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Abstract A new class of low molecular weight glutenin
subunit (LMW-GS) genes was isolated and characterized
from Aegilops comosa (2n = 2x = 14, MM). Although
their DNA structure displayed high similarity to LMW-i
type genes, there are some key differences. The deduced
amino acid sequences of their mature proteins showed that
the first amino acid residue of each gene was leucine and
therefore they were designated as LMW-I type subunits.
An extra cysteine residue was present in the signal peptide
and the first cysteine residue of mature proteins located at
the end of repetitive domain. Additionally, a long insertion
of 10-22 residues (LGQQPQs5_;7) occurred in the end of
the C-terminal II. Comparative analysis demonstrated that
LMW-1 type glutenin genes possessed a great number of
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single-nucleotide polymorphisms and insertions/deletions.
A new classification system was proposed according to the
gene structure and phylogenetic analysis. In this new sys-
tem, LMW-GS is classified into two major classes, LMW-
M and LMW-I, with each including two subclasses. The
former included LMW-m and LMW-s types while the
latter contained LMW-1 and LMW-i types. Analysis of
their evolutionary origin showed that the LMW-1 genes
diverged from the group 2 of LMW-m type genes at about
12-14 million years ago (MYA) while LMW-i type
evolved from LMW-1 type at approximately 8-12 MYA.
The LMW-s type was a variant form of group 1 of LMW-m
type and their divergence occurred about 4-6 MYA. In
addition to homologous recombination, non-homologous
illegitimate recombination could be an important molecular
mechanism for the origin and evolution of LMW-GS gene
family. The secondary structure prediction suggested
that the novel LMW-I1 type subunits, such as AcLMW-L1
and AcLMW-L2, may have positive effects on dough
properties.

Introduction

Seed storage proteins, mainly consisting of polymeric
glutenins and monomeric gliadins, play a key role in
determining wheat dough quality. The polymeric glutenins
can be subdivided into high molecular weight glutenin
subunits (HMW-GS) and low molecular weight glutenin
subunits (LMW-GS) according to their mobilities on SDS—
PAGE gel. It is generally accepted that HMW-GSs are
important determinants of wheat dough elasticity while
LMW-GSs are significantly correlated with dough exten-
sibility and strength (Cornish et al. 2001; Maruyama-
Funatsuki et al. 2004; Tanaka et al. 2005; Ma et al. 2005).
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So far, HMW-GSs have been extensively studied by means
of gene cloning, molecular genetics, genetic transforma-
tion, etc. (Shewry and Halford 2002).

There is significant variation in both the gene sequences
and genomic organisation of the gene region that encodes
LMW-GS among bread wheats and related species. Such
complexity has made it difficult to accurately characterize
this region from the evolutionary point of view (D’Ovidio
and Masci 2004; Huang and Cloutier 2008). To date, it is
well documented that the LMW-GSs can be separated into
three groups: B, C and D based on their electrophoretic
mobilities on SDS-PAGE gel. They are encoded by Glu-
A3, Glu-B3 and Glu-D3 loci on the short arms of chro-
mosomes 1A, 1B and 1D, respectively (Jackson et al. 1983;
Yan et al. 1999). Based on their N-terminal amino acid
sequences, LMW-GSs are traditionally classified into three
subclasses: LMW-m, LMW-s and LMW-i types, which
corresponding to the first amino acid residue of the mature
protein, methionine, serine, and isoleucine, respectively
(D’Ovidio and Masci 2004). Typically, the N-terminal
amino acid sequence of LMW-s type subunits is SHIPGL,
while these for the LMW-m type subunits can vary,
including METSHIGPL-, METSRIPGL- and METSCIPGL-
(Kasarda et al. 1988; Tao and Kasarda 1989; Lew et al.
1992; Masci et al. 1995). The LMW-i type, first reported by
Pitts et al. (1988), lacks the N-terminal domain and starts
directly with the repetitive region after the signal sequence,
namely ISQQQQ- which is the deduced N-terminal
sequence for this subclass. Although the typical N-terminal
domain was absent, LMW-i type subunits can express in
wheat endosperm (Cloutier et al. 2001; Ikeda et al. 2002).
In addition to this classification system, Ikeda et al. (2002)
classified the LMW-GSs into six types on the basis of the
locations of cysteine residues, as the cysteine residues play
an important role in the formation of intra- and inter-
molecular disulphide bonds in the gluten macropolymer.
Despite these discoveries, little is known about the geno-
mic organization and evolutionary mechanisms of the Glu-
3 loci (Huang and Cloutier 2008).

