tauschii gene and six genes

from Ae. longissima. The results suggested that the

LMW glutenin genes from Taeniatherum were more

similar to those in the B and D genome diploids than

the A genome diploids.

Ta-23 MKTFLVFALLAIAATSAIAQMETSRVPGLEKPWQQQPLSPQQQPPCSQQQQPLPQQQQ..PIIILQQPPFSQQQQPVLPQQQQPVIILQ  87
Ta-1  MKTFLIFALLGVVATSAIAQMETGRIPDLDKPSQQQPLPPQQQPPCSQQEQPLPQ*QQ..PIIILQQPPFSQQQQPVLPQQQQPVIILQ  86
Ta-2  MKTFLVFALLAIVATSVIAQMETSCIPGLERPWQQQPLPPQQ..TLFPQQQPFPQQQQ..PPFSQQQPSFSQQQPPFSQQQ...PILPQ  82
Ta-39 MRTFLVFALLAIVATSVIAQMETSCIPGLERPWQQQPLPPQQ..TLFPQQQPFP*QQQ..PPFSQQQPSFSQQQPPFSQQQ...PILPQ  81
Ta-40 MKTFPVFALLAIVATSVIAQMETSCIPGLERPWQQQPLPPQQ..TLFPQQQPFPQQQQ..PPFSQQQPSFSQQQPPFSQQQ...PILPQ  82
Ta-9  MKKNLVFALLAVVATSVIAQMETSCIPGLERPWQQQPLPPQQ..TLFPQQQPFPQQQQ..PPFSQQQPSFSQQQPPFS*QQ...PILPQ  81
Ta-15 MKTFLIFALLAVAATSSIAQMETGSIPGSEKPSQQQQLPPRQ..T*SHQQQQPIQQQPQPFPQQQQQQPCSQQQQRPFSQQKQ.PVLPQ  85

QPPFLEQQQPVLPQQPSFSQQQQQQQQQPPFLEQQQPVLPQ*PSFSQQQQQQQQPFPQQQQPSSQQQPFPQQHQHLLQQQIPVVQPSVL 176
QPPFLEQQQPVLPQQPSFSQQQQ....QPPFLEQQQPVLPQQPSFSQQQQQQQ.PFPQQQQPSSQQRPFPQQHQHLLQQQIPVVQPSVL 171
QPPFSQQQQPALPQQSPFLQQQQ.........................................LVLPPQQQHQQLLQQQIPIVQPSVL 131
QPPFSQQQQPALPQQSPFLQQQQ.........................................LVLPPQQQHQQLLQQQIPIVQPSVL 130
QPPFSQQQQPALPQQSPFL*QQQ.........................................LVLPPQQQHQQLLQQQIPIVQPSVL 130
QPPFSQQQQPALPQQSPFLQQQQ.........................................LVLPPQQQHQQLLQQQIPIVQPSVL 130
QPPFLQQQQPILLQQPPFSQQQ.................................................QQPVLPQQQIPFVHPSVL 126

QQLHPCKVFLQQQCSHVAMSQRLARSQMWQQSSCHVMQQQCCQQLPQIPEQSRYEAIRTIVYSIILQEQQ..QGFVQPQQQQPQQLGQG 263
QQLHPCKVFLQQQCSHVAMSQRLARSQMWQQSSCHVMQQQCCQQLPQIPEQSRYEAIRAIVYSIILQEQQ..QGFVQPQQQQPQQLGQG 258
QQLNPCKVFLQQKCSPVAMPQRLARSQMWQQSSCHVMQQQCCQQLPQIPEQSRYEAIRAITYSIILQEQQ..QGFVQPQQQQPQQSGQG 218
QQLNPCKVFLQQKCSPVAMPQRLARSQMWQQSSCHVMQQQCCQQLPQIPEQSRYEAIRAITYSIILQEQQ..QGFVQPQQQQPQQSGQG 217
QQLNPCKVFLQQKCSPVAMPQRLARSQMWQQSSCHVMQQQCCQQLPQIPEQSRYEAIRAITYSIILQEQQ..QGFVQPQQQQPQQSGQG 217
QQLNPCKVFLQQQCSPVAMPQRLARSQMWQQSSCHVMQQQCCQQLPQIPEQSRYEAIRAITYSIILQEQQ..QGFVQPQQQQPQQSGQG 217
QHLNLYKVFLQQQCSLVEMPRSLARSQMLQQSSCHVMQQQCCQRLPLIPKQSRYEAIRAIIYSIVLQEQQKGQGFDQAQQQQPQQLGQG 215

