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Abstract Although the low-molecular-weight (LMW)
glutenin subunits are important for aspects of wheat
quality and dough processing, a detailed description of
the DNA structure and encoded polypeptides of this
multigene family is still lacking. We report progress in
obtaining a more thorough description of the LMW-
glutenin gene family from a single wheat cultivar
(‘Cheyenne’). Six new genomic sequences are reported
and compared with other LMW-glutenin DNA se-
quences. Subfamilies of sequences are identified, and
an analysis of the repetitive domain of these polypept-
ides suggests a simple codon pattern with implica-
tions for modes of evolution of these repeat motifs.
Southern analysis is used to estimate 30—40 members
of this gene family in cv ‘Cheyenne’, and chromosome
assignments are made for most restriction fragments,
including the six sequenced genes. The known DNA
sequences cluster into two groups, and most of the new
sequences are tentatively identified as C-type LMW-
glutenins. Representatives of the B-genome genes are
still lacking.
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Introduction

The wheat endosperm is a major component of the
human diet largely due to the unique physical proper-
ties of wheat flour water mixtures (Pomeranz 1988).
The resulting doughs are made into a wide range of
foods: leavened and unleavened breads, pastas,
noodles, cakes, etc. The basis of dough functionality is
distributed among many different components of the
seed: proteins, carbohydrates, lipids. However, the
clearest correlations are to the seed proteins, and parti-
cularly the prolamines: alcohol-soluble reduced poly-
peptides rich in proline and glutamine (Macritchie
1992). The high- and low-molecular-weight (HMW and
LMW) glutenins are subunits of the insoluble, disulf-
ide-crosslinked matrix critical for dough properties
such as viscoelasticity. The important role of the
HMW-glutenins has been well established (reviewed
in Shewry et al. 1992, 1995), and significant effort has
been expended to isolate these genes. Less attention has
been paid to the LMW-glutenins genes although their
importance to dough properties is also well known
(Payne 1987; Gupta et al. 1994; Gupta and Macritchie
1994).

The LMW-glutenins have been mapped to the Glu-3
loci on the short arms of the group 1 homoeologous
chromosomes (Singh and Shepherd 1988). Estimates of
the number of LMW-glutenin genes has varied from
10—15 (Harberd et al. 1985) to 35 (Sabelli and Shewry
1991). Only two LMW-glutenin genomic clones have
been reported (Pitts et al. 1988; Colot et al. 1989). In
addition, two complete and three partial cDNA gene
sequences are known (Bartels and Thompson 1983;
Okita et al. 1985; Cassidy and Dvorak 1991). More
recently, four partial coding sequences from poly-
merase chain reaction (PCR) products have been re-
ported (D’Ovidio et al. 1992; Van Campenhout et al.
1995). These complete and partial sequences have
been from seven different cultivars, both hexaploid and



tetraploid. Three of the sequences are from the hard red
winter bread wheat cultivar ‘Cheyenne’, the same cul-
tivar whose complete set of HMW-glutenin genes has
been characterized. The understanding of the function
of the LMW-glutenins would be aided by a more com-
plete description of the gene family from a single
cultivar, with cv ‘Cheyenne’ a logical candidate. There-
fore, we have begun a project to isolate and charac-
terize a more complete LMW-glutenin gene set from
cv ‘Cheyenne’ and progress in this effort is reported
here. Six new LMW-glutenin genomic sequences and
all previously reported sequences were used to ana-
lyze the LMW-glutenin gene and polypeptide struc-
ture. Southern analysis was used to re-examine the
number of gene copies with the LMW-glutenin gene
family, and most of the new genes are assigned to
specific chromosomes.

Materials and methods

Gene isolation and sequencing

LMW-glutenin clones were isolated from the set of complete EcoRI
digest genomic libraries described by Anderson et al. (1997). The
probe used was a 1.1-kb XbaI insert of clone pBSM13, which
contains the near-complete coding sequence of clone pTdUCD1
(Cassidy and Dvorak 1991) minus the polyA sequence. Plasmid
subclones containing LMW-glutenin genes were made using EcoRI
restriction enzyme. General recombinant techniques were performed
according to Maniatis et al. (1982).

