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Summary. High-molecular-weight (HMW) subunits of
glutenin (Glu-1) and gliadins (Gli-1 and Gli-2) were
used in assessing phylogenetic relationships between
T. tauschii and the D genome of hexaploid wheat. The
degree of polymorphism in T. tauschii (D') for these
characters occurred in the order: Glu-D'I<Gli-D'2<
Gli-D'1; although polymorphism for these traits was
quite high, only a limited number of variant forms
identified with the Glu-D'I and Gli-D'l loci were
closely matched to their analogous variants in the D
genome of hexaploid wheat. Two-dimensional (IEF X
SDS-PAGE) analysis revealed differences between one
of the prevalent allelic forms — Glu-D1d - of hexaploid
wheat and its corresponding variant in the putative
diploid donor, as evident by a relatively more acidic
subunit 10 in the latter compared to the former.
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Introduction

The putative diploid donor of the D genome of
hexaploid wheat is generally accepted to be Triticum
tauschii (Aegilops squarrosa) (Kihara 1944; McFadden
and Sears 1946; Riley 1965). However it is known to
occur in a number of different morphological forms
(Eig 1929; Kihara et al. 1965; Zohary et al. 1969). Eig
(1929) recognised two subspecies of T. tauschii, ssp.
eusquarrosa and ssp. strangulata. Varietal classes in the
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former subspecies are var. typica, meyeri and anathera,
while var. strangulata is the only member of the latter

subspecies.

The wide ecological amplitude and plant morphological
diversity of T. tauschii and the occurrence of the D genome in
bread wheat, as well as in other hexaploid wheats, e.g. spelta,
vavilovii, macha, compactum and sphaerococcum complicates
studies aimed at nominating the precise source of the putative
diploid donor of the D genome and determining its phylo-
genetic relationship within wheat using plant morphological
characters and/or genetic and cytogenetic attributes based on
a few accessions of the species. There are reports of variation
amongst T. tauschii accessions for isozymes of esterase (Nakai
1979), a-amylase (Nishikawa et al. 1980) and high-molecular-
weight (HMW) subunits of glutenin (Lawrence and Shepherd
1980) from whence homology between certain T. tauschii
strains and the D genome of hexaploid wheat has been
established. Despite the conservative genetic status of these
markers, a shortcoming in these studies is that each is based
on only one biochemical marker. A more accurate interpreta-
tion of relative evolutionary affinity between accessions of
T. tauschii and the D genome of hexaploid wheat are likely to
be derived from combined studies of a number of different
biochemical markers. From the isozyme studies conducted
separately on a varying number of T. tauschii accessions by
Jaaska (1980, 1981, 1984), the subspecies strangulata was
found to be the most likely form to have donated the D
genome of hexaploid wheat.

We have conducted a series of studies on variation
in, and the genetics of, three biochemical markers —
HMW glutenin subunits, gliadins and seed esterases in
79 accessions of T. tauschii, and compared them with
their analogous markers Glu-DI1, Gli-DI and Est-D5 in
hexaploid wheat species, landraces and cultivated bread
wheat. In this approach, using three, rather than one
marker, it was considered that the reliability would be
enhanced of nominating the particular form of T. tauschii
with the greatest likelihood of having contributed the D
genome to hexaploid wheat. This study reports on the
variation in size and charge of HMW glutenin subunits



(Glu-1) and gliadin (Gli-I and G#-2) composition of
T. tauschii.

Materials and methods

Plant material

Of the 79 T. tauschii accessions (41-typica; 13-meyeri; 16-
strangulata and S-intermediate forms) examined, 40 (originating
from Turkey, USSR, Iran, Afghanistan, Pakistan) were ob-
tained from the Australian Winter Cereals Collection
(AWCC), Tamworth, 21 from The University of Melbourne
Plant Collecting Expedition (MUPC) to Asia Minor in 1975
and 7 accessions which were part of a collection made by a
British Expedition from the University of Reading Exploration
Society (URES) to Afghanistan in 1965 (Halloran 1968). The
others were obtained from the Plant Breeding Institute, The
University of Sydney and the Laboratory of Genetics, Kyoto
University, Japan. Thirty hexaploid wheat species (from the
AWCC) used in this study consisted of T. spelta (4), T. macha
(6), T vavilovii (3), T. compactum (6) and T. sphaerococcum
(11). Bread wheat cultivars also examined were ‘Chinese
Spring’, ‘Chinese Spring’ (Hope chromosome 1D} substitution
line and ‘Bezostaya 1.