VSQPQQQSQQQQLGQCSFQQPQQQQLGQQPQQQQIPQGTFLQPHQISQLEVMTSIALRTLPTICGVNVPLYSSTTSVPFGIGTGVGAY  350
VSQPQQQSQQQQLGQCSFQQPQQQQLGQQPQQQQIPQGTFLQPHQISQLEVMTSIALRTLPTICGVNVPLYSSTTSVPFGIGTGVAAY  345
VSQSQQQSQQQ.LGQCSFQQ.PQQQLGQ*PQQQQVLQGTFLQPHQIAHLEVMTSIALRTLPTMCSVNVPLYSSTTSVPFSVGTGVGA   301
VSQSQQQSQQQ.LGQCSFQQ.PQQQLGQQPQQQQVLQGTFLQPHQIAHLEVMTFIALRTLPTMCSVNVPLYSSTTSVPFSVGTGVGPY  302
VSQSQQQSQQQ.LGQCSFQQ.PQQQLGQQPQQQQVLQGTFLQPHQIAHLEVMTSIALRTLPTMCSVNVPLYSSTTSVPFSVGTGVGAY  302
VSQSQQQSQQQ.LGQCSFQQ.PQQQPGQQPQQQQVLQGTFLQPHQIAHLEVMTSIALRTLPMMCSVNVPLYSSTTSVPFSVGTGVGAY  302
VSQPQQQSQQQQLGQCSFQQPQQQQLGQQPQQQQIPQGTFLQPHQISQLEVMTSIALRTLPTICGVNVPLYSSTTSVPFGIGTGVGAY  302

Signal peptide N-terminal

Repetitive domain

C-terminal domain( )

C-terminal domain( ) C-terminal domain( )

a

Ta-12 MRTFLVFALPAIAATSAIAQMETSRVPGLEKPWQQQP..LPPPQQPPCSQQ.QQPLPQQQQPIIILQQ.PPFSQQQQPVLPQQQQPVII  85
Ta-14 MKTFPVFALLAIAATSAIAQMETSRVPGLEKPWQQQP..LPPPQQPPCSQQ.QQPLPQQQQPIIILQQ.PPFSQQQQPVLPQQQQPVII  85
Ta-8  MKTFLIFALLAIAATSAIAQMETSRVPGLEKPWQQQP..LPPPQQPPCSQQ.QQPLPQQQQPIIILQQ.PPFSQQQQPVLPQQQQPVII  85
Ta-6  MKTFLVFALLAIAATSAIAQMETSRVPGLEKPWQQQP..LQPQQQPPCSQQ.QQPLPQQQQPIIILQQ.PPFSQQQQPVLPQQQQPVII  85
Ta-34 MRTFLVFALLAIVATSVIAQMETSCIPGLERPWQQQP..LPPQQ..TLFPQ.QQPFPQQQQPPFSQQQ.PSFSQQQPPFSQQQP...IL  80
AeL6  MKTFLICALLAIAATSAVAQLPISQQQ..QPPFSQRPQISQRQQQPPLSQQEQQPFSQQQQPPFSQQQQPPFSQQQQSPFSQQPQ.ISQ  86

LQQPPFLEQQQPVLPQQPSFSQQQQQQQQPFLEQQQPVLPQQPSFSQQQQQQQPFPQQQQPSSQQQPFPQQHQHPLQQQIPVVQPSVLQ 174
LQQPPFLEQQQPVLPQQPSFSQQQQQQQQPFLEQQQPVLPQQPSFSQQQQQQQPFPQQQQPSSQQQPFPQQHQHPLQQQIPVVQPSVLQ 174
LQQPPFLEQQQPVLPQQPSFSQQQQQQQQPFLEQQQPVLPQQPSFSQQQQQQ.PFPQQQQPSSQQQPFPQQHQHPLQQQIPVVQPSVLQ 173
LQQPPFLEQQQPVLPQQPSFSQQQQQQQPPFLEQQQPVLPQQPSFSQQ.....PFPQQQQPSSQQQPFPQQHQHLLQQQIPVVQPSVLQ 169
PQQPPFSQQQQPALPQQS...........PFLQQQQLVLPPQ...........................QQHQQLLQRQIPIVQPSVLQ 131
QQQPPFSQQQQPPCSQQQ..QPPFSQQQPPFSQQQQPQISQQPQISQQ.....................QQPPFSQQQQIPVIHPYVLQ 152

