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Abstract: Variation in high molecular weight (HMW) glutenin subunit composition among 
wild and cultivated einkorn wheats (2n = 2x = 14, AA) was investigated using one- (SDS- 
PAGE and urea/SDS-PAGE) and two-dimensional (IEF x SDS-PAGE) electrophoretic 
analyses. The material comprised 150 accessions of Triticum urartu, 160 accessions of T. 
boeoticum, 24 accessions of T. boeoticum subsp, thaoudar and 74 accessions of primitive 
domesticated T. monococcum from many different germplasm collections. The biochemical 
characteristics of HMW-glutenin subunits of T. boeoticum and T. monococcum were highly 
similar to one another but distinctly different from those of T. urartu. All the species analysed 
were characterised by large intraspecific variation and only three HMW-glutenin subunit 
patterns were identical between T. boeoticum and T. monococcum. Consistent with the 
distinct nature of T. urartu, all its HMW-glutenin patterns were different from those found in 
T. boeoticum and T. monococcum. The differences detected between these species might reflect 
their reproductive isolation and are consistent with recent nomenclatural and biosystematic 
treatments that recognise T. urartu as separate species from T. boeoticum and T. monococ- 
cure. The presence of three distinct glutenin components in some accessions of the species 
studied seems to be evidence for the existence of at least three active genes controlling the 
synthesis of the HMW-glutenin subunits in the A genome of wild and primitive domesticated 
diploid wheats. Results indicate also that HMW-glutenin subunits could represent useful 
markers for the evaluation of genetic variability present in different wild diploid wheat 
collections and subsequently for their conservation and future utilisation. 

Wild species of Trit icum L. and Aegilops L. provide a useful source of new genetic 
variation for wheat improvement.  There are numerous examples of successful 
transfers of genes carrying resistance to various pathogens, environmental stresses 
or nutritionally and technologically useful characteristics from wild diploid relatives 
into the genome of polyploid wheats (see GALE &: MILLER 1987, AVVELS & LAGUDAH 
1990, for reviews). The further evaluation of genetic variability needs to include 
a detailed study of the genetic structure and differentiation of wild populat ions 
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throughout the species distribution in order to identify populations with rich allelic 
genepools. 

The increasing use of wild relatives in wheat breeding has also led to the need to 
understand the genome structure and differentiation of these species and its evo- 
lutionary relationships with cultivated wheats in more detail. 

The genus Triticum comprises wild and cultivated diploid (einkorn), tetraploid 
(emmet) and hexaploid (dinkel) species. The origins and the phylogenetic relation- 
ships between these species have been studied using various genetic, morphological 
and geobotanical methods (see KIMBER & SEARS 1987, KERBY & KUSPIRA 1987 for 
reviews). Einkorn wheat comprises three species: T. boeoticum BoIss., T. urartu TUM. 
and T. monococcum L. (MILLER 1987), the first two of which are wild and the last the 
cultivated form. These species share a variant of the wheat A genome, present in 
domesticated tetraploid (AABB or AAGG) and hexaploid (AABBDD or AAAAGG) 
wheats (KIMBER 8Z; SEARS 1987, KERBY & KUSPIRA 1987, KIMBER & FELDMAN 1987). 

Triticum boeoticum is widely distributed throughout the eastern Mediterranean 
countries of Armenia, Azerbaijan, Bulgaria, Crimea, Greece, Hungary, Iran, Iraq, 
Lebanon, Syria and Turkey (JOHNSON & DHALIWAL 1976). Two morphological 
types of T. boeoticum are recognised: subsp, aegilopoides with a single fertile floret 
and usually a single awn to each spikelet and subsp, thaoudar with two fertile florets 
and usually two awns per spikelet. They are completely inter fertile (JOHNSON 
& DHALIWAL 1976) but the geographic distribution of the subsp, aegilopoides is 
much greater than that of the subsp, thaoudar. 

Domesticated diploid wheat T. monococcum is still cultivated in marginal 
farmlands of south-eastern Europe and Turkey (KIMBER & FELDMAN 1987, VALLEGA 
1992). It resembles the wild diploids, but the ears are generally less fragile, broader 
and more dense with shorter awns (MILLER 1987). Recent nomenclatural and 
biosystematic treatments, based mainly on inter crossing, put T. boeoticum and the 
cultivated form of diploid wheats as different subspecies of the same species: T. 
m o n o c o c c u m  (SHARMA ~ WAINES 1981, WAINES 1983). Since T. monococcum has only 
a single fertile floret to each spikelet, its progenitor was almost certainly the 
single-seeded. T. boeoticum subsp, aegilopoides. The cultivated diploid is unlikely to 
have been the A genome donor because the archaeological data, although not 
comprehensive, does not show any evidence of its existence before the wild tetra- 
ploids of emmet wheat. 