Sequence analysis

DNA sequences were determined by two variations of the chain-
termination method (Sanger et al. 1977). In the first variation, a set of
primers was synthesized complementary to the LMW-glutenin se-
quence reported in Cassidy and Dvorak (1991) and primers designed
from sequences of additional genes as determined in the present
study: primer d1F, GCCGTTGTGGCGACA; d2R, GTTTAG-
CTGCTGCAA; d3R, CCTCATAGCGGGATTG;d4R, AGGAT-
GATGGAGTAG; d5R, CAAAAAGGTACCCTGT; d6R, TCCA-
ACTATATATTACT; d7F, GCCACAACGTCTTGC; d8F, CAA-
GGTGTCTCCCAA; d9F, AGTGTCAATGTGCCG; d10R, TTG-
CTCCTGCCATGG; d11F, CATCACAAGCACAAGCATCA; d
12R, CTTTATTTGTCACCGCTTC; dAF, ATCCCTGGTTTGG-
AGAGACCATCGCAGCAA; dBR, TTGCTGCGATGGTCTCTCCA-
AACCAGGGAT. As the first step in sequencing plasmid DNA,
double-stranded plasmid DNA (2 lg) in 18 ll water was de-
natured with 2 ll 2 N NaOH, 1 mM EDTA for 5 min at room
temperature. The DNA was then neutralized with 3 ll 2 M am-
monium acetate, pH 4.5, and the DNA precipitated with 100 ll 95%
ethanol. After 10 min at !80°C the sample was spun 10 min at 4°C,
washed with 70% ethanol at !80°C and spun again for 5 min at
4°C and the DNA pellet air-dried and resuspended in water. Ap-
proximately 0.1 lg denatured DNA in 12 ll water was mixed with
1.8 ll 10]annealing buffer (10]: 70 mM TRIS pH 7.5, 70 mM
MgCl, 200 mM NaCl, 1 mM EDTA) and 50 ng primer in 1—2 ll to
a total volume of 15 ll. The mixture was heated at 60°C for 2 min,
then cooled to room temperature over 30 min. Unlabeled NTPs and
Sequenase enzyme amounts were from Sequenase kits (U.S. Bio-
chemical) according to manufacturer’s instructions. In the second
sequencing procedure LMW-glutenin containing EcoRI fragments

were cloned into M13mp8,9. Nested deletions were made according
to Dale et al. (1985). Sequence gaps were closed using the primers
listed above.

Alignments were made on the Megalign module of the Lasergene
(DNAX) software package using the CLUSTAL V method (Higgins
and Sharp 1989). Manual changes in amino acid residues were used
to increase alignment clarity after a comparison of encoding DNA
sequences.

Southern analysis

Wheat genomic DNA was isolated according to Dvorak et al. (1988).
Fifteen micrograms of DNA was digested with EcoRI restriction
enzyme, separated in 0.7% agarose gels, and transferred for South-
ern analysis as described by Palmer (1986). Labeled probe for South-
ern analyses was prepared from the double-stranded 1-kb XbaI
fragment from LMW-glutenin cDNA clone pTdUCD1 described
above. To the annealed mixture was added 1 ll 1 M DTT, 5—10 ll
dATP (111 TBq/mmol 32P), 1.4 ll dNTP mix minus dATP (to
a final concentration of 70 lM from a 1 mM stock), and 1 ll Klenow
fragment (5 units). The total reaction volume of 20—25 ll was incu-
bated at 30°C. After 1.5 h, 1 ll of 1 mM dATP was added and the
reaction continued for 30 min, then stopped with 10 ll 50 mM
EDTA and passed through a Sephadex G50 column to separate the
incorporated and unincorporated isotope. Labeled probe for hy-
bridizations was heated at 100°C for 10 min before use. Hybridiza-
tions and washes were carried out according to Dvorak et al. (1988).