Aegilops genus is closely related to Triticum. The pro-
genitor of the Triticum D genome has been confirmed to be
Aegilops tauschii (Yan et al. 2003, 2004). The progenitor
of B is Aegilops speltoides in all polyploid wheats (Dvorak
1998). Of 13 diploid species of Triticum and Aegilops
genera, there are eight distinct genomes: A, D, S, M, C, U,
N and T. There are extensive allelic variations of storage
proteins in Triticum and Aegilops species. This variation
can provide not only potential gene candidates for wheat
quality improvement, but also much valuable information
to elucidate the origin and evolution of wheat and related
species. As highlighted by Huang et al. (2002), the diploid
progenitors and origin of genomes such as B and G and the
evolutionary relationships of different genomes among
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Triticum and Aegilops species still need to be further
investigated.

Aegilops comosa (2n = 2x = 14, MM) was considered to
be the progenitor of the M genome (Kimber and Feldman
1987). It is known that the M genome widely existed in
Aegilops genus and possessed significant candidate genes
such as resistance genes against diverse pests (Riley et al.
1968). However, the molecular characteristics and genomic
organization of LMW-GS genes in Aegilops comosa have
not been studied to date. This study reports ten LMW-GS
genes isolated from different accessions of Aegilops comosa.
The origin and phylogenetic relationships among M and
other related genomes of Triticum and Aegilops species have
been investigated. Through this analysis, a novel subclass of
LMW-GS is revealed and its likely significance is discussed.

Materials and methods
Plant materials

Two accessions of Aegilops comosa (2n = 2x = 14, MM)
numbered PI 551017 and PI 551019 (originated from
Greece) were used that were kindly provided by CIMMYT.

DNA extraction and PCR amplification

Total genomic DNA of dry seeds was extracted following
the method outlined in An et al. (2006). A pair of AS-PCR
primers (LMW-1 and LMW-2) was designed to amplify the
upstream coding regions and downstream regions based on
previously cloned LMW glutenin gene sequences (Cassidy
et al. 1998; Cloutier et al. 2001). The sequences of primers
were LMW1 5-ATCATCACAAGCACAAGCATC-3' and
LMW2 5-TTCTTATCAGTAGGCACCAAC-3’ (synthe-
sized by Sangong), PCR amplifications were performed in
a total volume of 50 pl containing 2.5 U LA Taq poly-
merase (TaKaRa), 60 ng of template DNA, 25 pul 2x GC
buffer I (MgCI>" plus), 0.4 mM dNTP, 0.5 uM of each
primer, and double distilled H,O added to 50 pl. The
reaction was carried out in a PTC-100 (MJ Research)
according to the following protocol: heat lid turned on,
initial denaturation at 94°C for 4 min, cycled 35 times at
94°C for 1 min, 56°C for 1 min and 72°C for 1 min, and a
final extension at 72°C for 10 min. PCR products were
analyzed by agarose electrophoresis with 1% gel in Tris—
acetic acid—-EDTA buffer.

Molecular cloning and sequencing
The PCR fragments of expected size were purified from the

gel using the Gel Extraction Kit (Omega). Purified products
were then ligated into pGEM-T Easy vector (Tiangen,
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Beijing, China) and transformed into cells of Escherchia
coli TOP 10. DNA sequencing from three clones of each
PCR fragment was carried out by Sunbiotech.

Expression of the cloned LMW-GS genes in E. coli

The AcLMW-L2 and AcLMW-L3 genes cloned were
re-amplified to remove the signal peptides by designing a
new pair of primers Lbd-LF3-2 (5-AAGCCATGGTACC
AATC/TTCAC-3’) and Lbd-LR (5-AAACTCGAGGT
AGGCACCAACTC-3"). Ncol and Xhol sites (underlined)
were incorporated into the 5" ends of the Lbd-LF3-2 and
Lbd-LR, respectively. After purification, the PCR products
were ligated into the expression vector pET-28a (Nova-
gen), and transformed into E. coli BL21 (DE3) plysS cells.
The expressed protein extraction and separation were car-
ried out by SDS-PAGE according to Li et al. (2007).