Triticum urartu was identified in 1937 but its existence remained fairly obscure 
until JOI-~SON (1975) began investigating this species as possible donor of the 
B genome to the polyploid wheats. Its distribution is restricted mainly to the fertile 
crescent region and is distributed in Armenia, Azerbaijan, Iran, Iraq, Lebanon, Syria 
and Turkey (JOHNSON 1975, MILLER 1987). JOHNSON (1975) argued that T. urartu 
could be a source of the B genome, but it was shown that T. urartu chromosomes pair 
with the A genome chromosomes of the hexaploid wheat T. aestivum. Thus T. urartu 
must have an A genome like T. monococcum (DVORAK 1976); its discovery opened the 
origin of the A genomes in polyploid wheats to question (DVORAK & al. 1988). 

Biochemical, genetical and molecular aspects of high molecular weight (HMW) 
glutenin subunits have received a good deal of attention in recent years due to their 
importance in determining the flour processing properties of cultivated wheats. 
Genes controlling HMW-glutenin subunits are located on the long arm of 
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homoeologous group 1 chromosomes at loci designated Glu-1 (PAYNE 8~; al. 1981). 
Molecular analyses have shown that each Glu-1 locus contains two genes, one 
encoding a larger x-type subunit, the other a smaller y-type subunit (HARBERD & al. 
1986). Promising sources of genes coding for novel HMW-glutenin subunits are 
represented by diploid relatives of wheat T. boeoticum, T. monococcum and T. urartu 

(WAINES 8~; PAYNE 1987). 
The aim of this work is to analyse and to compare the variability of HMW- 

glutenin subunits in several accessions of diploid Triticum species by using different 
one- and two-dimensional electrophoretic procedures. 

Materials and methods 

Plant material. A total of 438 diploid wheats from different germplasm collections was 
analysed. The plant material was obtained from the Germplasm Institute of Bari (Italy), from 
the International Center for Agricultural Research in Dry Areas (ICARDA, Syria) and from 
the Plant Germplasm Institute of Kyoto (Japan). It included 160 accessions of T. boeoticum 
from Armenia, Iraq, Iran, Turkey and Lebanon; 24 accessions of T. boeoticum subsp. 
rhaoudar from Turkey, Iran and Iraq; 150 accessions of T. urartu from Lebanon, Syria, 
Turkey, Iran and Iraq and 74 accessions of T. monococcum from Italy, Greece, Turkey and 
Russia. 

The nomenclature supplied for seeds of the 160 accessions of T. boeoticum from different 
sources of germplasm collections did not indicate the subspecies. However, these can be 
considered belonging to the subsp, aegilopoides because all contained a single seed to each 
spikelet. 

The bread and durum wheat cvs Torim, Lambro, Duramba and Creso were also included 
in the electrophoretic analyses for comparison. 

Electrophoretie analyses. Crushed seeds were treated with 50% propanol. The residue 
remaining after propanol extraction was resuspended in 1 ml of Tris HC1 0.125 M pH 6.8 
buffer containing 1% sodium dodecyl sulphate (SDS) and continually stirred for 20 min, to 
further remove monomeric and small oligomeric proteins. Residual proteins were extracted 
and analysed on SDS-PAGE gels (T = 10%, C = 2.67) according to PAYNE ~ al. (1981). Urea 
SDS/PAGE was carried out as reported by LAFIANDRA 8L al. 1993a). Total proteins from 
some accessions of diploid wheats were also analysed by two-dimensional electrophoretic 
techniques, combining isoelectric focusing (IEF) in the first dimension with SDS-PAGE in 
the second essentially as described by HOLX & al. (1981). 

Results 

Variation of HMW-glutenin subunits in Triticum urartu. SDS-PAGE migration 
patterns of HMW-glutenin subunits from representative samples of T. urartu 

accessions are shown in Fig. la, together with those from bread and durum wheat 
cultivars Torim, Lambro and Duramba that possess the three major allelic variants 
detected in the durum and bread world collection at the Glu-A1 locus. The pattern of 
HMW-glutenin subunits from most of the T. urartu accessions is formed by two 
distinct electrophoretic moving zones, exhibiting one major x subunit (slower 
mobility) and one major y subunit (faster mobility) in agreement with previous 
findings (WAINES & PAYNE 1987). In all the cases, subunits of the y group appeared as 
a closely migrating doublet, that always co-migrated and were formed by a wide 
band (the slowest) and a faint band (the fastest). Generally the slow-moving zone was 
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Fig. 1. a SDS-PAGE b urea/SDS-PAGE electrophoretic separations of HMW-glutenin 
subunits from Triticum urartu accessions 1-14. Numbers indicate the Glu-A1 alleles in bread 
wheat cv. Torim (T) and in durum cvs Lambro (L) and Duramba (D). The designation of the 
subunit chromosomal groups is also given in cvs Torim (T) and Duramba (D) 