SDS-PAGE

The composition of HMW glutenin subunits was determined
by polyacrylamide gel electrophoresis in the presence of
sodium dodecyl sulphate (SDS-PAGE) using 10% acrylamide
and 0.13% methylene bis acrylamide according to the methods
of Lawrence and Shepherd (1980). A 7.5-15% acrylamide
gradient separating gel was also used in conjunction with the
uniform (10%) system and their gel solutions were cast in a
vertical slab system (LKB 2001/Biorad Protean). Gels were
stained in a solution of 0.1% Coomassiec Blue R250, 50%
methanol, 7% acetic acid for at least 1 h and destained in 20%
methanol, 7% acetic acid and 3% glycerol.

Two-dimensional (1EFX SDS-PAGE) elecirophoresis

The extraction and isoelectric focusing (IEF) of endosperm
proteins in the first dimension (rod gels 2 mm thick) on single
grains employed the system of Holt etal. (1981). The am-
pholytes used in the first dimension consisted of 0.5 and 1.5%
ampholine (LKB), pH range 3.5-9.5 and 6.0-8.0, respectively.
SDS-PAGE (second dimension) was stopped 1h after the
bromophenol blue layer had run off the plate. Gels were
stained overnight and destained as previously described.

Acid polyacrylamide gel electrophoresis (A PAGE)

Protein extraction and separation was carried out in 4-15%
polyacrylamide gradient gel adapted from the method of du
Cros etal. (1983) on to the same electrophoretic apparatus
used for the SDS-PAGE. Electrode polarities were reversed
and the gels were equilibrated prior to sample loading at a
constant voltage of 350V for 1h at 20°C. Subsequently,
electrophoresis was maintained at 350 V for five and a half
hours to achieve a clear separation of the non-aggregated
gliadins (Gli-1 and Gli-2 gene loci). The wheat cultivars
‘Chinese Spring’ and ‘Bezostaya 1> were used as standards in
all electrophoretic runs.
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Nomenclature

Classification of the HMW glutenin subunits (Glu-1) is based
on the catalogue of alleles described by Payne and Lawrence
(1983). With the exception of numerical designations of
subunits of the Glu-Dla (2 and 12) and Glu-DI1d (5 and 10)
alleles, some of the numerical designations of T. rauschii
subunits are not the same as those used by Payne and
Lawrence (1983). Throughout the study, the superscript -1- has
been used in distinguishing gene symbols of the D genome of
T. tauschii from its analogous gene loci in the D genome of
hexaploid wheat.

Results and discussion

HMW glutenin subunit composition

{ One-dimensional SDS-PAGE analysis. Fourteen
types of HMW subunit combinations (G/u-D?1) were
observed in the T. tauschii accessions, which were
generally characterised by a pair of slower and faster
mobility subunits (Fig. 1). The group of subunits of
lower mobility have been numbered from 2.1 to 5, and
the faster mobility group from 10.3 to T, in order of
increasing mobility. Difficulties were encountered in
assigning the HMW subunit 10 belonging to the
subunit combinations 2, 10 and 3, 10. This was ap-
parent in a number of electrophoretic runs on either
7.5-10.5% gradient or 10% uniform gels in which
subunit 10 appeared to possess a mobility inter-
mediate between subunits 10 and 12.