MALDI-TOF-MS

The heterologous expressing proteins and their corre-
sponding subunits in the seed endosperm were detected by
matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF-MS) according to pre-
vious reported methods (An et al. 2006; Pei et al. 2007).
Shimadzu corporation AXIMA-CFRTM Plus MS appara-
tus (Japan) and the matrix of sinapinic acid (SA, a-cyano-
4-hydroxycinnamic acid) were used. International two-dot
calibration with standard sample Albumin-Aldrase at
masses of 39212.88 and 66431.08 Da was used.

SNPs and InDels identification and secondary structure
prediction

Identification of single-nucleotide polymorphisms (SNPs)
and insertions/deletions (InDels) present in LMW glutenin
genes was based on multiple alignments and performed
using Bioedit 7.0. Prediction of secondary structure of
deduced amino acid sequences was carried out by PSI-
PRED server (http://bioinf.cs.ucl.ac.uk/psipred/psiform.
html; McGuffin et al. 2000; Bryson et al. 2005; Li et al.
2007).

Phylogenetic analysis

Phylogenetic tree was constructed with software DNA-
MANS.2.2 using the complete coding regions. Neighbor
joining with Kimura two parameter correction method and
bootstrapping of 1,000 replicates were selected as working
parameters. The divergent time of different genes or gen-
omes were calculated by MEGA3 (Gaut et al. 1996; Kumar
et al. 2004; Zhang et al. 2006; An et al. 2000).

Results

Isolation and molecular characterization of a new type
of LMW-GS genes

In this study, a total of 10 complete coding genes of LMW-
GS from Aegilops comosa were cloned and designated as
AcLMW-L1, AcLMW-L2, AcLMW-L3, AcLMW-L4, Ac-
LMW-11, AcLMW-12, AcLMW-13, AcLMW-M1, AcLMW-
M2, AcLMW-M3 based on sequencing results (Fig. 1).
Since three genes, AcLMW-LI, AcLMW-I2 and AcLMW-
M3 had higher sequence identity to AcLMW-L2, AcLMW-
I3 and AcLMW-M2, respectively, 7 out of the 10 genes
were used for comparative analysis and their structural
characterizations were showed in Fig. 1. The deduced
amino acid sequences of all aligned genes shared four main
domains including a signal peptide of 20 amino acid resi-
dues, a short N-terminal (I), a repetitive domain (II) and a
C-terminal region. As suggested by Cassidy et al. (1998),
the C-terminal domain could be further divided into three
regions: the cysteine-rich domain (C-terminal I), gluta-
mine-rich region (C-terminal II) and highly conserved
domain (C-terminal III).

Of the 10 LMW-GS, AcLMW-M2 and AcLMW-M3
had the same N-terminal sequence of METSCIPG, and
therefore belonged to typical LMW-m type subunits. Their
positions of eight cysteine residues were as expected and
conserved as LMW-m subunits. AcLMW-12 and AcLMW-
13 lack the typical N-terminus and it appears that the first
amino acid residue is isoleucine which is typical for mature
protein of the LMW-i type subunits. Interestingly, there is
another set of novel genes including four genes sequenced
from this study (AcLMW-LI, AcLMW-L2, AcLMW-L3,
AcLMW-L4). Unlike the known subtypes of LMW proteins
which are characterized by either met, iso, or ser start
amino acid, these aligned proteins all commence with a
leucine. They also possess different N-terminal sequences.
The other typical characters of this new type gene included
an extra cysteine residue located at position 7 in the signal
peptide and the first cysteine residue in the repetitive region
presented in the end of domain II. Both cysteine residues
resulted from a point mutation, namely T — G transver-
sion, and therefore generated cysteine (TGT) from phen-
ylalanine (TTT). In addition, a long insertion of 10-22
residues (consensus LGQQPQs_7) was present in the end
of the C-terminal II as shown in Fig. 1. This appears to be a
novel LMW subunit type.

According to these characteristics showed above, we
designated them as a new LMW-1 type subunit (Table 1).
The consensus sequence in the beginning of N-terminal of
the LMW-1 subunits was LPIQQQQ and had higher
similarity with ISQQQQQ of LMW-i type subunit enco-
ded by the Glu-A3 locus, which also lacks N-terminal and
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Fig. 1 Multiple alignment of
the deduced amino acid
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begins directly with repetitive domain after signal peptide.
This suggests that M and A genomes could have close
evolutionary relationships. Our results showed that two
kinds of LMW-GS genes, namely LMW-m and LMW-1
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type in PI 551017 and LMW-i and LMW-1 type in PI
551019 were isolated, suggesting that Glu-M3 locus
encoded at least two different subclasses of LMW-GS in
an accession.
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Table 1 Comparison of the mature protein sequences of four types of LMW-GS
Subunit  GenBank  Amino acid N-terminal = Number of cysteine residues
types accession  number sequence - - — -