represented by only one wide band, although in some Turkish accessions two closely 
migrating bands were observed (lanes 12, 13 and 14 in Fig. la). The y subunit was not 
expressed in 18% of the T. urartu accessions (lanes 1 and 2 in Fig. la), whereas 
contrary to the findings of WAZNES & PAYNE (1987) and GALILI c~; al. (1988), 
a moderate degree of gene inactivity (3%) was also found for the x subunit (lane 3 in 
Fig. la). The range of variation for electrophoretic mobilities of the x subunits 
amongst the T. urartu accessions was significantly lower than that of the y subunits, 
being similar to that of the l a x  and 1Dx of wheat cultivars used as control. Most of 
the x subunits showed electrophoretic mobilities greater than those of the three 
major alMic variants detected in the durum and bread wheat world collection 
(subunits 1, l '  and 2*) and equal to or narrower than the subunit 1Dx 5 present in cv. 
Torim. Only some Turkish accessions possessed x subunits having mobilities 
intermediate to those of subunits 1' and 2* (lane 14 in Fig. la). In all the T. urartu 

accessions analysed the y subunits had electrophoretic mobilities faster than the 
subunit 1Dy 10 ofcv. Torim, except for the presence of one subunit in some Lebanese 
accessions with a slower mobility (lane 4 in Fig. la). 
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Urea/SDS-PAGE was carried out on all the diploid species in order to provide 
some information about the biochemical differences between the HMW-glutenin 
subunits of these species and to detect additional variability for these proteins. In the 
presence of urea the migration patterns of T. urartu x subunits showed a similar 
behaviour to those of the l a x  subunits of the cultivars used as control (Fig. lb). All 
the x subunits controlled by A genomes in both cultivated and wild wheats had 
a faster electrophoretic mobility than the 1Dx subunit of cultivar Torim. However, 
the relative electrophoretic mobility of the T. urartu x subunits did not change in 
comparison with the SDS-PAGE. Generally the T. urartu x subunits showed 
electrophoretic mobilities greater than those of the lAx subunits from the cultivated 
wheats except for the presence in some Turkish accessions of one subunit with slower 
mobility than the subunit 2* of cv. Duramba (lane 14 in Fig. lb). Conversely, 
comparison of SDS-PAGE HMW-glutenin subunit patterns of T. urartu with those 
in Urea/SDS-PAGE indicated that, in the latter, the y subunits migrated much faster 
than the 1Dy and 1By subunits of wheat controls. 

Furthermore urea/SDS-PAGE enabled the detection of a much greater hetero- 
geneity, in particular for the y subunits, which appeared more sensitive to the 
addition of urea to the SDS-containing gels than the x subunits. Subunits with 
identical apparent Mrs by SDS-PAGE (e.g. lines 6 and 7, or 8, 9 and 10 in Fig. la) 
were revealed to be different by urea/SDS-PAGE showing a different electrophoretic 
mobility (same lines in Fig. lb). Other y subunits changed the relative mobilities in 
the presence of urea. For example some Iraqi accessions showed a y subunit with 
higher apparent MrS in SDS-PAGE (lane 11 in Fig. la) than those of some 
accessions from Turkey (lanes 12, 13 and 14 in Fig. la) but in the gels containing urea 
the relative electrophoretic mobilities of these subunits were reversed (compare lane 
11 with lanes 12, 13 and 14 in Fig. lb). 

A total of 22 different HMW-glutenin patterns were detected in the 150 acces- 
sions of T. urartu studied, resulting from the combination of 15 x and 11 different 
y subunits. Out of the 22 allelic variants detected 7, 4 and 3 occurred only in the 
Turkish, Syrian and Lebanese materials, respectively, and 2 were present only in the 
Iranian and Iraqi accessions, respectively, whereas the remaining 4 had common 
origins between Lebanese and Syrian materials (2), between Iranian and Turkish 
materials (1) and between Iraqi and Iranian materials (1). 

Some alleles were unique to specific populations collected in a particular 
geographic area (e.g. lane 2 from Turkey, lane 3 from Syria and lane 4 from Lebanon 
in Fig. la, b). Other alleles were found only in two populations from close locations 
in Lebanon and Turkey, respectively (lanes 5 and 8 in Fig. la, b). Other were 
widespread in different locations for each country (Fig. la, b; e.g. lanes 13 and 14 in 
Turkey, lane 6 in Syria). Finally, out of the 4 alleles of common origins, two were 
widespread across different locations of Syria and Lebanon (lanes 1 and 9 in Fig. la, 
b), whereas the other two were sporadic, being found only in two and five accessions 
from Iran and Turkey (lane 7) and in one and two accessions from Iraq and Iran (lane 
10), respectively. 

Two-dimensional separation (IEFxSDS-PAGE) of total proteins from T. urartu 

accessions with different HMW-glutenin patterns are shown in Fig. 2. In all the T. 
urartu accessions analysed two spots were present on the two-dimensional maps that 
could be assigned to the y subunit. The major component, that comprises some 
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Fig. 2. Two-dimensional fractionation (IEFxSDS-PAGE) of total proteins from Triticurn 

urartu accessions with different HMW-glutenin patterns. The components belonging to the 
x- and y-type subunit groups are indicated. Arrows infindicate the major spots of the three 
distinct groups detected for the x subunit in the two-dimensional analyses of some Turkish 
accessions 