Results and discussion

Library screening and clone sequencing

Several complete EcoRI digest genomic lambda libra-
ries (Anderson et al. 1997) were screened for LMW-
glutenin sequences. The main initial screen used
libraries chosen as the most likely to contain EcoRI
LMW-glutenin sequences within 2- to 4-kb EcoRI frag-
ments. A smaller screen searched for genes within 5- to
7-kb EcoRI fragments. Approximately 106 lambda
clones were screened on 150-mm plates as described
(Anderson et al. 1997). Fifty-three strongly hybridizing
plaques were selected for analysis. After eliminating
duplicate isolations, 19 unique clones remained. All
clones contained LMW-glutenin-hybridizing EcoRI
bands of 2.6—3.7 kb or 6 kb, in agreement with the
subgenomic libraries screened. Many of these fell into
groupings that could not be distinguished by restriction
patterns. Sequencing was initiated on 12 clones. While
6 unique sequences were determined, the other 6 se-
quences were identical to other clones over the initially
sequenced regions (up to one-third of the coding se-
quences), and sequencing was terminated as uninfor-
mative. Figure 1 shows restriction maps of the 6 known
unique clones.

LMW-glutenin sequence analysis

All sequenced clones were confirmed as LMW-glutenin
sequences: Table 1 lists all reported LMW-glutenin
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Table 1 Wheat LMW-glutenin
clones Clone Clone Cultivar Accession no." Reference

type!

Tag544 C$ Chinese Spring —& Bartels and Thompson (1983)
B48 C$ Cheyenne H11335 Okita (1984)
B3-12 C$ Cheyenne H11338 Okita et al. (1985)
B11-33 C Cheyenne H11077 Okita et al. (1985)
LP1211 G Yamhill X07747 Pitts et al. (1988)
LMWG-1D1 G Chinese Spring X13306 Colot et al. (1989)
TdUCD1 C Mexicali% X51759 Cassidy and Dvorak (1991)
LMW21 P ¹. turgidum% X62588 D’Ovidio et al. (1992)
VolckA3# P$ Chinese Spring X84959 Van Campenhout et al. (1995)
VolckB3# P$ Chinese Spring X84960 Van Campenhout et al. (1995)
VolckD3# P$ Chinese Spring X84961 Van Campenhout et al. (1995)
F15A G Cheyenne U86028 This paper
F23A G Cheyenne U86027 This paper
E38 G$ Cheyenne U86025 This paper
N5A G Cheyenne U86029 This paper
F24B G Cheyenne U86026 This paper
L4 G Cheyenne U86030 This paper

! G, Genomic; C, cDNA; P, PCR
"GenBank accession numbers
# Listed here as sequences and not clones. Sequences were determined by PCR procedures from genomic
DNA
$Partial coding sequences
% Tetraploid wheat; all others are hexaploid wheats
&Not submitted to GenBank

Fig. 1 Restriction maps of 6 new LMW-glutenin gene clones. Re-
striction maps are shown for the EcoRI fragments containing LMW-
glutenin genes. Indicated sites on clone L4 were determined by
sequencing and not restriction mapping. B BamHI, K KpnI, N NcoI,
R EcoRI, S SalI, Sp SphI, X XbaI, Xm XmaI. Arrows indicate coding
sequences. Name of the clone is on the left, and size of the EcoRI
fragment is on the right

DNA sequences and GenBank accession numbers. The
derived amino acid sequences of the 17 LMW-glutenin
DNA sequences in Table 1 were aligned as shown in
Fig. 2. The highly variable repetitive domain is not
included but is considered separately (Fig. 3). The
alignment was used to construct a general model of
LMW-glutenin polypeptide structure as shown in
Fig. 4. This model has similar features to previous
suggested domain arrangements (Colot et al. 1989;
Cassidy and Dvorak 1991; Sabelli and Shewry 1991).
However, we now have additional sequence informa-
tion and have concentrated on the domains suggested

by the alignments in Fig. 2. An evolutionary compari-
son among prolamine families will be addressed else-
where.

The signal peptide (Sig) is followed in most sequences
by a short domain (I) containing the first cysteine
residue. The exceptions are LP1211 and L4, which are
missing the 13 amino acids making up domain I. Fol-
lowing the repetitive domain (II) is a conserved domain
(III) containing five cysteine residues found in all
LMW-glutenins. Domain IV is identified by its high
glutamine composition; i.e., sequence B11-33 contains
34 glutamines out of 55 residues. Tandem arrays of
glutamines are known to be hypervariable (Jennings
1995; Anderson and Greene 1997), and examination of
the domain IV alignments in Fig. 2 shows a main mode
of variation is within short glutamine runs, likely by
DNA slip-mismatching on the glutamine codons dur-
ing replication. A second mode of variation within
domain IV is observed with a 12-residue peptide miss-
ing in approximately half the sequences (F23A to
LP1211). Domain V is a conserved unique sequence
region terminating the LMW-glutenins and containing
the sixth and final conserved cysteine.