Signal N-terminal Repetitive C-ter C-ter Insert amino C-ter Total

domain domain domain I domain II acid number domain III

LMW-1 EU594331 334 LPISQQQQ 1 0 1 5 1 21 1 9
LMW-1 EU594332 333 LPISQQQQ 1 0 1 5 1 20 0 8
LMW-1  EU594333 330 LPISQQQQ 1 0 1 5 1 16 1 9
LMW-1 EU594334 330 LPISQQQQ 1 0 1 5 1 16 1 9
LMW-1  AY724437 315 LPISQQQQ 1 0 1 5 1 8 1 9
LMW-i  EU594336 301 ISQQQQPP 0 0 0 6 1 0 1 8
LMW-i  EU594337 301 ISQQQQPP 0 0 0 6 1 0 1 8
LMW-i  AY542896 388 ISQQQQPP 0 0 0 6 1 0 1 8
LMW-m EU594338 296 MATSCIPG 0 1 0 5 1 0 1 8
LMW-m EUS594339 307 METSCIPG 0 1 0 5 1 0 1 8
LMW-m EU594340 308 METSCIPG 0 1 0 5 1 0 1 8
LMW-m AY287980 305 METRCISG 0 1 0 5 1 0 1 8
LMW-s AB164415 392 MENSHIPG 0 0 1 5 1 0 1 8
LMW-s  DQ357057 354 MENSHIPG 0 0 1 5 1 0 1 8
LMW-s EU369708 364 MENSHIPG 0 0 1 5 1 0 1 8

SNPs and InDels analysis of LMW-1 genes

The coding sequences of LMW-1 type subunits were
compared with 15 LMW-i type subunit genes reported
previously or deposited in GenBank, and variations in
SNPs and InDels were identified (Table 2). A total of 51
SNPs were detected at different positions. The numbers of
SNPs in signal peptide, N-terminal (I), repetitive domain
(II) and C-terminal region were 2, 5, 4 and 40, respectively.
Moreover, there were 16, 19 and 5 SNPs in the C-terminal
I, II and III, respectively. Two-, one- and three-base
insertions were present at the positions 131-132, 139 and
915-919, and only a three-base deletion at 71-73 was
found in LMW-1 genes.

Expression and identification of LMW-I type genes
in E. coli

The coding regions (without signal peptides) of two typical
LMW-1 genes AcLMW-L2 and AcLMW-L3 were expressed
in E. coli. Because his-tag encoding sequences were
incorporated into the end of the expressed genes, the hybrid
protein was about 1,083 Da larger than the former proteins
themselves. The expressed fusion proteins were identified
by both SDS-PAGE and MALDI-TOF-MS. As shown in
Fig. 2a, lanes 1 and 4 had an extra protein band comparing
the negative lane 2. Moreover, the accurate M, of two
fusion proteins determined by MALDI-TOF-MS were
36,465 and 36,416 Da (Fig. 2b), which was consistent to
the deduced 36,765 and 36,471 Da (including 1,083 Da of

His-tag) of hybrid AcLMW-L2 and AcLMW-L3 subunits,
respectively. Thus, the extra bands in lanes 1 and 4 are
likely the fusion products of AcLMW-L2 and AcLMW-L3
genes and confirmed that the LMW-I type genes without
N-terminal could express normally as LMW-i type genes
(Cloutier et al. 2001).