70-80% of the total, was slightly more basic that the minor one. Generally the 
x subunits were resolved into three components with similar MrS and in which the 
minor spots had a slightly more acid isoelectric point (pI) than the major one (Fig. 
2b-e). In these cases the major component  of the x subunit group was acidic in 
contrast to the near neutral and/or relatively basic isoelectric points of the major 
component  of the y subunit. The range of variation for relative pI of the main bands 
of the x subunit (4.5-6.3) was larger than that of the major components of the 
y subunit (6.5-7.3). However, in some Turkish accessions, that on SDS-PAGE and 
urea/SDS-PAGE showed two closely migrating bands for the slow-moving zone of 
HMW-glutenin pattern (lanes 12, 13 and 14 in Fig. la, b), the x subunits were 
fractionated into several components with very different pI (Fig. 2f). In these 
accessions it was possible to distinguish three distinct groups for x subunits. The first 
included six components, that appeared as a closely migrating doublet and in which 
the major bands had relative isoelectric point similar to those detected in most T. 



HMW-glutenin subunits in einkorn wheats 129 

urartu accessions (pI = 5-5.5). The second contained a component  with a slightly 
more basic pI, whereas the third included three components that were much more 
basic (pI = 7.0-7.5) than those of the other two groups and of the main y sub- 
unit. 

Variation of HMW-glutenin subunits in T. boeoticum. The HMW-glutenin 
subunit patterns of most of T. boeoticum accessions analysed were quite different 
from those present in T. urartu, exhibiting a major subunit of low mobility (x 
subunit) and a series of less prominent subunit bands of faster mobility with one 
dominant  (y-subunit) (Fig. 3a). However, in 10% of T. boeoticum accessions only one 
well-distinguished subunit of lower mobility (x subunit) was observed (lanes 1, 2 and 
11 in Fig. 3a), probably because the gene for the y subunit was inactive. None of these 
accessions, in fact, showed the multitude of minor bands that are characteristic of the 
cluster ofy subunits. It is worth mentioning also that only in five Turkish accessions, 
other than the cluster of y subunit bands, an additional component  with greater 
mobility was present in the faster moving zone (lane 3 in Fig. 3a). The range of the 
mobilities of the T. boeoticum x subunits was similar to that observed in T. urartu, 

although the average mobilities of the all the x variants were slightly slower. About 
40% of accessions possessed x subunits having mobility intermediate to those of the 
subunits 1 and 2* ofcvs Torim and Duramba,  whereas only in three Iraqi accessions 
the x subunit had electrophoretic mobility faster than the 1Dx subunit of cv. Torim 
(lane 6 in Fig. 3a). The range of variation for electrophoretic mobilities of the 
dominating y subunits in T. boeoticum was significantly lower than that detected in 
T. urartu. The main y subunits usually had mobilities intermediate between those of 
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Fig. 3. a, c SDS-PAGE and b, d urea/SDS-PAGE electrophoretic separations of HMW- 
glutenin subunits from 19 Triticum boeoticum and eight T. thaoudar accessions, respectively. 
Numbers indicate the Glu-A1 alleles in bread wheat cv. Torim (T) and in durum cvs Lambro 
(L) and Duramba (D). The designation of the subunit chromosomal groups is also given in 
cvs Torim (T) and Duramba (D) 
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the 1Bx and 1By from cultivated wheats with the exception of the presence in some 
Turkish and Lebanese accessions of the main components with mobilities greater 
than the 1By subunit (lane 15 in Fig. 3a) and equal to or narrower than the 1Dy 
subunit from the cv. Torim (lanes 18 and 19 in Fig. 3a), respectively. 

In urea/SDS-PAGE all the x subunits migrated faster than the 1Dx subunit ofcv. 
Torim but did not change their relative electrophoretic mobility with respect to the 
lAx subunits of cultivars used as controls (Fig. 3b). On the contrary, the migration 
patterns of y subunits showed a different behaviour from that observed in T. urartu. 
In presence of urea the cluster of T. boeoticum y subunits migrated much slower than 
that of T. urartu, with the major components in most of the accessions close to the 
x subunits and having an electrophoretic mobility similar to that of 1Bx subunits of 
control wheats (Fig. 3b). Only in some Turkish and Lebanese accessions the relative 
electrophoretic mobility of the main y subunit did not change in comparison with 
SDS-PAGE (lanes 15, 18 and 19 in Fig. 3a, b). 

SDS-PAGE and Urea-SDS-PAGE analyses of residual proteins from T. 
boeoticum revealed the presence of a wider polymorphism for HMW-glutenin 
subunits than in T. urartu. A total of 36 different patterns was detected in the 160 
accessions of T. boeoticum studied, deriving from the combination of 14 x and 18 
main y different subunits. The highest variation was found in the material from 
Turkey and Iraq, with 12 and ten different HMW-glutenin subunit patterns, 
respectively, whereas seven and five allelic variants were present in Iranian and 
Lebanese accessions. Only two patterns occurred in the Armenian material, al- 
though the number of accessions analysed (eight) was relatively low in comparison 
with those from the other countries. In T. boeoticum more than in T. urartu, 
accessions collected from the same geographic area had similar electrophoretic 
pattern for HMW-glutenin subunits, but these patterns often differed substantially 
from those of accessions collected from more distant geographical areas. For 
example, as shown in Fig. 3a, b, most of the patterns detected in Iraqi (like those 
reported in lanes 12, 13 and 14), Turkish (lanes 1, 2, 3, 4), Iranian (lanes 9 and 10) and 
Lebanese (lanes 11 and 16) materials were unique to specific populations or 
accessions collected in a particular location. Some other allelic variants were present 
in populations from close locations in Iraq (lane 6), Turkey (lane 5) and Iran (lane 17), 
respectively. Occasionally, however, we found some HMW-glutenin patterns that 
were widespread across geographically distant sites in Turkey (e.g. lanes 7 and 15) 
and in Lebanon (lane 18), whereas no allelic variants had common origin between 
the different countries. 