Within the mobility zones (in SDS-PAGE) which
normally contain subunits of the Glu-DI locus of bread
wheat, the subunit pair 2 and 12 was found in all the
hexaploid wheat species, while the allelic subunit pair 5
and 10 occurred in a single accession of 7. macha and
in two accessions of T. sphaerococcum. Two other pairs
of HMW subunits which possessed the subunit 2.1
(identical in mobility to 2.1 of the Glu-D*1 locus) in
common as the lower mobility band were identified.
The HMW subunit combination 2.1 and 10 was ob-
served in both T. compactum and T. macha, while
biotypes characterised by the presence of either the
subunit pairs 2.1, 13 or 2, 12 (Fig. 2) were found in an
accession of T. macha (AUS 14519) at a frequency of 56
and 44% respectively from the screening of 180 seeds of
this accession. The F, segregation pattern of a cross
between ‘Chinese Spring’ (possessing subunit 2, 12-Glu-
Dia) and the T. macha biotype possessing subunits 2.1
and 13 confirmed the latter subunit pair as an allelic
variant of the Glu-DI locus (Lagudah and Halloran
unpublished results). The absence of subunits usually
controlled by the Glu-DI locus were observed in two
T. vavilovii accessions; the somatic chromosome num-
ber was found to be 40 in one of the accessions (AUS
10960).
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Fig. 1. Diagrammatic representation of all the HMW glutenin subunit types (Glu-D'I) observed in the 79 accessions of T. tauschii.
The arrow indicates the direction of increasing subunit mobility in SDS-PAGE. *: One accession, AUS 18993, lacked the minor

subunits T,, bringing the total variation to 14

1 2 3 4

Fig. 2. SDS-PAGE of endosperm proteins from T. macha
showing the newly-identified HMW subunits 2.1 and 13 and
the common Glu-D]I variants — 2, 12; 5, 10. Lanes (1) and (2) —
T. macha (AUS 14519) biotypes possessing subunits 2.1, 13,
and 2, 12 respectively, (3) WIR 38548, (4) AUS 17776

The variation in the Glu-D'I subunits reported in this
study encompass the range of analogous subunits of the Glu-
D1 locus in the hexaploid wheat species and those from a wide
range of cultivated bread wheats and landraces compiled by
Payne and Lawrence (1983) and Payne et al. (1984) but it did
not possess types with the largest subunit 2.2. Although some
of the specific HMW subunit combination pairs of hexaploid
wheat could not be unequivocally identified, subunits cor-
responding to, or closely related to, either of the lower or faster
mobility subunits occurred in 7. tauschii. The rare occurrences
of single HMW subunits at the G/u-D1I locus in hexaploids are
not a feature of the pair of subunits commonly found within
the variation of T. tauschii. In those variants of T. tauschii
which appeared to possess single subunits, they invariably

possessed subunits just outside the recognised HMW range as
found in the combination 2, T, and 3, T, (Fig. 1). Further-
more, most of the accessions with the combination2, T,
possessed a minor band, T,, located in the subunit 10 region
(Fig. 1). When several seeds of this latter group of accessions
were analysed, a consistent occurrence of a triplet subunit
combination — 2, T, , T, occurred in every seed.

In 27 accessions which had details of their precise geo-
graphical locations (MUPC and URES sources) the north-
eastern region of Iran was observed to have the most diversi-
fied range of the Glu-D'I subunits. The HMW glutenins
subunits 3 and 10 were common to regions in Afghanistan and
Iran while the subunits 2 and 12 were found only in areas
around Gorgan and to the west of Bojnurd in Iran.

2 Two-dimensional electrophoresis. Two-dimensional
fractionation, combining isoelectrofocusing (IEF) and
SDS-PAGE in the first and second dimension respec-
tively, revealed that the group of lower mobility
subunits 2.1, 2, 3, 5.1 and 5 were acidic in contrast to
the near neutral and/or relatively basic isoelectric
points of subunits 10, 10.1, 10.2, 10.3, 12 and T,. The
relative acidic to basic components within the subunit
pairs 5, 10 and 2, 12 (Fig. 3) from at least two different
T. tauschii sources, appeared to be quite similar. How-
ever, subunit 2 from the 2, 12 genotypic source was
observed to be much more acidic than its counterpart
from the 2, T, HMW subunit combination (not shown).
Comparison of the HMW subunit pairs 2, 12 and 5, 10
from T. tauschii were made with their corresponding
subunits from the D genome of ‘Chinese Spring’ and
the ‘Chinese Spring’/‘Hope’ chromosome 1D substitu-
tion line, respectively (Fig.3). Similarities were ob-
served in acidic to basic properties of the subunits 2
and 12 respectively from both the putative diploid
donor and the D genome (chromosome 1D) of ‘Chinese
Spring’. In contrast, subunit 10 of the ‘Chinese Spring’
(‘Hope’ 1D) substitution line was comparatively more
basic than the T. rauschii source (Fig. 3). In addition no
apparent variability was observed with subunit 10 from
four T. tauschii sources of the subunit combination 5
and 10, derived from the varietal classes typica (AUS



