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Abstract Three novel low molecular weight (LMW)
glutenin subunits from cultivated einkorn (7riticum
monococcum L., ATA™, 2n = 2x = 14) were character-
ized by SDS-PAGE and molecular weights determined
by MALDI-TOF-MS. Their coding genes were ampli-
fied and cloned with designed AS-PCR primers,
revealing three complete gene sequences. All com-
prised upstream, open reading frame (ORF), down-
stream and no introns were present. The deduced
amino acid sequences showed that all three genes,
named as LMW-M1, LMW-M3 and LMW-MS5, respec-
tively, belonged to the LMW-i type subunits with the
predicted molecular weight between 38.5206 and
38.7028 kDa. They showed high similarity with other
LMW-i type genes from hexaploid bread wheats, but
also displayed unique features. Particularly, LMW-M5
subunit contained an extra cysteine residue in the C-
terminus except for eight conserved cysteines, which
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resulted from a single-nucleotide polymorphism (SNP)
of the T-C transition, namely arginine — cysteine sub-
stitution at position 242 from the N-terminal end. This
is the first report that the LMW-i subunit contained
nine cysteines residues that could result in a more
highly cross-linked and more elastic glutenin suggest-
ing that LMW-M5 gene may associates with good qual-
ity properties. In addition, a total of 25 SNPs and one
insertions/deletions (InDels) were detected among
three LMW-i genes, which could result in significant
functional changes in polymer formation of gluten. It is
anticipated that these SNPs could be used as reliable
genetic markers during wheat quality improvement.
The phylogenetic analysis indicated that LMW-i type
genes apparently differed from LMW-m and LMW-s
type genes and diverged early from the primitive
LMW-GS gene family, at about 12.92 million years ago
(MYA) while the differentiation of A™ and A genomes
was estimated at 3.98 MYA.

Introduction

In bread wheat and related species, the seed storage
proteins mainly consist of polymeric glutenins and
monomeric gliadins. Under reducing conditions, poly-
meric glutenins are subdivided into high molecular
weight glutenins (HMW-GS) and low molecular
weight glutenins (LMW-GS) according to their mobil-
ity by SDS-PAGE. Many studies showed that glutenins
determine the nutritional and processing properties of
bread wheat, especially in dough viscoelasticty (She-
wry etal. 1992). So far, HMW glutenins have been
extensively studied in gene cloning, functional analy-
ses, genetic evolution and transformation, whereas
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relatively less work has been carried out on LMW
glutenins because of their complexity in compositions.

Low molecular weight glutenins as well as a-, y-glia-
dins and B-hordein of barley are S-rich prolamins, which
represent about 40% of the total endosperm proteins
and 60-70% of glutenins (Shewry and Halford 2002).
Genetic analysis showed that LMW-GS were encoded
by the Glu-3 loci on the short arms of chromosomes 1A,
1B and 1D while some components were found to be
encoded by genes on the short arms of the group 6 and
7D chromosomes (D’Ovidio and Masci 2004). Until
now, three subgroups of typical LMW-GS have been
found on the basis of the first amino acid residue of N-
terminal sequences, namely LMW-m, LMW-s and
LMW-i types possessing methionine, serine and isoleu-
cine, respectively (D’Ovidio and Masci 2004). LMW-s
type is the typical subunit in all genotypes and possesses
the N-terminal sequence of SHIPGL-while the LMW-m
subunit is METSH(R/C)I-. Pitts et al. (1988) isolated the
LMW-i type subunit for the first time, which is a variant
form lacking the N-terminal region and starting directly
with the repetitive domain after the signal sequence,
with the N-terminal sequence of ISQQQQ-. Recent
studies have indicated that LMW-i type genes can
express normally in the wheat endosperm (Cloutier
et al. 2001; Ikeda et al. 2002). Generally, LMW-GS pos-
sess eight cysteine residues that are important for form-
ing intra- and inter-molecular disulphide bonds in the
gluten macropolymers (GMP).

Low molecular weight glutenins are closely related
to dough resistance and extensibility, and also play an
important role in determining wheat flour properties.
In particular, LMW-2 type subunit in durum wheat is
associated with good pasta-making quality. Thus, it is
very essential to clone and identify novel LMW-GS
candidate genes in wheat quality improvement. More
recently, different LMW glutenin genes not only from
bread wheat but also from related Triticum species and
other cereals have been cloned and characterized
(D’Ovidio and Masci 2004).

Cultivated einkorn (Triticum monococcum L.,
2n=2x=14, A™A™) is closely related to Triticum
urartu (2n =2x =14, A*A"), one of the progenitors of
hexaploid bread wheat (Dvorak etal. 1988). Some
investigations have shown that there exist extensive
glutenin variations in cultivated einkorn, and therefore
it is expected to be a potential important source of
novel LMW-GS genes for improving bread wheat qual-
ity (Borghi et al. 1996). However, less work has been
carried out for the LMW glutenin gene cloning and
molecular structures of A™ genome in T. monococcum
(Corbellini et al. 1999; Tranquilli et al. 2002; Wicker
et al. 2003). In the present study, three novel LMW-i
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type genes from different accessions of 7. monococcum
were isolated, cloned and characterized. In addition
the evolutionary relationships with other cereals based
on LMW-GS and prolamin genes were described.