A corresponding analysis by SDS-PAGE and urea/SDS-PAGE of eight acces- 
sions of T. thaoudar is shown in Fig. 3c, d, respectively. In all the 24 accessions of T. 
thaoudar analysed, the HMW-glutenin patterns were similar to those of T. boeoticum 
(subsp. aegilopoides). Out of the 24 accessions analysed, 22 (lanes 2-8) showed an 
identical pattern formed by two different electrophoretic moving zones. The slow- 
moving zone was represented by only one band whose migration was slightly faster 
than the subunit 2* ofcv. Duramba. The fast-moving zone was composed of difl'erent 
bands with the major one in SDS-PAGE located between 1Bx and 1By subunits of 
cultivated wheats. In presence of urea the cluster of y subunits showed the same 
behaviour as that from T. boeoticum (Fig. 3d). This allelic variant was common in 
different accessions from Turkey, Iran and Iraq and coincided with one observed in 
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Fig. 4. Two-dimensional fractionation (IEFxSDS-PAGE) of total proteins from T. 
boeoticum accessions with different HMW-glutenin patterns. The components belonging to 
the x- and y-type subunit groups are indicated. Arrows in the region of HMW-glutenin 
subunits of some accessions indicated some minor components that differed from both x- and 
y-subunit groups for their pI and Mrs 

T. boeoticum accessions collected in different locations from Turkey (lane 7 in Fig. 
3a, b). The other HMW-glutenin pattern detected in T. thaoudar (lane 1 in Fig. 3c, d) 
was found in two accessions from close locations in Turkey and appeared similar to 
one present in different T. boeoticum accessions from the same country (lane 5 in Fig. 
3a, b). 

As observed also in T. urartu, the HMW-glutenin subunits of T. boeoticum 
detected by one dimensional SDS-PAGE split into several components during 
IEFxSDS-PAGE: three for the x subunit, with the major component  having a more 
basic pI than the minor ones, and two for the y subunit, in which the main band was 
slightly more acidic than the minor one (Fig. 4). Multiple minor bands with different 
pI and Mrs have also been observed in the two-dimensional map of the HMW- 
glutenin subunits from T. boeoticum. Most of these faint minor bands were clearly 
related to the main y subunit, whereas some others differed from both x and y 
subunit groups for their pI and Mrs. It is interesting to note also that some minor 
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components, not detected in one dimensional SDS-PAGE, were present in the 
HMW-glutenin subunit region of the accessions where the gene for the y subunit was 
inactive (Fig. 4a). This was probably explained by the two different extraction 
procedures used in one and two-dimensional electrophoretic analyses. Before SDS- 
PAGE and urea/SDS-PAGE, the residue from the sample used for gliadin extraction 
was resuspended in a buffer containing SDS to further remove monomeric and small 
oligomeric proteins, whereas in IEFxSDS-PAGE all the proteins were fractionated, 
including also the monomeric ones. This suggested that some of the minor bands 
detected in two-dimensional analyses did not form disulphide-linked aggregates and 
therefore were eliminated after the SDS wash. We have observed that some 
components, extracted with 70% ethanol, were present in the region of HMW- 
glutenin subunits when the reducing agent (dithiothreitol) was eliminated from the 
protein sample (results not shown). Therefore it is possible that some of the minor 
bands detected in the region of the HMW-glutenin subunits were gliadin polypep- 
tides having unusually high molecular mass. The hypothesis was confirmed by the 
finding of a gene in T. boeoticum that was closely linked to the gliadin-coding locus, 
producing a polypeptide with a molecular mass in SDS-PAGE similar to that of an 
average HMW-glutenin subunit (METAKOVSKY & BABOEV 1992). 

Comparison of IEFxSDS-PAGE of total proteins from T. urartu and T. 
boeoticum revealed further differences on the biochemical characteristics of the 
HMW-glutenin subunits of the two diploid wild species. Contrary to the case of T. 
urartu, in all the T. boeoticum accessions analysed, the major component of the 
x group was more basic than the major one of the two y-subunits (Fig. 4). The relative 
isoelectric points of the main x subunits were more variable (ranging from 6.0 to 
7.5) than those of the major component of y subunits (4.5-5.0). The same 
behaviour for the relative isoelectric point was observed in T. thaoudar (results not 
shown). 