Prediction of secondary structure

Protein secondary structure is the base of high complex
spatial conformation. In this study, PSIPRED method was
used to predict secondary structures of the new LMW-1
type subunits and the results were showed in Table 3.
Previous reports indicated that fS-strand was generally
considered to confer the protein with high elasticity and to
improve the capability to resist distortion, indicating that
the content of f-strands in LMW-GS may have positive
effects on dough quality (Tatham et al. 1985, 1987, 1990;
Jiang et al. 2008). Comparing to the reported XYGluD3-
LMWGSI subunit (AY263369), which was considered to
have a positive effect on dough quality (Zhao et al. 2004),
AcLMW-L1 had 4 f-strands, being twice of that of
AY263369. The percent of f-strand in AcLMW-L1 was
also the highest among all the predicted LMW glutenin
subunits, slightly higher than AILMW-m2 reported by
Jiang et al. (2008). AcLMW-L2 ranked the second, slightly
exceeding AY263369. These results implied that AcLMW-
L1 and AcLMW-L2 were likely to have positive effects on
dough properties. As far as the dispersal of every secondary
motif, the results showed that o-helix and p-strand
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Table 2 The positions of SNPs and InDels identified between LMW-1 and LMW-i type genes
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Fig. 2 Expression and identification of two LMW-1 type genes in E.
coli. a SDS analysis of the expressed proteins in E. coli. The
expressed proteins of AcLMW-L2 (Lane 1), 28a vector (Lane 2), the
glutenin subunit of the seed of PIS51019 (Lane 3), the expressed
protein of AcLMW-L3 (Lane 4) and the protein marker (Lane 5) were
showed. b Determination of M,s of the expressed fusion proteins of
AcLMW-L2 (a), AcLMW-L3 (b) by MALDI-TOF-MS
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Table 3 The secondary structure prediction of the nine deduced LMW-GSs
LMW-GS Structure Content % Total Dispersal in every region
motifs
N-terminal Repetitive C-ter C-ter C-ter
domain domain domain I domain II domain III
AcLMW-L1 o-helix 7.64 2 - - 1 - 1
p-strand 2.87 4 - - 2 1 1
AcLMW-L2 o-helix 1.92 3 - 1 1 - 1
p-strand 1.28 2 - - 1 - 1
AcLMW-I1 o-helix 6.69 3 - - 2 - 1
p-strand 1.59 2 - - 1 - 1
AcLMW-L3 o-helix 10.97 4 - - 2 - 2
f-strand 1.29 2 - - 1 - 1
AY724436 o-helix - - - - - - -
p-strand 1.32 2 - - - - 2
AY724437 o-helix 10.51 3 - - 2 - 1
p-strand 0.68 1 - - - - 1
AY263369 o-helix 11.6 3 - - 2 - 1
p-strand 1.4 2 - - 1 - 1
AY831866 o-helix 5.98 3 - - 2 - 1
f-strand 1.09 2 - - - 1 1
AY542896 o-helix 2.72 1 - - - - 1
p-strand 1.09 2 - - 1 - 1

DQ217661, DQ307387 and DQ345449. The results were
showed in Fig. 3.

The phylogenetic tree clustered into two clear branches
with 75% homology. Among each cluster, two subgroups
were apparently separated, namely LMW-m and LMW-s,
LMW-1 and LMW-i, with identities of 79 and 77%,
respectively. Previous studied indicated that the LMW-i
genes showed greater divergences to LMW-s and LMW-m
genes (An et al. 2006; Jiang et al. 2008). In this study, the
new LMW-I type genes appeared to be more homologous
to LMW-i than to LMW-m and LMW-s type genes.

In order to further investigate the evolutionary rela-
tionships among LMW-GS genes, the neighbor-joining tree
was constructed based on complete sequences of 28 LMW-
GS genes, and their divergent times were calculated with
software MEG3.0. According the previous reports (Gaut
et al. 1996; Kumar et al. 2004; An et al. 2006; Zhang et al.
2006, 2008; Li et al. 2007), the evolutionary rate of
6.5 x 10~° was used. As shown in Fig. 4, it was discov-
ered that LMW-1 type genes were closer related to LMW-i
than LMW-m and LMW-s genes, which was agreement
with the result of homology tree. As shown in Table 4,
LMW-m type genes could be divided into two subgroups:
group 1 (AcLMW-m2, AY263369 and DQ287977) and
group 2 (AcLMW-ml, AY841014 and AJ293099). Group 1
was more related to LMW-s-type than group 2, and their
divergent time was estimated about 4—-6 million years ago
(MYA). Group 2 was more similar with LMW-I type than

group 1, and their divergence occurred about 12-14 MYA.
Furthermore, the divergent time of LMW-1 type and LMW-
i type was about 8—12 MYA. These results were generally
in agreement with those by the neighbor-joining tree
analysis (Fig. 4).

Alignments among glutenin loci of different genomes
MYA provide useful information about the origin and
divergent times of chromosome sets and the evolution of
wild sources and modern cultivars. Thus, the phylogenesis
of different genomes was analyzed based on 26 LMW-GS
genes which were located on specific genomes, and the
divergent times were calculated. The neighbor-joining tree
(Fig. 5) demonstrated that M and A genomes were esti-
mated to diverge at about 7.51 MYA while M and D
genomes diverged much later, at about 2-3 MYA, sug-
gesting that the divergence of the Glu-3 loci was much
earlier than genomes.