SDS-PAGE

Fig. 3. Two-dimensional (IEF X SDS-PAGE) fractionation of
endosperm proteins from T. tauschii (a, b) and hexaploid
wheat (c, d). Numbered spots represent their HMW subunits of
glutenin. a AUS 18898 var. strangulata; b AUS 18986 var
strangulata; ¢ ‘Chinese Spring’, d ‘Chinese Spring’ (‘Hope® 1D)
substitution

18990), meyeri (AUS 18911) and strangulata (AUS
18986, RL 5271).

The faster and lower mobility pair of subunits in
T. tauschii corresponds closely in position with the sub-
family classification of 1Dx and 1Dy subunits in bread
wheats, described by Payne etal. (1981). Two-dimen-
sional fractionation (IEFXSDS-PAGE) of these
subunits in T. tauschii further substantiated the close
correspondence of one with 1Dx and the other with
1Dy in their relative acidic to basic components re-
spectively, an observation borne out by the relative iso-
electric points for use in subfamily classification by
Holt etal. (1981). In spite of the identical electro-
phoretic mobility of the subunit pair 5 and 10 from
different varietal sources of 7. tauschii and the ‘Chinese
Spring’ (‘Hope’ 1D) substitution line, a relatively more
basic isoelectric point characterised the corresponding
1Dy subunit (subunit 10) in the latter source. Although
‘Chinese Spring’ (‘Hope’ 1D) was the only standard
source of the subunit pair 5, 10 used in this study, the
HMW subunit 10 from different bread wheat sources
have been shown to possess similar isoelectric points
(Holt et al. 1981; Anderson et al. 1985).
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Reasons for the prevalence of subunit pairs, particularly
the apparent negative correlation in mobility between the x
and y subunit subfamilies in T. tauschii (e.g. X, y: 2, 12; 2, 11;
3, 10; 4, 10; 5, 10), have been discussed by Lawrence and
Shepherd (1980). Deviations from this general pattern asso-
ciated with subunit pairs such as 5, 12 and 2.1, 10.1 raises
questions on the origin of this latter pattern of subunits. Rare
recombination between members of the former pattern of
subunits may have given rise to the subunit combination 5
and 12. While T. rauschii is a self-pollinating species, it is
possible, however, that occasional cross pollination could have
taken place in the species. Nevertheless, a rare recombinant
source accounting for 5.5% with this subunit combination from
the T tauschii accessions examined in this study appears
unlikely (the subunit combination 5, 12, which has not been
reported in bread wheat, occurred in three of the meyeri
varietal classes and one intermediate meyeri-typica accession).
Studies on the inheritance, structure and genetic organisation
of the x and y subunits of chromosome 1D have revealed that
their encoding genes are related in their DNA sequences with
low copy number estimates and are closely linked, although
they possess different peptide digest patterns and control
different mRNA sizes and DNA restriction fragments (Law-
rence and Shepherd 1981; Payne et al. 1981, 1983; Thompson
et al. 1983; Galili and Feldman 1985; Harberd et al. 1986). If
the x and y subunits are regarded as linked non-allelic genes
then the likelihood of an independent origin of the subunit
combination 5 and 12 in T. tauschii is possible.

Gliadin composition

1 Gli-D'1. The monomeric gliadins obtained from
APAGE have been grouped into blocks and the genetic
basis for this classification will be reported in a fol-
lowing paper in this series. Gliadin blocks belonging to
the complex Gli-1 loci are usually found in the w- and
y-zones, using ‘Chinese Spring’ and ‘Bezostaya-1" as
standards (Fig.4). Seventy two gliadin blocks were
identified from the 79 accessions (Fig. 5). In contrast to
most of the Glu-D*1 variants, each accession could be
clearly identified with a specific gliadin block at the
Gli-D1 locus, with the exception of blocks 7, 33, 39, 41,
44, 57 and 63. Individual gliadin components were
initially ranked as either 1 or 2 or 3 on the basis of their
staining intensities — light, medium and dark, respec-
tively. However, in compiling the catalogue of Gli-D*1
blocks, their diagrammatic representation (Fig. 5) was
simplified, as a number of very faint bands, and those,
particularly in the w-region, were excluded. In addition,
only the intensely-staining bands (3) within the y-zone
have been differentiated (darker band, Fig.5), while
the lighter and medium-staining bands (1 and 2) within
the y-zone are represented equally (lighter band,
Fig. 5).