Materials and methods
Plant materials

Three accessions of T. monococcum, namely Mo-M1
(ATRI 585/74), Mo-M3(ATRI 644/90 and Mo-
MS(ATRI 896/97), originally obtained from Genebank
Gatersleben, Germany, were analyzed.

Protein extraction, SDS-PAGE and N-terminal
protein microsequencing

Half of a seed (about 20 mg) was used for LMW-GS
extraction according to Yan etal. (1999). Sodium
dodecyl sulphate (SDS) polyacrylamide gel electro-
phoresis (PAGE) was performed on a Bio-Rad Mini-
PROTEAN III cell. Running time was prolonged half
of hour after the indicator solution line passed out of
the gel-edge based on the method of Yan et al. (2003).
To confirm the type of LMW subunits identified, N-ter-
minal protein microsequencing was performed on the
instrument of PROCISE® cLC 491 (Applied Biosys-
tems).

Matrix assisted laser desorption ionization time
of flight mass spectrometry (MALDI-TOF-MS)

Extraction of LMW glutenin subunits for MALDI-
TOF-MS analysis was similar to the method described
above. Pre-cooling acetone was added to the final sam-
ple supernatant (the end concentration of acetone was
80% v/v), and then the LMW-GS were allowed to pre-
cipitate for 2 h at —20°C and centrifuged for 10 min at
13,000g. After vacuum centrifugation drying, the pellet
was dissolved in acetonitrile + 1.0% Trifluoroacetic
acid in water (1:1) solution, and then 1 pl sample con-
centrated by ZIPtip was used for MALDI-TOF-MS
analysis on a Shimadzu corporation AXIMA-CFRTM-
Plus MS apparatus. The matrix used was sinapinic acid
(SA, 3,5-Dimethoxy-4-Hydroxycinnamic acid). Spectra
were acquired in a linearity mode using a mass range of
10,000-100,000 Da and about 80-120 laser shots power
were averaged to improve the signal-to-noise level.
International calibration was performed by using the
method named two-dot calibration with standard sam-
ple Albumin-Aldrase at masses of 39,212.88 and
66,431.08 Da.
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DNA extraction and PCR amplification

Genomic DNA of one dry seed was prepared following
the procedure of McDonald et al. (1994). Some of pro-
cesses were improved, for instance, ground powder of
one seed was dipped firstly in chloroform before
extraction buffer was added, which would make pro-
teins and enzymes especially DNA enzyme denatured
in order to protect DNA.

A pair of AS-PCR primers (LMW-3 and LMW-4)
was designed to amplify the upstream coding regions
and downstream based on previously cloned LMW
glutennin gene sequences (Colot et al. 1989; Cloutier
et al. 2001). The sequences of primers were LMW-3:
5'-GCCTTTCTTGTTTACGGCTG-3'. LMW-4: 5'-
TCAGATTGACATCCACACAAT-3" (synthesized
by Sangong). PCR amplifications were performed in
50 ul reaction volume containing 2.5 U La Taq poly-
merase (TaKaRa) 100 ng of templet DNA, 25 pl of 2x
GC buffer IT (MgCI** plus), 0.4 mM dNTP, 0.5 uM of
each primer, and some of ddH,0O. The reactions were
carried out in a PTC-100 (MJ Research) using the fol-
lowing protocol: heat lid turned on, 94°C for 2 min to
denature the DNA, cycled 35 times at 94°C for 45s,
58°C for 1 min and 72°C for 2 min, finally extended at
72°C for 10 min.

Molecular cloning and DNA sequencing

PCR products were separated on 1.2% agarose gels
and expected fragments were purified from the gels
using Quick DNA extraction kit (TaKaRa). Subse-
quently purified products were ligated into pGEM-T
Easy vector (Promega) and transformed into cells of
Escherchia coli DH-50 strain. DNA sequences were
obtained with three clones using primer walking and
performed by TaKaRa Biotech.

Identification of SNPs and InDels

The identification of single-nucleotide polymorphisms
(SNPs) and insertions/deletions (InDels) among LMW
glutentin genes encoded by Glu-A3 locus from differ-
ent Triticum species was based on the multiple align-
ments and performed with software Bioedit 7.0.

Phylogenetic analysis

Multiple alignment of LMW glutenin nucleotide and
protein sequences were completed by Bioedit 7.0.
DNAMAN 5.2.2 was used to construct a phylogenetic
tree. The divergence times were calculated by MEGA3
(Gaut et al. 1996; Kumar et al. 2004).

Results

Characterization of LMW glutenin subunits
from T. monococcum

The compositions of LMW as well as HMW glutenin
subunits of three cultivated einkorn accessions Mo-
M1, Mo-M3 and Mo-MS5 from T. monococcum were
separated and characterized by SDS-PAGE, and the
results are shown in Fig. 1. The LMW-GS of Mo-M1,
Mo-M3 and Mo-M5 had two clear regions, which cor-
respond to B-subunits and C-subunits, respectively. In
general, the B-subunits comprised fewer components
because of only one coding locus Glu-A3 is present in
T. monococcum. Mo-M1 contained only a B-subunit
and two B-subunits were present in Mo—M3 and Mo—
MS accessions. In the present study, the genes coding
for the B-subunit with approximately 40 kDa (Fig. 1),
designated LMW-M1, LMW-M3 and LMW-MS5,
respectively, were isolated and sequenced (see below).