Discussion

In this study, we isolated, for the first time, 10 LMW-GS
genes from M genome of Aegilops comosa and a new
LMW-1 type was characterized. Our results confirmed that
there existed Glu-M3 locus on the M genome and its
molecular characteristics could provide new evidence for
further insight into the origin and evolution of LMW-GS
gene family.
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Fig. 3 Homology tree based on the coding regions of 34 LMW-GS genes. The suffixes of GenBank accession numbers indicated the different

types of the genes

Allelic variations and genomic organization
of LMW-GS genes at Glu-3 loci

It is known that the Glu-3 loci encoded LMW-GS are

widely presented in different genomes of common wheat
and related cereals (D’Ovidio and Masci 2004). The

@ Springer

extensive allelic variations at the Glu-3 loci were consid-
ered to be responsible for the difference in quality prop-
erties of wheat dough. The alleles at the Glu-3 loci were
first named by Gupta and Shepherd (1990) when 20 alleles
were identified. Nieto-Taladriz et al. (1997) proposed a
nomenclature for 19 alleles detected in durum wheat. The
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Fig. 4 Neighbor-joining tree
based on the complete
sequences of 28 LMW-GS
genes including four types of
LMW-GS genes. The suffixes of
GenBank accession numbers
indicated the different types of
LMW-GS genes. The divergent
times were specified by the
numbers, and the unit was
million years ago (MYA)
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copy numbers of the LMW-GS genes were estimated to
have about 10-15 (Harberd et al. 1985) and 30-40 (Sabelli
and Shewry 1991; Cassidy et al. 1998; Huang and Cloutier
2008) in hexaploid wheat. The physical distance between
two adjacent LMW-i-type genes from the A™ genome of
Triticum monococcum was estimated to be more than
150 kb (Wicker et al. 2003). More recently, Gao et al.
(2007) reported that two LMW-GS genes were separated
from each other by approximately 100 kb. Huang and
Cloutier (2008) isolated 12 unique LMW glutenin genes
and 7 pseudogenes from the hexaploid wheat ‘Glenlea’
BAC library, and the average physical distance between
two adjacent LMW-GS genes was 81 kb according to the
LMW-GS gene number in the BAC clones. Their work also
suggested that Glu-D3 encodes most of the LMW-GS
genes and could be the largest locus among three loci in
hexaploid wheat.

It was found that the A genome can encode LMW-i and
LMW-m subunits (Lee et al. 1999; Ikeda et al. 2002) while
both B and D genomes encode two types of LMW-GS:
LMW-m and LMW-s (Ikeda et al. 2006). In the current
study, we found that the M genome encodes at least three
types of LMW-GS. The largest variations were found to
occur in the repetitive domain and the C-terminal II. Our
results and previous reports showed that these variations
were mainly resulted from SNPs and InDels presented in
the LMW-GS genes, which occurred frequently in both

hexaploid wheat and related species (An et al. 2006; Pei
et al. 2007; Li et al. 2008a, b). These variations are gen-
erally considered to result from dot variation, unequal
crossing-over and/or slip-mismatching during replication
(D’Ovidio and Masci 2004). Unequal crossing over and/or
slippage could result in striking expansion or contraction of
glutenin genes (Anderson and Greene 1989). This mecha-
nism is supported by several unusual HMW and LMW
glutenin genes (D’Ovidio et al. 1996; Li et al. 2007).
Recently, a new molecular mechanism of nonhomologous
illegitimate recombination in HMW-GS and LMW-GS
genes was found, which was believed to be an important
molecular mechanism responsible for allelic variations of
glutenin genes in addition to a basic homologous recom-
bination mechanism (Zhang et al. 2008; Li et al. 2008b).
Illegitimate recombination can lead to genome expansion
and contraction, and therefore is considered to be a major
factor in wheat (Wicker et al. 2003) and Arabidopsis
(Devos et al. 2002) genome evolution.