Gliadin blocks 11 to 72 lacked w-bands in the
mobility range similar to, or lower than, the slowest
moving ‘Chinese Spring’ w-band. Protein bands 3 and 7
from the w-region of blocks 7, 8 and 9 have mobilities
equivalent with the pair of slow moving w-components
of ‘Chinese Spring’ (Figs. 4 and 5). Protein bands with
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Fig. 4a,b. Gliadin electrophoretic patterns in a number of
T. tauschii accessions and two bread wheat cultivars (BZ: ‘Be-
zostaya 1’; CS: ‘Chinese Spring’). (a) T. rauschii accessions —
1y D7, 2) D8, 3) D9, 4) 169-1412-33, 5) 173-1435. (b) T. tauschii
accessions — /) RL 5271, 2) AUS 18985; “Th’ and ‘CS’ represent
the ‘Thatcher’ and ‘Chinese Spring’ group of w-gliadins
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the lowest mobility were observed in gliadin blocks 1 to
5 and 10; with the exception of block 5 the other five
blocks were possessed by var. strangulata representa-
tives. In addition, blocks 1 to 4 possessed five w-gliadin
bands in common. This group of five w-gliadin bands
as well as the pair of low-mobility w-components,
associated with blocks 7, 8 and 9, were similar to those
of cultivars ‘“Thatcher’ (“Th’) and ‘Chinese Spring’ (‘CS’)
groupings of w-gliadins, proposed by Wrigley and
Shepherd (1974) to be used as the basis for initial
identification of gliadin electrophoregrams of hexaploid
wheat.

Most of the hexaploid species used in this study
possessed the ‘CS’ group of bands in their w-compo-
nents in the Gli-DI region, while one T. compactum
accession carried the ‘“Th’ group of bands. However, the
gliadin components from a T. macha accession (AUS
14273) occurred in the mobility region below the faster-
moving component of the pair of ‘CS’ group of bands.
The absence of the lower mobility member from the
pair of ‘CS’” w-group of bands was observed in 7. vavi-
lovii, AUS 10961.

2 Gli-D'2. The Gli-D'2 blocks constituted the range of
gliadin components that occurred within the 8 and a-
zones (Figs. 4 and 6). Fifty seven blocks were identified,
consisting of 31 components. Most of the components
of the Gli-D'2 blocks were of higher staining intensity

6;‘;0’/1 2 3 4 561 8 9 10 1 1213 W 5 16 7 1B 92021 2228U25
ks

3 -
5
A | S,
L -
[z t— 1 .
- ] _—_______ ] .
i — — . -
=J Kt by | fesl | | L]
P40, —:'— L. -
L L laa|
148 L {az) -—-=J L L]
6/i—D{IZG 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 45 47 48 43 50
s o
2 ]
— - Lt
1 1 =
—d - 4 = S
1 ] - (-
L — -
L_—1aa] M = ——
L lesl | S B
] ——30 Ll . L_
L L46] L L L
61i-0° 151 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 W MW M2
9
— L el [T g S
— e T
] 135 Lol
L= | - sel | — | ] - N
L | L]
|ss | 11|

Fig. 5. Diagramatic representation of blocks (1-72) of gliadin
components (G/i-D'l) in T. tauschii. Numbers within blocks
represent gliadin band (component) designations

than the G/i-D'I blocks. In contrast to the variation at
Gli-D'l, where a maximum of two T. fauschii acces-
sions possessed the same components, gliadin block 54
of the Gli-D'2 (Fig. 6) group was associated with eleven
accessions. In addition, two other gliadin blocks of
Gli-D'2 (6 and 57) (Fig. 6) were present in more than
two accessions.