Variation of HMW-glutenin subunits in T. monococcum.  Electrophoretic anal- 
yses carried out on the 74 accessions of T. monococcum indicated that the HMW- 
glutenin subunit patterns were much more similar to those of T. boeoticum than to 
those of T. urartu. The HMW-subunits of most T. monococcum accessions presented 
a major subunit of low mobility (x-type), whose migration in SDS-PAGE and 
urea/SDS-PAGE was usually slightly faster than the subunit 2* ofcv. Duramba, and 
a series of different bands of faster mobility with one dominant (y-type), which are 
characteristics of T. boeoticum (Fig. 5a, b). The dominating y subunits usually had 
SDS-PAGE mobilities intermediate between those of 1Bx and 1By subunits of 
cultivated wheats, whereas in urea/SDS-PAGE their migrations were equal to or 
narrower than that of 1Bx subunits ofcvs Torim and Duramba. Only one accession 
from Turkey showed a distinctive banding pattern of HMW-glutenin, containing in 
addition to the cluster of y subunit bands a component with greater mobility in the 
faster moving zone (lane 4 in Fig. 5a, b). 

Two-dimensional analyses (IEFxSDS-PAGE) of total proteins from different 
accessions of T. monococcum indicated also that the main x and y-subunits could be 
distinguished from those of T. urartu on the basis of significant differences of their 
relative isoelectric points. Similarly to that observed in T. boeoticum, the dominating 
y subunit was more acidic (pI ranging from 4.3 to 4.8) than the major x subunit (pI 
ranging from 5.8-7.0) (Fig. 6). 
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Fig. 5. a SDS-PAGE b urea/SDS-PAGE electrophoretic separations of HMW-glutenin 
subunits from 12 Triticurn monococcum accessions. Numbers indicate the Glu-A1 alleles in 
bread wheat cv Torim (T) and in durum cvs Lambro (L) and Duramba (D). The designation 
of the subunit chromosomal groups is also given in cvs Torim (T) and Duramba (D) 
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Fig. 6. Two-dimensional fractionation (IEFxSDS-PAGE) of HMW-glutenin subunits from 
Triticum monococcum (a, b, c) and T. urartu (d, e) accessions. The components belonging to 
the x- and y-type subunit groups are indicated 



134 M. CIAvvI & al.: 

A relatively lower level ofpolymorphism was found for Glu-1 encoded proteins in 
T. monococcum than in T. urartu and T. boeoticum. A total of 14 HMW-glutenin 
patterns was identified amongst the 74 accessions analysed with the most common 
occurring in 27 different genotypes from Turkey, Russia and Greece (lanes 8 and 10 
in Fig. 5a, b): The highest variability was observed in the material from Turkey and 
Greece, with 5 and 4 different HMW-glutenin patterns, respectively, whereas 3 and 
2 allelic variants were present in Russian and Italian accessions. 

The close relationships between T. boeoticum and T. monococcum was confirmed 
by the finding that out of the 36 and 14 HMW-glutenin subunit patterns detected in 
wild and domesticated diploid wheats, respectively, three were identical, whereas no 
alMic variants in common were found among these wheats and T. urartu. For 
example, the same HMW-glutenin subunit pattern found in 22 T. thaoudar acces- 
sions from Turkey, Iran and Iraq (lanes 2-8 in Fig. 3c, d) and in 18 T. boeticum 
accessions collected in different locations from Turkey (lane 7 in Fig. 3a, b) coincided 
with one observed in eight T. monococcum accessions from Turkey (lane 1 in 
Fig. 5a, b). 

Discussion 

The present results confirm the phylogenetic relationships among the three diploid 
Triticum species determined by isozyme analyses (SMITH-HUERTA & al. 1989, JAASKA 
1993), electrophoretic studies of the non-prolamin fraction of seed storage proteins 
(JohNsoN 1975, DVORAK 1976, KONAREV 1979), restriction fragment length polymor- 
phism (RFLP) analysis using single copy or repetitive DNA sequences (DvoRAK 
& al. 1988, GALILI & al. 1991, TAKUNI & al. 1993) and are consistent with recent 
nomenclatural and biosystematic treatments that recognise T. urartu as separate 
species from T. boeoticum and T. monococcum (WAINES & BARNHART 1992, 
MORRISON 1993). 

The patterns and biochemical characteristics of HMW-glutenin subunits of T. 
boeticum, with both the subspp, aegilopoides and thaoudar, and T. monococcum were 
highly similar to one another but distinctly different from those of T. urartu. The 
differences in isoelectric points detected for HMW-glutenin subunits in T. urartu, T. 
boeoticum and T. monococcum will strictly reflect differences in the nucleotide 
sequence of their encoding genes. On the other hand the different behaviour of y-type 
HMW-glutenin subunits of T. urartu from that observed in T. boeticum and T. 
monococcum in the presence of urea indicated additional biochemical differences 
between these proteins in the three diploid species. Such differences are probably 
responsible for the decrease in electrophoretic mobility of the y-subunits of T. 
boeoticum and T. monococcum in the presence of urea, resulting from altered shape of 
the molecule or differential binding of SDS. The similarity in the one (SDS-PAGE 
and urea/SDS-PAGE) and two-dimensional (IEFxSDS-PAGE) migration patterns 
of HMW-glutenin subunits of T. urartu and those of the A genome in T. dicoccoides 
with both x- and y-subunits (LAFIANDRA & al. 1993b, CIAFFI & al. 1993a, and unpubl. 
results) supports the hypothesis that T. urartu, rather than T. boeoticum, is the donor 
of the A genome to the cultivated polyploid wheats. 