The LMW-glutenins have been classified as Group
B (40—50 k MW) and Group C (30—40 k) (Payne and
Corfield 1979). The derived amino acid sequences of the
complete coding sequences in Fig. 2 would result in
polypeptides ranging from 33.4 kb (TdUCD1) to
39.5 kb (L4), and thus these are mainly Group
C LMW-glutenins. The LP1211/L4 pair could be
from either class. However, this is assuming standard
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Fig. 3 Repeat motifs comprising the repetitive domains of LMW-
glutenins. The amino acid repetitive domains of reported LMW-
glutenin sequences are arranged vertically to emphasize the repeat
motifs. Only part of the repeat domain of clone TAG544 was
reported

polypeptide behavior in SDS-PAGE. It is known that
the repetitive region of the HMW-glutenin behaves
anomalously in such conditions (D’Ovidio et al. 1997).
A similar direct comparison of genes and protein

$&&&&&&&&&&&&&&&&&&&&&&&

Fig. 2 Alignment of LMW-glutenin amino acid sequences. All re-
ported LMW-glutenin sequences were converted to amino acid
sequences and aligned. Brackets above the alignment indicate se-
quence domains. Sig Signal peptide. The repetitive domain is
not included (vertical bracket indicates site of repetitive domain).
Asterisks indicate cysteine residues; asterisks with parentheses are
cysteine residue positions not found in all sequences

Fig. 4 Model of LMW-glutenin gene and polypeptide structure. The
main structural domains of the LMW-sequence are shown in boxes.
Specific features are indicated above (protein) and below (DNA).
Sig Signal peptide, S sulfhydryl groups of cysteine residues

migrations is needed for the other prolamines such as
the LMW-glutenins.

There is still only limited flanking DNA sequence
available for the LMW-glutenins. However, the
proximal non-coding DNA sequences of the LMW-
glutenins are different from the other evolutionarily
related gliadin families by two characteristics (not
shown). The LMW-glutenin coding regions are termin-
ated by double stop codons. A double stop is also
characteristic of the HMW-glutenins, the second major
polypeptide class making up the disulfide cross-linked
gluten matrix, but not of other gliadins. Second, LMW-
glutenin sequences have what appears to be a double
TATA box. The significance of these doublings is un-
known.

All LMW-glutenin sequences thus far reported have
no obvious defects to prevent polypeptide synthesis.
This lack of obvious defects is interesting since at least
some pseudogenes exist in the c-gliadin (Rafalski 1986)
and HMW-glutenin gene families (Forde et al. 1985),
and approximately half of the a-gliadin gene family
are pseudogenes as judged by internal stop codons
(Anderson and Greene 1997). Further study of the
other gliadin super-family members will clarify this
observation

Cysteine residues

Kasarda (1989) has theorized that the LMW-glutenins
have six cysteines involved in intramolecular dis-
ulfide bonds and two cysteines free to form inter-
molecular bonds. This would explain their ability to
form both mixed polymers with the HMW-glutenins
and polymers strictly composed of LMW-glutenins.
Another consequence would be that the addition or
subtraction of one cysteine via mutation may create
a LMW-glutenin with only a single free cysteine.
This mutated LMW-glutenin could then function
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as a chain terminator in polymer formation. We have
already noted that LP1211 and L4 (Fig. 2) are miss-
ing one conserved cysteine, but they maintain a total
of eight by an additional residue not found in
other LMW-glutenins. Similarly, VolckB3 and
VolckD3 have an extra cysteine in the repeat do-
main, but are missing the 5@ cysteine (amino acid posi-
tion 25 in Fig. 2). VolckA3 contains a cysteine not
found in other sequences, but since the sequence is
incomplete the accurate total cysteine complement
is not known.