The N-terminal microsequencing demonstrated that
the first 15 amino acid residues of all three subunits
were identical (ISQQQQQPPFSQQQQ), and hence
they belonged to typical LMW-i type subunits because
of the presence of the first amino acid residue isoleu-
cine of the mature protein. To obtain accurate molecu-
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Fig.1 SDS-PAGE analysis of total glutenins of single seed for
T. asetivum Chinese Spring, and T. monococcum Mo-M1, Mo-
M3 and Mo-MS5. Lane 1 Protein marker, lane 2 control sample
(Chinese Spring), lane 3-5 three accessions of Mo-M1, Mo-M3
and Mo-M5, respectively. The LMW-GS for coding cloned genes
are arrowed
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lar weights, LMW-GS were further analyzed by
MALDI-TOF-MS. As shown in Fig. 2, three accessions
possessed an apparent protein peak with the molecular
weights of 38.7896, 39.0269 and 39.0080 kDa that are
generally consistent with the M, of LMW-M1, LMW-
M3 and LMW-MS5, respectively.

PCR amplification and clone of LMW glutenin genes

It is known that LMW-GS genes contain no introns, so
the entire gene sequences with no intervention can be
amplified by using genomic DNA as a template. A pair
of AS-PCR primer LMW-3 and LMW-4 was designed
to amplify the complete coding sequences of LMW-
M1, LMW-M3 and LMW-MS5 subunits, which started
at about 380 bp in upstream and ended at 190 bp in
downstream. Figure 3 showed the PCR amplification
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Fig.2 The molecular weight (M,) determination of LMW
glutenin subunits from three accessions (Mo-M1, Mo-M3 and
Mo-M5) of Triticum monococcum by MALDI-TOF-MS. The
subunits of LMW-M1, LMW-M3 and LMW-MS5 and their M s
were indicated. The values in bracket were the M s calculated from
deduced amino acid sequences of their coding DNA sequences
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Fig. 3 PCR amplification products from genomic DNA of three
T. monococcum accessions. Lane 1 DNA mark, lanes 2-4 PCR
products of accessions Mo-M1, Mo-M3 and Mo-M5

products of three accessions Mo—-M1, Mo-M3 and Mo-
MS5, with all accessions containing a similar single band
with a size of about 1,600 bp. Since most of the complete
coding sequences of LMW-GS genes vary between 909
and 1,167 bp (Cassidy et al. 1998; Johal et al. 2004;
D’Ovidio and Masci 2004), these special bands were
well corresponding to the complete sequences of
LMW-GS genes after subtracting upstream and down-
stream sequences. The amplified products were cloned
and named as LMW-M1, LMW-M3 and LMW-MS5,
respectively.

Molecular characterization of three novel
LMWe-i glutenin genes

Both strands of LMW-M1, LMW-M3 and LMW-M5
were sequenced by primer walking. LMW-M1 con-
sisted of 1,652 bp containing 385 bp upstream, 1,065 bp
open reading frame (ORF), double terminal codons
and 196 bp downstream. LMW-M3 (1,638 bp) and
LMW-MS5 (1,646 bp) consisted of 377 and 386 bp of
upstream, same 1,059 bp of ORF and two terminal
codons, 196 and 195 bp downstream, respectively.

The upstream nucleotide sequences of the three
cloned genes and ten other LMW-GS genes reported
previously were aligned by Bioedit 7.0 in order to ana-
lyze the characters of promoter sequences and the
results are shown in Fig. 4. All typical promoter motifs
were found in the upstream regions of each gene. One
CAAT box (6-10bp) and two TATA boxes (57-62,
74-79 bp) were present in the upstream from start
codon among most genes. In the position of first
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TATA box, single nucleotide A was substituted by G
in LMW-M1 or by T in AY585350, AY585354 and
Y14104. Endosperm box also named as the —300 ele-
ment or prolamin box (Forde et al. 1985; Colot et al.
1987) was present between —326 and —160 bp, which is
the sequences to bind a trans-acting factor controlling
the transcriptional level (Bartels and Thompson 1986).
It has been reported that gene containing an endo-
sperm box could be conferred to be a typical LMW-GS
gene (Colot et al. 1987). As shown in Fig. 4, an endo-
sperm box including E-motif and N-motif existed in all
alignment genes, which located at about 300 bp
upstream from start codon.
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Fig. 4 Comparison of the 5’ flanking DNA sequences of LMW-
M1, LMW-M3 and LMW-MS5 genes with those of other nine
LMW glutenin genes. TATA box and CAAT box are boxed by
broken lines and the endosperm box is indicated by grey box. In
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The analysis of the deduced animo acid of the three
novel genes showed that all possessed a single ORF
and do not contain internal stop codons. The ORF of
LMW-M1 gene encoded 355 amino acids residues
while both LMW-M3 and LMW-MS5 genes encoded a
protein of 353 residues. The coding regions of three
genes were all terminated by double stop codons like
other LMW-GS and prolamin genes. Three polyade-
nylation signals (AATAAA) were identified, which
are located in 73-78, 131-136 and 142-147 bp in the
downstream regions. As the results of protein N-termi-
nal microsequencing, the first amino acid residue of
their mature proteins was isoleucine, and hence three