In addition to phylogenetic studies, HMW-glutenin subunits could represent 
useful markers for the evaluation of genetic variability present in different wild 
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diploid wheat collections and subsequently for their conservation and future 
utilisation. The genetic diversity in enzyme loci of the diploid wild species T. 
boeoticum and T. urartu was low compared to the very large variation for HMW- 
glutenin subunits detected in these species (SMITH-HUERTA ~; al. 1989, JAASKA 1993). 
These protein markers could be used in a complementary way to enzyme markers for 
population-genetical studies (FELSENBUe, G & al. 1991, CIAFFI & al. 1993b, 
LAFIANDRA & al. 1993b). The high polymorphism and gene diversity of HMW 
glutenin loci and the tendency of some alleles to occur locally and sporadically could 
lead to a more detailed marking of genotypes in relation to the environment than is 
possible with enzyme markers. On the other hand, the large number of enyzme loci 
and their distribution throughout the genome facilitate the coverage of a larger part 
of the genome. 

The HMW-glutenin subunits of all diploid species analysed fractionated into 
several components during IEFxSDS-PAGE (Figs. 2, 4, 6). HOLT & al. (1981) also 
found that the x and y HMW-glutenin subunits of cultivated wheats detected by 
one-dimensional SDS-PAGE split into several components during isoelectric focus- 
ing. It has been suggested by the same authors that these multiple bands are either 
products of the same gene or, alternatively, products of closely linked and duplicated 
genes. The finding that each Glu-1 locus in cultivated wheats only contains two genes 
(HARBERD & al. 1986) clearly supports the first hypothesis. Our results also indicates 
that the multiple bands detected for both x and y subunits in most of diploid wheat 
accessions are controlled by a single gene. In all the patterns, the three (slower 
electrophoretic moving zone) or the two (faster moving zone) subunits were all 
present or absent (Figs. 2, 4, 6); inactivation that is a common phenomenon in HMW 
glutenin subunits of cultivated polyploid wheats and also occurs in diploid wheats 
never affected only one of these subunit groups. These subunit groups also showed 
a strong correlation in Mrs and relative isoelectric point. If they were encoded by 
different genes, their allelic variation should not have been related. As pointed out by 
LEVY & al. (1988) there are several molecular mechanisms to produce two or more 
polypeptides from a single gene; one of them could imply proteolytic activity either 
during endosperm development or protein extraction. This last mechanism could be 
responsible for faster moving double bands observed in one-dimensional analyses 
(SDS-PAGE and urea/SDS-PAGE) in all the T. urartu accessions. This seems to be 
the case for the minor bands showing similar pI in IEFxSDS-PAGE detected in the 
y and x subunit groups of most diploid wheats analysed but not for those observed 
for the x subunit group of some T. urartu accessions from Turkey, where in the zone 
of the x subunits several components are present with very different isoelectric points 
(Fig. 2f). In addition, some T. boeoticum and T. monococcum accessions showed two 
well separated components in the slower migrating pattern that could be not 
classified as minor bands (lanes 3 in Fig. 3 and lanes 4 in Fig. 5). The appearance of 
more than two main components could be also explained by the existence of 
heterozygous plants for HMV-glutenin loci. Consequently, plants of the different 
accessions showing more than two main bands were self-pollinated and the progeny 
of each plant was analysed by SDS-PAGE. In all cases the electrophoretic pattern 
was the same as that observed in parentals. This indicated that in some diploid 
wheats there must be at least a third gene for HMW-glutenins, although further 
genetic and molecular analyses should be made in order to confirm this hypothesis. 



136 M. CIAFFI & al.: 

References 

APPELS, R., LAGUDAH, E. S., 1990: Manipulation of chromosomal segments from wild wheat 
for the improvement of bread wheat. - Austral. J. P1. Physiol. 17: 253-266. 

CIAFFI, M., LAFIANDRA, D., PORCEDDU, E., BENEDETTELLI, S., 1993a: Storage protein variation 
in wild emmer wheat (Triticum turgidum ssp. dicoccoides) from Jordan and Turkey. I. 
Electrophoretic characterization of genotypes. - Theor. Appl. Genet. 86: 474-480. 

. . . .  1993b: Storage protein variation in wild emmer wheat (Triticum turgidum ssp. 
dicoccoides) from Jordan and Turkey. II. Patterns of allele distribution. - Theor. Appl. 
Genet. 86: 518-525. 

DVORAK, J., 1976: The relationship between the genome of Triticum urartu and the A and 
B genomes of Triticum aestivum.- Canad. J. Genet. Cytol. 18: 371-377. 