The single cysteine of domain IV is actually con-
tributed by two different codon positions. These
different cysteines likely arose as single base muta-
tions that added or subtracted a cysteine, followed
by a second, complementary mutation. It will be inter-
esting to determine if this cysteine is necessary for
correct intramolecular crosslinking and/or secondary
structure.

Repeat domain structure

The cereal prolamines are known for their regions of
tandem variations of short peptide motifs rich in pro-
lamine and glutamine. The wheat LMW-glutenins con-
tain a single such domain (II; not shown in Fig. 2) with
11—20 repeats, as shown in Fig. 3. The repetitive do-
main begins and ends with several glutamines. Thus,
the display of a repeat as PFSQQQ could also be
considered as QQQPFS. We prefer the former pattern
(Fig. 3), but there is likely no correct choice. Kreis et al.
(1985) and Shewry and Tatham (1990) suggested that
the repeats within the N-terminus of the LMW-glu-
tenins had a consensus of two heptapeptide motifs:
PQQPPPFS and QQQQPVL. Cassidy and Dvorak
(1991) suggested a peptide repeat pattern of
PPFSQQQ

/
. Colot et al. (1989) concentrated their

analysis on the DNA structure and suggested a repeat
motif based on CAA CAA CAA CC

A
CCA TTT C

T
CA

(QQQP
Q
PFP

S
). Similarly, our assignment of repeat com-

position is based on the DNA sequence, which we
believe gives a more accurate history of repeat evolu-
tion (Anderson and Greene 1997), although selection
on the polypeptides may keep the repeat variation
within specific bounds.

The analysis of all reported DNA sequences suggests
the repeat structure of all LMW-glutenin genes
(Table 1) can be reduced to the following pattern of
codons: CCA

1~2
TTT T

C
CA

G
CAA

G
CAA

1~4
. Many of the

genes have a specific variation on this basic pattern,
presumably due to the tendency of the repeat to hom-
ogenize within an individual gene. Most variations
from this pattern can be explained by single base cha-
nges in glutamine codons (e.g. CAAPCAC,
CAAPCCA, CAAPCGA); i.e., at the end of the
LP1211 repeats there are two R (arginine) residues that
likely originated from CAAPCGA transitions.

Chromosomal origin or RFLPs

Figure 5 shows the restriction pattern of LMW-glu-
tenin sequences within genomic DNA probed with
a LMW cDNA. The genomic DNAs are from the
cultivars ‘Cheyenne’ and ‘Chinese Spring’, and several
genetic stocks of ‘Chinese Spring’ (including the three
‘Cheyenne’ chromosome 1 substitutions, a nullisomic
for chromosome 1A, and three nullisomic-tetrasomic
lines of the group 1 chromosomes). The chromosome
substitution lines, in which chromosomes 1A, 1B, and
1D of ‘Cheyenne’ are independently substituted for the
corresponding ‘Chinese Spring’ chromosomes, and nul-
lisomic-tetrasomic lines of ‘Chinese Spring’, in which
one member of group 1 is deleted and replaced by
another member of the same group, were used to assign
restriction fragment length polymorphisms (RFLPs) to
specific chromosomes. The ‘Chinese Spring’ EcoRI pat-
tern is similar to that of Bartels et al. (1986) and Sabelli
et al. (1992) except that we resolve two larger bands
(nos. 15 and 16). Although most restriction size frag-
ments occur in both cultivars, there are five band differ-
ences, at least some of which likely represent RFLP
shifts of the same gene sequences. Most bands can be