There was a slight overlap between the G/i-D*I and
Gli-D'2 groups, e.g. in the region bodering the y- and
B-zones the gliadin band possessing the fastest mobility
(band 47) in the GIi-D'I group and the slowest moving
band of the Gli-D'2 group (band 1) appeared to be of
similar mobility which presented difficulties in classi-
fying such groups. In assigning bands to either Gli-D*1
or Gli-D'2, consideration was given to the general
observation that the most intensely stained bands of the
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Fig. 6. Diagrammatic representation of blocks (1-57) of gliadin
components (Gli-D'2) in T. tauschii. Numbers within blocks
represent gliadin band (components) designations

y-zone of the Gli-D'l group occurred at positions 38,
39, 40, 43 and 44 (Fig. 5). Consequently, the lightly
stained bands with a marginally slower mobility just
within the commencement of the B-zone were included
in the G/i-D'I group, while those which were intensely
stained and located towards the end of the y-zone were
assigned to Gli-D*2 (blocks 1-4).

Unlike most of the Glu-D*I variants, variation for most of
the gliadin proteins appeared to be accession-specific, rather
than regionally (geographic) distributed. Gliadin poly-
morphism of the T. tauschii accessions revealed that the
Gii-D'I blocks were higher than those of Gl-D'2. This
observation is consistent with the findings of Sosinov and
Poperelya (1982) and Metakovsky et al. (1984) on variation for
gliadin blocks associated with groups 1 (Gli-1) and 6 (Gli-2)
chromosomes of hexaploid winter wheat. Although Meta-
kovsky et al. (1984) observed an overall higher variation for
the Gli-1 group (Gld 1A, 1B and 1D) than the GJi-2 loci (Gld
6A, 6B and 6D), gliadin variants of the G/i-DI locus were one
block less than the Gli-D2 locus. The high specificity of the
Gli-D'1 blocks in each T tauschii accession confirms their
usefulness as a reliable genetic marker for varietal identifica-
tion as employed in hexaploid wheats (Wrigley et al. 1982).

Gliadin electrophoregrams of bread wheat varieties from
the U.S.A. (Jones et al. 1982), the USSR (Metakovsky et al.
1984), Canada (Zillman and Bushuk 1979) and Australia (du
Cros etal. 1980) together with the hexaploid wheat species
used in this study, constituted a diverse source from which
relationships between gliadins of the D genome of hexaploid
wheat and T. fauschii can be made. A major distinction
between tetraploid and hexaploid wheats is the absence in the
tetraploid of components of w-gliadins controlled by chromo-
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some 1D (Wrigley and Shepherd 1974) in the region com-
mencing from the second lowest mobility gliadin band of
‘Chinese Spring’. The occurrence of at least two w-bands in
this region occurred in all the hexaploid wheat electrophore-
grams of the aforementioned countries. Consequently only 11
gliadin blocks of T. tauschii (Gli-D'1, blocks 1-11) found in 12
accessions (7-strangulata, 3-meyeri; 1 typica and 1 inter-
mediate meyeri/typica) were observed to possess w-gliadin
components typical of most of the hexaploids. The other
components coded by the Gl/i-DI and Gli-D2 loci overlap with
their homoeoallelic components of the A and B genome of
hexaploid wheat. Although some hexaploid landraces,
particularly those collected from eastern Nepal, have been
reported to be deficient in gliadin proteins coded by the Gli-
D1 locus (Payne et al. 1984), most of the other G/i-D'I blocks
of T tauschii which lack very low mobility w-gliadins possess
protein bands in both the w- and y-gliadin region.

Similarly the relatedness of the major forms of the
Glu-D1 (i.e. Glu-Dla and Glu-DI1d) locus of hexaploid
wheat to their corresponding variants in 7. tauschii
occurred in 16 and 7 accessions (found in all the major
varietal classes) possessing mobilites in SDS-PAGE
equivalent to the HMW subunits 2, 12 and 5, 10,
respectively. In all, seven accessions belonging to var.
strangulata were found to be common to both the Gii-
D'1 and Glu-D'I groups identified to be closely related
to their analogous variants in the D genome of hexa-
ploid wheat. However, it may be argued that the
differences in isoelectric point of subunit 10 of the 5, 10
combination between the Glu-D'l and Glu-D1 sources
may not be related by descent. Consequently only six
out of the 79 accessions examined in the study ap-
peared to be related to the D genome of hexaploid
wheats on the basis of their Glu-DI and Gl/i-DI varia-
tion, since one of the original seven accessions pos-
sessed the subunit pair 5 and 10.
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