QLHPCKVFLQQQCSHVAMSQRLARSQMWQQSSCHVMQQQCCQQLPQIPEQSRYEAIRAIVYSIILQEQQQG..FVQPQQQQPQQLGQGV 261
QLHPCKVFLQQQCSHVAMSQRLARSQMWQQSSCHVMQQQCCQQLPQIPEQSRYEAIRAIVYSIILQEQQQG..FVQPQQQQPQQLGQGV 261
QLHPCKVFLQQQCSHVAMSQRLARSQMWQQSSCHVMQQQCCQQLPQIPEQSRYEAIRAIVYSIILQEQQQG..FVQPQQQQPQQLGQGV 260
QLHPCKVFLQQQCSHVAMSQRLARSQMWQQSSCHVMQQQCCQQLPQIPEQSRYEAIRAIVYSIILQEQQQG..FVQPQQQQPQQLGQGV 256
QLNPCKVFLQQRCSPVAMPQRLARSQMWQQSSCHVMQQQCCQQLPQIPEQSRYEAIRAITYSIILQEQQQG..FVQPQQQQPQQSGQGV 218
QLNPCKVFLQQQCSPVAMQRGLARSQMLQQGSCHVLQQQCCQQLPQIPEQFRHETIRAIVYSIIPQEQQQGQGFIQPQQQQPQQSAQRV 241

SQPQQQSQQQQLGQCSFQQPQQQQLGQQPQQQQ.IPQGTFLQPHQISQLEVMTSIALRTLPTICGVNVPLYSSTTSVPFGIGTGVVLLI 349
SQPQQQSQQQQLGQCSFQQPQQQQLGQQPQQQQ.IPQGTFLQPHQISQLEVMTSIALRTLPTICGVNVPLYSSTTSVPFGIGTGVVLLI 349
SQPQQQSQQQQLGQCSFQQPQQQQLGQQPQQQQ.IPQGTFLQPHQISQLEVTTSIALRTLPTICGVNVPLYSSTTSVPFGIGTGVVLLI 348
SQPQQQSQQQQLEQCSFQQPQQQQLGQQPQQQQ.IPQGTFLQPHQISQLEVMTSIALRTLPTICGVNVPLYSSTTSVPFGIGTGVVLLI 344
SQSQQQSQQQ.LGQCSFQQPQQQ.LGQQPQQQQ.VLQGTFLQPHQIAHLEVMTSIALRTLPTMCSVNVPLYSSTTSVPFSVGTGVVLLI 304
SQPQQQSQQQ.LGQQ....PQQQQLGQQPQQQQQVLQGTFLQPHQIAQLEAMTSIALRTLPRMCSVNVPLYGTASSVSFVLAPEWCY** 323

b Signal peptide N-terminal

Repetitive domain

C-terminal domain( )

C-terminal domain( ) C-terminal domain( )

G  I  G  T  G  V  V  L  L  I
Ta-12 964 CGATATGCGGTGTCAATGTGCCGTTGTACAGCTCCACCACTAGTGTGCCATTCGGCATTGGAACCGGAGTGGTGCTACTGATAA 1048
Ta-14 964 CGATATGCGGTGTCAATGTGCCGTTGTACAGCTCCACCACTAGTGTGCCATTCGGCATTGGAACCGGAGTGGTGCTACTGATAA 1048
Ta-8  961 CGATATGCGGTGTCAATGTGCCGTTGTACAGCTCCACCACTAGTGTGCCATTCGGCATTGGAACCGGAGTGGTGCTACTGATAA 1045
Ta-6  949 CGATATGCGGTGTCAATGTGCCGTTGTACAGCTCCACCACTAGTGTGCCATTCGGCATTGGAACCGGAGTGGTGCTACTGATAA 1033
Ta-34 829 CGATGTGCAGCGTCAATGTGCCGTTGTACAGCTCCACCACTAGTGTGCCATTCAGCGTTGGCACCGGAGTGGTGCTACTGATAA  913
AeL6  891 GGATGTGCAGTGTCAATGTGCCGTTGTACGGCACCGCCAGTAGTGTGTCATTC GTGTTGGCACCGGAGTGGTGCTACTGATAA  975

V  L  A  P  E  W  C  Y  *  *
a single base insertion resulted in frame-shift mutations

c

Fig. 1 Pseudogenes were

caused by in-frame stop

codons (a) and frame shift

mutations (b) by single base

insertions at the DNA level

(c). The mutation regions

are boxed. The GenBank

accession number for AeL6

was AY724436
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Discussion

PCR primer design is critical for cloning homologous

genes by PCR. Because researchers often select one or

a few genes as reference sequences for PCR primer

design, only one or a few genes in alien species may

be obtained from such a strategy (D’Ovidio et al.