Fig. 5 Southern analysis of LMW-glutenin sequences in the wheat
genome. EcoRI restriction digests of total wheat DNA were separ-
ated on agarose gels, transferred to a membrane, and the membrane
probed with a LMW-glutenin coding sequence probe. DNA is from
‘Cheyenne’ group 1 chromosome substitutions into ‘Chinese Spring’
(e.g. CN1A), a ‘Chinese Spring’ nullisomic 6A (N6A) to rule out
cross-hybridization with the 6A a-gliadin genes (Anderson et al.
1997), cv ‘Cheyenne’ (CN) and ‘Chinese Spring’ (CS), and ‘Chinese
Spring’ nullisomic-tetrasomics for the group 1 chromosomes (e.g.
N1AT1B is missing the 1A chromosome pair and has four copies of
the 1B chromosomes). Bands are numbered on the right for reference
in the text. Individual bands associating only with cv ‘Cheyenne’ or
cv ‘Chinese Spring’ are indicated before the chromosome name. Two
possible chromosome assignments are indicated by slashes. Bands
including fragments from at least two of the three chromosomes are
indicated by all three names separated by slashes (open arrowhead for
the 6.0-kb band, closed arrowhead for the 2.6-kb band). Clones
assigned in the present study and size markers (HindIII restriction of
j phage DNA) are indicated on the left
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assigned to a specific chromosome based on either their
loss in ‘Chinese Spring’ aneuploid lines or the
‘Cheyenne’ chromosome substitution into ‘Chinese
Spring’ lines. Two bands, nos. 3 and 9, seem to contain
sequences from at least two of the three group 1 chro-
mosomes. Where the band is assigned in ‘Chinese
Spring’, and without contrary evidence, it is assumed
the same assignment holds for ‘Cheyenne’. The 6.0-kb
band may also contain some signal to the large 6-kb
EcoRI a-gliadin gene family that cross-hybridizes to
LMW-glutenin sequences enough to appear as one to
three copies using a LMW-glutenin probe (Anderson
et al. 1997). The one anomaly in the analysis is the
8.2-kb B-genome band which is missing in the
‘Cheyenne’ 1B substitution into ‘Chinese Spring’ even
though the band is present in both Cheyenne and
‘Chinese Spring’. The other difference is the relative
intensity of some bands; i.e., band no. 4 is relatively
more intense in ‘Cheyenne’ and may indicate increased
copies of these sequences.

Gene copy numbers

Using densitometry of blots such as Fig. 5 we estimate
25—30 LMW-glutenin genes, assuming that the larger
B-genome bands represent single copies. However, as
discussed in Anderson et al. (1997), such numbers will
always be low estimates since the more divergent mem-
bers of a gene family will hybridize less well to any
single probe. Therefore, we believe an estimate of 30—40
LMW-glutenin genes for cv ‘Cheyenne’ and ‘Chinese
Spring’ is a more reasonable estimate, and is similar to
that of Sabelli and Shewry (1991). We know that
‘Cheyenne’ has at least 9 genes since that is the number
of different gene sequences thus far reported (Table 1).
In addition, it is known from the present report that
some of the bands contain several genes. The F23A,
N5A, and E38 clones are all contained within 3.7-kb
EcoRI restriction fragments and have nearly identical
sequences (Figs. 1—3). Finally, at least seven EcoRI
bands from cv ‘Cheyenne’ in Fig. 5 are not yet repre-
sented in isolated clones, including all the B-genome
genes.

Relatedness of sequenced genes

An alignment of DNA sequences (coding and prox-
imal non-coding) was used to estimate relatedness
of the analyzed sequences, as shown in Fig. 6. The
sequences cluster into two branches whose mem-
ber placement generally agrees with the amino acid
sequence variations shown in Fig. 2. The only signifi-
cant difference is that using the amino acid se-
quences moves LP1211 and L4 into a separate
major branch (not shown). Finally, when tenta-
tive chromosome assignments are made, the major

Fig. 6 Phylogenetic tree of LMW-glutenin sequences. All reported
LMW-glutenin DNA sequences were compared by Clustal analysis.
Sequences used were all available DNA sequences from the begin-
ning of the TATA box to 160 bp downstream of the stop codons, but
excluding the repetitive domain similar to as was done in Fig. 2.
Chromosome assignments are indicated following the clone names.
LMW-1D1 was assigned by Colot et al. (1989). LP1211 was assigned
by Van Campenhout et al. (1995). TdUCD1 and LMW21 are both
from durum wheats and therefore must originate from either the
A or B genomes

branches tend to place genes within a branch on the
same chromosome.

Further work is needed to search for clones of bands
not yet represented by known sequences, particularly
the B-genome genes found in the larger EcoRI frag-
ments, and a more thorough search for clones in the
6-kb range is necessary.

Acknowledgments Thanks to Timothy Stephens and Elizabeth
Ferrero for technical assistance and Cheryl Hsia for help in figure
preparation.
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