Endosperm Box

GCCTTTCTTG TTTACGGCTG ACAGCCTATA CAAGGTTCCA AACTCGGCTG CAAAAGTGAT ACTATCCTGA TARGTGCGTG ACATGTAAAG TTAATARGGT 100

motif

TGCATCCAAA CAGAATTATT AAAGCTGATG CAAAGAAGGA AARGAGGTGG 205

cffATARNrA GecACEANT nTAA;gATCA TCACAAGCAC AAGCATCAAA ACCGAGCAAC ACTAGTTAAC

L

e e e e e e

CAAT Box

all genes, dots and dashes indicate the same sequences with
LMW-MS5 genes and deletion. AY146588-1 and AY146588-2
indicated the two separate genes with the same GeneBank acces-
sion AY146588
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LMW-GS could belong to LMW-i type subunits. Fur-
thermore, their deduced protein sequences were simi-
lar to those of the other LMW-i subuits presented in
bread wheat (Ikeda et al. 2002; Cloutier et al. 2001).

The predicted molecular weights from the coding
proteins of LMW-M1, LMW-M3 and LMW-MS5 genes
were 38.7067, 38.7028 and 38.5206 kDa, respectively. It
can be seen from Table 1, that the molecular weight of
LMW-M1 is well in consistent with that from MS
method. For LMW-M3 and LMW-MS5 subunits, how-
ever, the molecular weights from MALDI-TOF-MS
were 324.1 and 478.4 Da higher than those from gene
coding sequences, respectively. These results suggested
that LMW-M3 and LMW-MS5 subunits may have some
kinds of protein post-translational modifications
(PTMs), such as phosphorylation and glycosylation
and so on. Lauriere etal. (1996), on the first time,
reported the PTMs of LMW-GS and showed that
LMW-GS were N-glycosylated with xylose.

As shown in Fig.5, the deduced amino acid
sequences of the three genes were aligned with other
13 LMW-i, LMW-m and LMW-s type subunits from
T. monococcum, Aegilops tauschii, T. durum and
T. aestivum species. In general, the encoded proteins of
three novel genes had similar structures to previously
characterized LMW-GS. Each comprised four main
structural regions, including a 20 amino acid signal
peptide (Sig), a short N-terminal region of 13 amino
acids, a repetitive domain rich in glutamine and proline
residues and a C-terminal domain. As suggested by
Cassidy etal. (1998), the N-terminal and repetitive
domains were also named as I and II domains, and the
C-terminal domain was further subdivided into three
regions: a conserved domain III, a glutamine-rich
region IV and a highly conserved sequences region V
terminating the LMW-GS.

In the domain I, LMW-i type subunits (LMW-MS5,
LMW-M1, LMW-M3, EMBL accession AY146588,
AY542896, X07747, U86030) with ISOQQQ being the
deduced N-terminal sequences actually lack the N-ter-
minus, starting directly with repetitive region. All

LMW-m type subunits (EMBL accession AB585350,
X51759, X13306 and U86027) contained a cysteine res-
idue at the position 5.

The repetitive region (domain IT) consisted of a typ-
ical repeat motif: P1-2FP/S Q2-6 (Cassidy et al. 1998),
the number of which result in variable length of pro-
tein. The comparison of the three different types of
LMW-GS demonstrated that repetitive domain varia-
tion resulted from deletions and insertions of some
repeat units. The repeat motif of seven LMW-i sub-
units was mainly P1-2FSQ2-6. In particular, the repeti-
tive numbers of three novel genes LMW-MS5, LMW-
M1 and LMW-M3 were 9, 13 and 9, respectively. The
repeat P1-2 F SQ2-6 also existed in LMW-m and
LMW-s subunits, but their repeat motif numbers were
fewer than that of LMW-i subunits. The repeat motifs
resulted from various single amino acid substitution
were also found in repetitive regions, for instance
PLFSQ4, PSFSQ4, PPYSQ4 and PPFSHQ4 and so on.
Four LMW-m subunits (EMBL accession Y17845,
Y18159, AB062853, AB119006) had a cysteine residue
at the same positions in the repetitive region.

The domain III is a cysteine-rich region usually con-
taining five cysteine residues. Figure 4 showed that all
of aligned LMW-m and LMW-s subunits were founded
to have five cysteines at five relatively conserved posi-
tions while the LMW-i subunits contained six cysteines
with an exception of LMW-MS5 subunit that had seven
cysteines, with an extra cysteine located at the 67th
amino acid of the domain III. The domain IV con-
tained the seventh cysteine at two different positions,
which is as same as the result of Cassidy et al. (1998).
The last domain V contained the eighth or the ninth
cysteine, which is highly conserved region and usually
used as specific LMW-GS sequences for designing
PCR primers.