Classification of the LMW-GS genes

LMW-GS are generally divided into three major sub-
groups, viz. LMW-s, LMW-m and LMW-i types according
to the traditional criteria of the first amino acid residue of
mature protein (Lew et al. 1992; Cloutier et al. 2001;
D’Ovidio and Masci 2004). In addition, Ikeda et al. (2002)

@ Springer
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Fig. 5 Neighbor-joining tree
based on the complete
sequences of 26 LMW-GS
genes located in different
genomes. The first letter of
suffix of GenBank accession
number indicated the different
genomes of LMW-GS genes,
and the second one showed the
different types of LMW-GS.
The divergent times were
specified by the numbers, and
the unit was million years ago
(MYA)

classified LMW-GS into 6 types and 12 groups based on
the dispersal of cysteine residues, N- and C-terminal
sequences. Long et al. (2005) analyzed the deduced
N-terminal amino acid sequences of more than 90 complete
and partial LMW-GS genes from common wheat and
related species and divided them into seven groups. Each
group could be specifically assigned onto a specific locus.
In the present study, a new LMW-I type LMW-GS gene
was isolated and characterized from Aegilops comosa,
which had the N-terminal sequence of LPISQQQQ and
significant different structural characteristics from other
types. This kind of LMW-GS genes was also present in the
wild source Agropyron elongatum (StStESE’E*, 2n = 70)
as reported by Luo et al. (2005). The validity of LMW-1
type classification was further supported by the presence of
specific cysteine residues and phylogenetic analysis of Glu-
3 gene family.

Ikeda et al. (2006) found that a single LMW-GS gene
produced two different N-terminal sequences SHIP-
GLERPS and MENSHIPGL through 2-DE and N-terminal
sequencing, which might result from post-translational
processing of the LMW-GS gene by an asparaginyl endo-
protease. Comparing the N-terminal sequences of LMW-m
and LMW-s type subunits, LMW-s-type is likely to be

.
o
[+2]
©
ol
<
e
<

identified as LMW-m-type or derivatives of LMW-m-type
subunits if the unit M-E-T (N) of the LMW-m-type was
omitted (Huang and Cloutier 2008). LMW-s-type genes
lost the unit M-E-N due to post-translational cleavage by
an asparaginyl endoprotease or the chemical conditions
during sample preparation. According to our analysis, all
LMW-s-type genes contained the unit M (I)-E-N; the
divergent time analysis between LMW-s and LMW-m type
genes indicated that the N-terminal sequences of the
LMW-s-type (SHIPGLERPS) evolved from those of
LMW-m type (MENSHIPGL). Since the LMW-s type
subunit with the N-terminal MENSHIPGL was confirmed
to present in the seed endosperm (lkeda et al. 2006) and
most of the LMW-GS genes isolated from common wheat
and related species so far were LMW-m type, it could
deduce that the possibility of post-translational cleavage by
an asparaginyl endoprotease was very low. Furthermore,
both LMW-m and LMW-s genes possessed similar struc-
ture and very close relationships at the amino acid
sequence level (Huang and Cloutier 2008). Therefore, the
LMW-s type subunit occurs in a low frequency, and in
some cases, LMW-m type subunit was identified as LMW-
s type in the past. However, our results revealed that the
LMW-s type genes were clustered into a separate subgroup
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in the first class and was diverged in a much later stage
(Figs. 3, 4). It could conclude that the LMW-s type gene
was a variant form, which diverged from the LMW-m type
gene about 4-6 MYA (Table 4).

It is clear that the traditional classification needs to be
refined. A new LMW-GS gene classification system
(Fig. 7) is proposed in the current study according to the
N-terminal sequences, the positions of the cysteine residues
and sequence homologous analysis (Table 1; Fig. 3).
LMW-GS genes were divided into two major types: LMW-
M and LMW-I based on the first amino acid of N-terminal
sequences and each type was further separated into two
subclasses based on the positions of cysteine residues
(Table 1), namely LMW-m and LMW-s in the LMW-M
type and LMW-i and LMW-1 in the LMW-I type. In
addition to the difference of the first cysteine residues in
N-terminal, the LMW-M type genes had a special cysteine
residue in the N-terminal or repetitive domain while the
LMW-i type genes possessed an extra cysteine in the
C-terminal I domain. The LMW-1 genes generally had a
special cysteine in the signal peptide and repetitive domain,
and an insertion with 10-22 residues (consensus
LGQQPQs_17) in the end of the C-terminal II (Fig. 1). The
homology tree analysis of 34 LMW-GS genes (Fig. 3) also
supported this new classification. The LMW-M and LMW-
I type genes had 75% sequence homology while 79 and
77% homology were presented between LMW-m and
LMW-s, and LMW-1 and LMW-i type genes, respectively.
Genes in each subclass had higher homology, up to
87-96%.