1997; An et al. 2006; Pei et al. 2007). In the present

study, seven forward and nine reverse primers repre-

senting 63 primer combinations, were designed

from conserved sequences in signal peptides or the

C-terminals of 264 genes previously reported in wheat

Ta-22
Ta-35

Ta-30
Ta-29

Ta-39
Ta-34

Ta-24
Ta-32
Ta-4
Ta-42
Ta-43
Ta-41

Ta-3
Ta-40
Ta-31
Ta-33

Ta-37
Ta-38

Ta-17
Ta-19
Ta-21

Ta-2
Ta-26

Ta-27
Ta-28

Ta-45
Ta-5

Ta-9
Ta-44

DQ287978
EF188288

EU305556
EU305553

AY585351
AY841013
AY841014

Ta-1
Ta-8

Ta-14
Ta-12

Ta-13
Ta-10

Ta-11
Ta-6
Ta-7
Ta-16

Ta-18
Ta-20

Ta-36
Ta-23

Ta-25
Ta-15

AY585349
EF188289

EU305555
EU305551

EU305550
EU305552

EU305554
DQ287980

DQ287977
DQ287979

DQ857249
DQ307386

DQ307388
EF536037

DQ307389
DQ857245
DQ857248

DQ345449
DQ85724467

59
99

83

98

100

98
100

93

80

78
97

99

99

78
94

63

79

64

73

74

54

98

60

67

0.01

Trticum urartu 
Trticum monococcum
(AA)

Taeniatherum crinitum
Taeniatherum asperum 
Taeniatherum caput-medusae
(TaTa)

Aegilops tauschii 
(DD)

Aegilops longissima
(BB)

Aegilops tauschii 
(DD)

Aegilops tauschii 
(DD)

Aegilops longissima
(BB)

Aegilops tauschii 
(DD)

Taeniatherum crinitum
Taeniatherum asperum
Taeniatherum caput-medusae
(TaTa)

Fig. 2 Phylogenetic analysis of LMW glutenin genes of Taeniatherum spp. with those of orthologous genes from the three diploid

donor species of bread wheat
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and its wild relatives. Using these primer combina-

tions, we produced 136 candidate LMW glutenin gene

fragments in a total of 504 PCR reactions in eight

accessions of Taeniatherum, resulting in positive PCR

amplifications of *27% of them. Of all the primer

combinations, 34 produced candidate LMW glutenin

DNA fragments, resulting in positive PCR amplifica-

tions of *54%. After sequencing the DNA fragments

produced by selected primer combinations (Table 3),

we obtained 45 genes from Taeniatherum. Theoreti-

cally, these primer combinations should be capable of

isolating LMW glutenin genes from other Triticeae

cereals. Because not all conserved sequences in signal

peptides, or the C-terminals of 264 genes, were used

for primer design in the present study, more PCR

primers should be designed and used for isolating

LMW glutenin genes from Taeniatherum spp. as well

as other species.

LMW glutenins belong to multigene families and

gene numbers were estimated at 35–40 in bread

wheat (Harberd et al. 1985; Sabelli and Shewry 1991;

Cassidy et al. 1998). Variation in N-terminal,

C-terminal and other regions can result in gene

alteration. Based on the first amino acid residue in the

N-terminal, the LMW glutenin genes are classified as

LMW-m, LMW-i and LMW-s types (Cloutier et al.

2001; Lew et al. 1992). Forty four of 45 genes from

Taeniatherum spp. were LMW-m since the first

amino acid residue was methionine. However, Ta-26

had a unique N-terminal with the first amino acid

residue being valine (Val), probably resulting from a

single base mutation from ATG (Met) to GTG (Val).