Although the structures of the five LMW-i type
subunits (LMW-MS5, LMW-M1, LMW-M3, AY146588-
1 and AY146588-2) from 7. monococcum showed
higher identity, striking differences among them could
be found. For instance, LMW-M5 displayed 10 amino

Table 1 Composition of nucleotides, deduced amino-acid sequences and molecular weights of three novel LMW-i genes from Triticum

monococcum

LMW-GS Length of nucleotide Residue number

Number of cysteine

Molecular weights (kDa)

genes (bp)? of mature protein  residues
X Y VA X Y VA Total By protein By MALDI- Difference
sequence TOF-MS
LMW-M1 385 1,065 196 335 6 1 1 8 38.7087 38.7896 +0.0809
LMW-M3 377 1,059 196 333 6 1 1 8 38.7028 39.0269 +0.3241
LMW-M5 386 1,059 195 333 7 1 1 9 38.5206 39.0080 +0.4874

2 X, Y and Z represent upstream, ORF and downstream region, respectively
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Fig. 5 Mutliple alignment of the deduced amino acid sequences
of 16 LMW glutenin genes including LMW-i LMW-m and LMW-
s three types. Signal, signal pepetide, I, II, III, IV and V represent
N-terminal domain, repetitive domain and three sub-regions of

acid substitutions, 8 polypeptide (PFSQQQQA) inser-
tion in domain II and an additional cysteine comparing
with AY146588-1, and 14 amino acid substitutions, two
8 polypeptide (PFSQQQQA and PPFSQQQAQ) inser-
tions in domain II and an additional cysteine in domain
IIT comparing with AY146588-2. More differences
could be observed between LMW-M1 and AY146588-
1, AY146588-2: 20 and 21 amino acid substitutions, the
same six polypeptide (PFSQQP), eight polypeptide
(PFSQQQQP) and six polypeptide (PPFSQQ) inser-
tions, a dipeptide (QQ) (only with AY146588-1) and

C-terminal domain, respectively. Cysteines are boxed by real
lines. The same sequences with LMW-MS5 genes and deletion are
indicated by a dot and a dash

two single amino acid (Q) deletions, respectively.
When compared to AY146588-1 and AY146588-2,
LMW-M3 displayed 11 and 14 amino acid substitutions
and the same insertions as in LMW-MS5.

Identification of SNPs and InDels
In this study, the complete coding sequences were
aligned to detect SNPs and InDels in LMW-M1, LMW-

M3 and LMW-MS by comparing with other 12 LMW-
GS genes that are all assigned to LMW-i subunits
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encoded by 1A and 1A™ chromosomes. These LMW-i
genes originated from different Triticum species, includ-
ing T. monococcum, T. durum and T. aestivum. The
SNPs and InDels detected in three novel LMW-i genes
were listed in Table 2. A total of 25 SNPs was identified
at different positions and the numbers of SNPs in
LMW-M1, LMW-M3 and LMW-MS5 were 5, 13 and 14,
respectively. The majority (15 SNPs accounting for
60%) of the changes in nucleotides at the SNP sites
resulted from transition (A-G or C-T) and transversion
(A-T, A-C, C-G or G-T) that account for slightly
more than one-third among the detected SNPs. One C
deletion SNP at the position of 529 was detected in
LMW-M1. Of the 25 SNPs, 14 were predicted to pro-
duce amino acid substitutions, namely nonsynonymous
SNP. Particularly, the transition of T-C resulted in argi-
nine — cysteine substitution at position 242 from the N-
terminal end in LMW-MS5. Four nonsynonymous sub-
stitutions were present in both LMW-M5 and LMW-
M3, three were unique to the LMW-MS5 and LMW-M3,
respectively, and four were only present in LMW-M1.
The frequency of SNPs varied from one SNP per 76—
216 bases. Only one AC InDels was found in LMW-M1,
which located at 531-532 bp.

Phylogenetic analysis among LMW-GS
and other prolamin genes

Through alignment of 34 nucleotide sequences (the
coding region), a homology tree was constructed to
analyze evolutionary relationships among different
LMW-GS and other prolamin genes using DNAMAN
software and the result is shown in Fig. 6. These
sequences comprised of 19 LMW-GS genes from differ-

ent genomes of diploid, tetraploid and hexaploid spe-
cies, six HMW-GS genes from Triticum aestivum, six
gliadin genes from 7. aestivum and T. durum and three
hordein genes from barley (Hordeum vulgare L.). The
LMW-GS genes included three novel LMW-i genes
(this study) and other 16 genes from Genbank, namely
AY146588 (Wicker et al. 2003), AB062853 (Ikeda et al.
2002), AB119006 and AB119007 (Maruyama-Funatsuki
et al. 2005), AY453158 (Zhang et al. 2004), AY542896
(Cloutier etal. 2001), AYS585350 (Johal et al. 2004),
AY299457, U86027, U86030, X13306 (Colot et al.
1989), X51759, X07747 (Pitts etal. 1988), Y17845
(Masci et al. 1998) and Y18159 (D’Ovidio et al. 1999).
The accession numbers of other prolamin genes are
X61009 (Halford et al. 1992), X12928, X13927 (Ander-
son and Greene 1989), X12929 (Anderson et al. 1989),
X61026 (Halford etal. 1987), X03042 (Forde et al.
1985), U51307, AJ870965, AJ937838, AY338392,
AY591334, AF280605 (Hsia and Anderson 2001),
X53690 (Vicente-Carbajosa et al. 1992), S66938 (Sai-
nova et al. 1993) and AY268139 (Gu et al. 2003).