According to the recent reports by Ikeda et al. (2006)
and Huang and Cloutier (2008), some special LMW-GS
genes with the N-terminal sequences of IENSHIPGL were
confirmed to present in common wheat. In fact, this kind of
subunit belongs to LMW-s type based on the positions of
cysteine residues and homology analysis although their first
amino acid residue of N-terminal was isoleucine. This
residue resulted is most likely resulted from a G-T dot
mutation (ATG — ATT), consequently changing methio-
nine to isoleucine. For the same reason, the AcLMW-I1
subunit should belong to LMW-I type.

Origin of LMW-I type genes and evolution of the Glu-3
loci

According to our results and previous reports so far, origin
of the LMW-I1 type genes and their evolutionary relation-
ships among LMW-GS genes at the Glu-3 loci could be
drawn. During the evolutionary history of LMW-GS genes,
some major variation events, including the N-terminal
deletion, two special Cys substitutions in the signal peptide
and in the end of repetitive domain II and a long insertion
of 10-22 residues (consensus LGQQPQs_;-) in the end of

@ Springer

the C-terminal II, could occur in the LMW-m type genes
that might be the progenitor of other LMW-GS genes.
These events, possibly resulting from unequal crossing
over and/or slippage during homologous recombination as
well as dot mutation, leaded to the generation of LMW-1
type genes. In addition, intra-strand illegitimate recombi-
nation might be another important molecular mechanism
for the origin and evolution of the Glu-3 genes as reported
by Li et al. (2008b). Since each Glu-3 locus could have at
least 2 LMW-GS genes that locate 81-150 kb apart
(Wicker et al. 2003; Huang and Cloutier 2008), intra-strand
unequal crossing over could occur between two genes,
leading to a fragment insertion of 30-69 bp (10-23 resi-
dues) in the LMW-I type genes as shown in Fig. 6. The
same mechanism would also result in N-terminal deletion.
These variation events were estimated to occur in
12-14 MYA. lllegitimate recombination required only a
few base pairs of sequence identity (Wicker et al. 2003) or
even no sequence homology (Arguello et al. 2006), and
therefore, higher identity among LMW-GS genes could
facilitate intra-strand illegitimate recombination at the Glu-
3 locus.

According to our classification and phylogenetic anal-
ysis results (Figs. 3, 4; Table 4), the evolutionary origin of
different types of LMW-GS genes at the Glu-3 loci was
proposed as shown in Fig. 7. Among the LMW-GS gene

N LMW-m gene (group 2) C
Intra-strand unequal crossing over site
N LMW-m gene C
N LMW-1 gene e C
Intra-strand unequal crossing over site
N LMW-GS gene C

N LMW-1 gene C

(LGQQPQs. 1)

EE LGQQP = Qsyy

Fig. 6 Intrastrand unequal crossing over (illegitimate recombination)
mechanism resulting in a long fragment insertion with 10-22 residues
(consensus LGQQPQs_;7) in the LMW-1 type genes. At least two
times of unequal crossing over between two LMW-GS genes at the
same locus might occur. The first time leaded to a LGQQPQs
insertion and the second time resulted in an insertion of polygluta-
mine chain (Q;_;). These unequal crossing over events might occur
12-14 MYA
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LMW-m

Fig. 7 The new LMW-GS classification system and their evolution-
ary relationships among LMW-GS gene family

family, the LMW-m type genes could be considered to be
progenitor of other LMW-GS genes, and LMW-s type
genes were a variant form, which was divergent from the
group 1 of LMW-m type genes at 4—6 MYA. The LMW-1
genes is a mid-type, which was diverged from the group 2
of LMW-m type genes at about 12-14 MYA. LMW-i type
genes evolved from LMW-1 genes at about 8-12 MYA
through a dipeptide (LP) and a fragment (30-66 bp) dele-
tion due to homologous or non-homologous illegitimate
recombination.

To date, the evolutionary relationships between the M
genome and A, B and D genomes in common wheats are not
clear. Earlier work suggested that either some extinct spe-
cies were the donors of the modified genomes or they were
significantly rearranged during evolution (Kihara 1954).
The M and D genomes were shown to have the same origin
(Badaeva et al. 1996). Our phylogenetic (Fig. 3) and
divergent time analysis (Fig. 5) indicated that the LMW-i
and LMW-m type subunits encoded by the M genome were
more similar with those encoded by A and D genomes,
suggesting that the M genome may have introgressions with
A and D genomes. Our results also suggested that the gen-
ome divergence among Triticum and Aegilops species were
much later than that of LMW-GS gene types at Glu-3 loci.
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