The LMW-m genes can be further divided into

METSRVP-, MDTSCIPG-, METSCIP-, MENSHIP-,

METSHIPS, METSHIPG-, METRCIP-, and MET-

SCIS- types according to the second or following

residues in the N-terminal, and the genes involved

were located to specific loci in hexaploid and/or

tetraploid wheat (Van Campenhout et al. 1995; D’

Ovidio et al. 1997; Zhang et al. 2004; Huang and

Cloutier 2008). For example, the genes with

N-terminals METSCIP- and METSRVP- were specific

for the wheat Glu-D3 locus (Ikeda et al. 2002; Zhao

et al. 2007; Huang and Cloutier 2008). Although

Taeniatherum is not closely related to wheat

(Frederiksen 1986; Frederiksen and Bothmer 1986),

28 and 14 of the 45 LMW glutenin genes shared the

same N-terminal METSCIP- and METSRVP- as in

wheat. The C-terminal regions of LMW glutenins

were also variable. Based on sequence differences in

the C and N-terminal domains, LMW glutenin genes

from the bread wheat variety Norin 61 were classified

into six types and 12 groups (Ikeda et al. 2002). The

45 LMW glutenin genes from Taeniatherum pos-

sessed 9 different C-terminal peptides, GTGVGA*,

GVAAY**, GVGAY**, GVGGY**, GVGPY**,

GVGSY**, GVGVY**, GVSAY**, and PEWCY**.

The alignment of nucleotide sequences suggested that

the variations in N and C terminals were most

probably caused by one or more single base muta-

tions. The lengths of LMW glutenin genes are not

uniform. Normally, they vary from 909 to 1,167 bp in

length and range from *32,000 to *42,800 Da in

encoded mature protein (D’Ovidio and Masci 2004).

Deletion and/or insertion of repeat units in the

repetitive domain are largely responsible for the

length variation (D’Ovidio et al. 1999). Unequal

crossing-over and/or slippage during replication can

result in deletion and/or insertion of repeat units in

the repetitive domain and has been suggested as one

of the mechanisms for wheat prolamin evolution

(Shewry et al. 1989). Allelic gene sequence compar-

isons suggest that deletion and/or insertion of repeat

units in the repetitive domains are also responsible

for new LMW glutenin genes (D’Ovidio et al. 1999).

The DNA lengths of the 45 LMW glutenin genes

from Taeniatherum spp. were likewise not the same,

30 genes with N-terminals METSCIPG, VETSCIPG

and METGSIPG ranged from 909 to 915 bp, whereas

the remaining 12 genes with N-terminals METSRVP

and METGRIP ranged from 1,033 to 1,059 bp.

A large number of pseudogenes have been

reported in cereals, including pseudogenes for high

molecular weight glutenins (Forde et al. 1985),

c-gliadins (Anderson and Greene 1997) and LMW

glutenins (Johal et al. 2004). Two types of LMW

glutenin pseudogenes were observed in this study.

Cereal prolamins are characterized by an abundance

of glutamine residues. Consequently, single base

transition mutations C/T at the first nucleotide

position in glutamine codons (CAA or CAG) in

these genes result in a high frequency of stop codons

(TAA and TAG). Seven pseudogenes were attributed

to in-frame stop codons (TAA or TAG) in the

repetitive domain (Ta-23, 1, 39, 40, 9 and 15) or in

the glutamine-rich C-terminal (Ta-2). The insertion

or deletion of a single base will also result in a frame

shift mutation in the triplet sets for the entire
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subsequent sequence. The function of the new protein

is likely to be lost because the entire protein sequence

is altered and different from the original one beyond

the site of mutation. Single base G (Ta-12, 14, 8 and

6) or A (Ta-34) insertions may result in frame shift

mutations and function losses of the putative LMW

glutenin pseudogenes in Taeniatherum.

It was suggested that the prolamine storage protein

genes in the tribe of Triticeae have a common evolu-

tionary origin (Shewry and Tatham 1990) and the

abundant variations in LMW glutenin genes in wheat

relatives represent potentially new genes for wheat end-

use quality improvement (D’ Ovidio and Masci 2004).

Based on phylogenetic analyses and sequence align-

ments, the genes from Taeniatherum were more similar

to those at the Glu-B3 and Glu-D3 loci rather than at

Glu-A3 (Fig. 2), suggesting that LMW glutenin gene

duplication in Taeniatherum probably occurred after

separation of the Ta, B and D genomes.
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