As shown in Fig. 6, it is obvious that the homology
tree is clustered into two clear branches that generally
represent HMW and LMW cereal prolamins, respec-
tively. Among LMW prolamin genes, five subgroups
were apparently separated, namely LMW-GS, B-
Hordeins, y-gliadins, a-gliadins, and o-gliadins and C-
Hordeins. The LMW-GS genes had 78% identity and
contained three clear groups that correspond to LMW-
i, LMW-s and LMW-m type subunit genes, respec-
tively. This is in good agreement with their similarity of
amino acid sequences shown in Fig. 5. In particular,
LMWe-i genes showed greater differences to LMW-s
and LMW-m genes with the homology of 78% while

Table 2 The positions of SNPs and InDels identified in the three novel LMW-i genes

LMW-GS gene 111 123 162 194 214 237 245 283 294 309 313 529 531 532
LMW-M5 G T C T A A G T G G G C A C
LMW-M3 G T C T A C A T G A T C A C
LMW-M1 A A T C C A A C C A T — — —
Twelve other A A T C C A A C G A T C A C
LMW-i Genes?

LMW-GS gene 584 650 656 701 747 810 833 841 1003 1027 1102 1116 1179
LMW-M5 A T A A G A G T G C T C T
LMW-M3 A T T T A G A C A T T C G
LMW-M1 T C A A A A A C G T C T T
Twelve other A T A A A A A C G T C C T

LMW-i Genes?

SNPs are indicted in boldface while horizontal dash indicates the deletions of nucleotide

2 Twelve other LMW-i genes encoded by 1A™ or 1A chromosome include AY146588-1 and AY146588-2 (Wicker et al. 2003), X07747
(Pitts et al. 1988), AY542896 (Cloutier et al. 2001), AB062877 (Ikeda et al. 2002), AY453154, AY453155, AY453156, AY453157,

AY453158, AY453159 and AY453160 (Zhang et al. 2004)
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Fig. 6 Homology tree showing the relationship among LMW-GS, HMW-GS and gliadins fom different Triticum species and hordein

genes from barley (Hordeum vulgare L.)

the identity between LMW-s and LMW-m genes was
80%. Among three groups of LMW-GS genes, the
identity was 95, 95 and 89% in LMW-i, LMW-s and
LMW-m genes, respectively.

Among the gene family of cereal seed storage pro-
teins, LMW-GS genes were most related to B-Horde-
ins of barley, y-gliadins and o-gliadins with the
sequence homology of 70, 58 and 57%, respectively.
The identity between LMW-GS and o-gliadins and C-
Hordeins were 46%. The lower sequence homology
(37%) was found between LMW-GS and HMW-GS
and barley D-hordeins.

In order to further understand the evolutionary rela-
tionships between LMW-GS and other prolamin

genes, the nucleotide sequences (coding region) of all
genes analyzed in Fig. 6 were aligned, and then their
divergent times were calculated with software
MEGA3. According to the previous reports (Gaut
et al.1996; Wicker et al. 2003; Li et al. 2004), the evolu-
tionary rate of 6.5 x 10~? was used. In the evolutionary
history of wheat prolamin gene family, the loci of
HMW-GS and LMW-GS diverged relatively earlier, at
about 4534 MYA (million vyears ago). About
40.10 MYA, the loci of LMW-GS genes firstly sepa-
rated from o-gliadin loci and relatively later differenti-
ated from o- and y-gliadin loci (32.18 MYA). Among
three types of LMW-GS genes, the estimated divergent
time between LMW-1 and LMW-m, LMW-s was 12.92
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MYA while LMW-m and LMW-s were divergent at
11.76 MYA. In addition, the divergent time of LMW-
GS with B-Hordein and D-Hordein loci was 19.33
MYA and 45.34 MYA, respectively.

Discussion

Cultivated einkorn (7. monococcum) is the only culti-
vated diploid species and carries an A™ genome closely
related to the A genome of hexaploid wheat (Tran-
quilli et al. 2002). It has been proved that 7. monococ-
cum is a potential source of genetic variation for
proteins and new quality characteristics according to
the variations observed in the bread making properties
among several accessions (Degidio et al. 1993; Degidio
and Vallega 1994; Borghi et al. 1996). In this study,
three novel LMW-i glutenin genes, named as LMW-
M1, LMW-M3 and LMW-MS5 from cultivated einkorn
accessions of Mo-M1, Mo-M3 and Mo-M5 were
cloned and sequenced by AS-PCR primers, which are
expected to be useful gene resources for quality
improvement of bread wheat.

Structures of LMW-GS and implication
for their functional properties

The deduced N-terminal amino acid sequences of the
three novel genes demonstrated that all were the i-type
subunit of LMW glutenins as isoleucine is present as
the first amino acid residue (Cloutier et al. 2001). They
are unlike m- and s-type LMW glutenin genes and usu-
ally possess the truncated N-terminus and start directly
with repetitive domain after signal peptide. The pre-
dicted molecular weights from the deduced amino acid
sequences of the three genes cloned ranged from
38.5206 to 38.7028 kDa, which are in good agreement
with the M s determined by MALDI-TOF-MS as indi-
cated in Fig. 2. These results demonstrated that LMW-
GS lacked extensive glycosylation or other post-trans-
lational modifications as some HMW glutenin subunits
(Cozzolino et al. 2001; Cunsolo et al. 2004). However,
Lauriere etal. (1996) reported N-glycosylation with
xylose in LMW-GS, which may be related to the
functional properties of wheat. Furthermore, some gly-
cosylation and phosphotyrosine in HMW glutenin sub-
units were also detected (Tilley et al. 1993; Tilley and
Schofield 1995). Until now, little has been known about
post-translational modifications of LMW-GS as well as
HMW-GS. Thus, further studies are needed.

The repetitive domain and repeat motif numbers
showed clear variations in LMW-i, LMW-m and
LMW-s genes (Fig. 5) which result in variable length of
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proteins. The length of LMW-m type subunits in repet-
itive domain was shorter than those of LMW-i and
LMW-s type subunits, mainly due to the more dele-
tions which occurred in this domain. As shown in
Fig. 5, three long deletions were present in the four
LMW-m subunit sequences, namely 15 amino-acid
deletion at position 45-49, 16 amino-acid deletion at
position 112-127 and 38 amino-acid deletion at posi-
tion 145-182, respectively. Seven LMW-i subunits also
displayed clear deletions of repeat unit. For instance,
FWQQQP, PSFSQQQLPPFS/LQQ and QQQPIP/LP
deletions occurred in the positions of 95-100, 124-137
and 212-219, respectively. Otherwise, some repeat unit
insertions, such as QQPSFSQQQLPPFS/LQQ (122~
137), SFSQQLPPFS (144-155) and PFISQQQQQ
(207-304), were present in all four LMW-s subunits
compared in Fig. 5. It is possible that during replica-
tion, the repetitive region diverges rapidly by allowing
slippage leading to duplication or deletion of
sequences (Cassidy and Dvorak 1991). As suggested
for other prolamin evolution (Anderson and Greene
1989), single base, single repeat changes and unequal
crossover and so on could be responsible for the varia-
tions of the repetitive domain.

As shown in Fig. 5, all LMW glutenin subunits con-
tained eight conserved cysteine residues except for
LMW-MS5 that possessed nine cysteine residues. In gen-
eral, LMW-i glutenin genes contain all cysteine residues
in C-terminus at precisely conserved position, which
differ from LMW-m and LMW-s subunits with a cys-
teine residue in N-terminus or in repetitive domain. The
different distribution and the number of cysteine resi-
dues could lead to functional differences, especially to
the LMW-i subunits (D’Ovidio and Masci 2004). It is
well known that the first and the seventh cysteine form
the inter-molecular disulfide band while the remains
form three intra-molecular disulfide bands (Lew et al.
1992; Masci et al. 1998; D’Ovidio et al. 1999). Thus, the
secondary and three-dimensional structures of LMW-i
subunit would be quite different from those of LMW-m
and LMW-s subunits. Cloutier et al. (2001) suggested
that the cysteine in LMW-i subunit differing to that in
other two types of subunits would be located in the mid-
dle of a tight loop formed by the disulfide bond between
cys2 and cys3, which may have an impact on the visco-
elastic properties of protein. In the Canadian bread
wheat cultivar Glenlea, the LMW-i glutein gene
(AY542896) assigned to 1A chromosome has been con-
firmed to co-migrate with LMW-50 subunit that plays
an important role in determining the good quality char-
acteristics of Glenlea. Therefore, AY542896 gene was
considered to have positive effect on quality properties
(Cloutier et al. 2001).
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Interestingly, an additional cysteine residue in
LMW-M5 was found, which resulted from a SNP varia-
tion (T-C transition) resulting in arginine — cysteine
substitution. LMW-MS is the first LMW-i gene con-
taining nine cysteines. Recently, the same number of
cysteines has also been reported in the LMW-m gene
AY263369 that is inferred to associate with the good
properties of Chinese bread wheat cultivar Xiaoyan 6
(Zhao et al. 2004). According to the structural features
of LMW-GS, it may be speculated that the additional
cysteine residue probably results in a more highly
cross-linked with other glutenin subunits and conse-
quently more elastic glutenin structure may form as the
situation in HMW 1Dx5 subunit (Shewry et al. 1992).
The additional cysteine residue present in LMW-MS5
subunit would promote a differential cross-linking and
endow dough with increased strength and superior per-
formance. Therefore, it could be considered that the
LMW-MS5 gene as a new candidate LMW glutenin
gene that may have important effect on wheat quality.

Single nucleotide polymorphisms (SNPs) and inserts/
deletions (InDels) are the most frequent variations in
the genome of any organism, which play an important
role in many aspects of genetics and breeding
researches. SNPs were first found in the human
genome and since then more than 1.4 million SNPs
have been identified (Sachidanandam et al. 2001).
More recently in wheat, HMW-GS (Lu et al. 2005)
and gliadin (Zhang et al. 2003) genes have been found
to contain SNPs, which can be used as desirable
molecular marker and AS-PCR marker. In this work,
we used the complete coding DNA sequences of 10
LMWe-i type genes in Genebank to align with the cor-
responding sequences of LMW-M1, LMW-M3 and
LMW-MS, then to identify the SNPs and InDels in the
three novel genes cloned from T. monococcum. The
numbers of SNPs in LMW-M1, LMW-M3 and LMW-
MS5 are five in 1,065 bp, 13 in 1,059 bp and 14 in
1,059 bp, respectively. The frequency of SNPs is
higher than that in HMW-GS, probably due to the fact
that LMW-GS loci are more complex and the total
gene copy number is highly variable from 10-15 (Har-
berd et al. 1985) to 35-40 (Cassidy et al. 1998). It could
be concluded that SNPs and InDels variations have
striking effect on glutenin polymer structure and hence
result in different functional properties. It may be
anticipated that the SNPs and InDels detected in
LMW-GS may provide new tools for further insights
into the mechanisms of quality variations. Further-
more, it could be used as reliable genetic markers for
the identification of different LMW-GS genes when
the desirable subunits were introgressed from culti-
vated einkorn into bread wheat.

Evolutionary relationships of prolamin genes
in different cereal species

As described above, three novel LMW-i genes isolated
from 7. monoccocum showed similar structures with
other LMW-GS genes, but unique features exist when
compared to other LMW-i genes of cultivated einkorn
and hexaploid species, especially in extra cysteine resi-
due, SNPs and InDels variations. These novel genes
have provided new information for understanding the
structural differentiation and evolutionary relation-
ships among prolamin genes in different cereal species.
As shown in phylogenetic analysis, the LMW-i type
subunits encoded by Glu-A3 were clearly different
from the other two groups of LMW-GS and early
diverged from primitive LMW-GS at about
12.92 MYA, which is earlier than the divergent time
(7.2-10.0 MYA) of x- and y-type HMW-GS genes and
the origin of A, B and D genomes (5.0-6.9 MYA) esti-
mated by Allaby et al. (1999). The LMW-i genes from
A™ genome had 95% identity with those from A
genome of common wheat and the differentiation of
A™ and A genomes occurred 3.98 MYA, close to
the estimated divergence time (3.13 MYA) between
T. monococcum LMW glutenin Glu-A3-3 and T. durum
Glu-A3-1 locus (Wicker et al. 2003).

In the evolutionary history of prolamin genes, the
loci of LMW-GS and HMW-GS as well as D-hordeins
diverge earlier, at about 45.34 MYA. In relatively
recent years, LMW-GS diverged with gliadins about
40.10-32.18 MYA. In fact, many reports have shown
that some of the B group, most of the C and D group
are the modified gliadins that have acquired the ability
to participate in the formation of the glutenin polymers
(Lew etal. 1992; D’Ovidio and Masci 2004). Cereal
prolamins constitute a protein superfamily with limited
sequence homology, of which the S-rich prolamins are
the most abundant and structurally diverse. Compara-
tive analysis demonstrated that the C-terminal
domains of some LMW-GS as well as other cereal S-
rich prolamins possess three conserved regions, called
A, B and D (Kreis and Shewry 1989). This suggests
that they have evolved by the triplication of a single
short ancestral sequence. Various events, including
SNPs and InDels variations have resulted in consider-
able diversity in prolamin structures. Past studies dem-
onstrated that most deletions and insertions were
probably caused by unequal crossing-over and slippage
during replications. So far, LMW-GS as well as other
prolamin genes have shown to lack introns that are
generally considered as a primitive feature (Kreis and
Shewry 1989), which may provide useful information
for understanding the evolutionary relationships among
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plant genes. Particularly, the absence of typical N-ter-
minal sequences of the LMW-i type subunits, probably
resulted from deletions of DNA fragments and hence
resulted in this variation form, may reflect its recent
origin from a more ancient LMW-m or LMW-s type
gene.

Recent studies have demonstrated that two LMW-
GS genes (AY146588-1 and AY146588-2) in T. mono-
coccum may be separated from each other by more
than 150 kbp. Duplications and deletions of large frag-
ments, probably due to illegitimate recombination
have resulted in the differentiation of gene loci and the
striking differences in the intergenic landscape between
the A™ and A genomes have revealed rapid genome
divergence at orthologous LMW-GS loci (Wicker et al.
2003). In addition, their works also show that the wheat
genome has undergone dramatic changes even in
“recent” evolutionary times because of the various
InDels present in 7. monococcum. Therefore, the
extensive variations in LMW-GS of cultivated einkorn
and other wheat relatives may provide a rich gene
source for improving hexaploid wheat quality proper-
ties.
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