- McGuIRE, P.E., CASSlDY, B., 1988: Apparent sources of the A genomes of wheats inferred 
from polymorphism in abundance and restriction fragment length of repeated nucleotide 
sequences.- Genome 30: 680-689. 

FELSENBURG, T., LEVY, A. A., GALILI, G., FELDMAN, M., 1991: Polymorphism of high- 
molecular-weight glutenins in wild tetraploid wheat: spatial and temporal variation in 
a native site. - Israel J. Bot. 40: 451-479. 

GALE, M. D., MILLER, T. E., 1987: The introduction of alien genetic variation in wheat. - In 
LUPTON, F. G. H., (Ed.): Wheat breeding: its scientific basis, pp. 173-200.- London: 
Chapman & Hall. 

GALILI, G., FELSENBURG, T., LEVY, A. A., ALTSCHULER, Y., FELDMAN, M., 1988: Inactivity of 
high-molecular weight glutenin genes in wild diploid and tetraploid wheats. - In MILLER, 
T.E., KOEBNER, R. M. D., (Eds): Proc. 7th Int. Wheat Genet. Symp., pp. 81-87.-  Cam- 
bridge, UK: Institute of Plant Science Research. 

GALILI, S., GALILI, G., FELDMAN, M., 1991: Chromosomal location of genes for Rubisco small 
subunit and Rubisco-binding protein in common wheat. - Theor. Appl. Genet. 81: 98-104. 

HARBERD, N. P., BARTELS, P. D., THOMPSON, R. D., 1986: DNA restriction fragment variation 
in the gene family encoding high-molecular-weight (HMW) glutenin subunits of wheat. - 
Biochem. Genet. 24: 579-595. 

HOLT, L. M., ASTIN, R., PAYNE, P. I., 1981: Structural and genetical studies on the high- 
molecular-weight subunits of wheat glutenin. Part 2: relative isoelectric points determined 
by two-dimensional fractionation in polyacrylamide gels. - Theor. Appl. Genet. 60: 237- 
243. 

JAASKA, V., 1993: Isoenzymes in the evaluation of germplasm diversity in wild diploid 
relatives of cultivated wheat. - In DAMANIA, A. B., (Ed.): Biodiversity and wheat improve- 
ment, pp. 247-257. - ICARDA, Wiley. 

JOHNSON, B. L., 1975: Identification of the apparent B-genome donor of wheat. - Canad. J. 
Genet. Cytol. 17: 21-39. 

- DHALIWAL, H. S., 1976: Reproductive isolation of Triticum boeoticum and T. urartu and 
the origin of tetraploid wheats. - Amer. J. Bot. 63: 1088-1094. 

KERBY, K., KUSPIRA, J., 1987: The phylogeny of polyploid wheats Triticum aestivum (bread 
wheat) and T. turgidum (macaroni wheat). - Genome 29: 722-737. 

KIMBER, G., FELDMAN, M., 1987: Wild wheat: an introduction.-  Special Report No. 353. - 
Columbia, Missouri: College of Agriculture, University of Missouri. 

- SEARS, E. R., 1987: Evolution in the genus Triticum and the origin of cultivated wheat. - In 
HEYNE, E. G., (Ed.): Wheat and wheat improvement, pp. 154-164. - Madison, Wisconsin: 
American Society of Agronomy. 

KONAREV, V. G., GAVRIULUK, I. P., GUBAREVA, N. K., PENEVA, T. I., 1979: Seed proteins in 
genome analysis, cultivar identification and documentation of cereal genetic resource: 
a review. - Cereal Chem. 56: 272-278. 



HMW-glutenin subunits in einkorn wheats 137 

LAFIANDRA, D.,.D' OVIDIO, R., PORCEDDU, E., MARGIOTTA, B., COLAPRICO, G., 1993a: New 
data supporting high Mr glutenin subunit 5 as the determinant of quality differences 
among the pairs 5 + 10 vs 2 + 12. - J. Cereal Sci. 18:197 204. 

-- CIAFFI, M . ,  BENEDETTELLI, S., 1993b: Seed storage proteins of wild wheat progenitors. - In 
DAMANIA,  A.  B.,  (Ed.) :  Biodiversity and wheat improvement, pp. 329-340.- ICARDA, 
Wiley. 

LEVY, A. A., GALILI ,  G . ,  FELDMAN, M . ,  1988: Polymorphism and genetic control of high- 
molecular-weight glutenin subunit in wild tetraplotd wheat Trit icum turgidum var. 
dicoccoides . -  Heredity 61: 63-72. 

METAKOVSKY, E.  V. ,  BABOEV, S. K . ,  1992: Polymorphism of gliadin and unusual gliadin 
alleles in Trit icum boeoticum. - Genome 35: 1007-1012. 

MILLER, T. E., 1987: Systematic and evolution. - In LUPTON, F. G. H., (Ed.): Wheat breeding: 
its scientific basis, pp. 1-30. - London: Chapman & Hall. 

MORRISON, L .  A. ,  1993: Trit icum-Aegilops systematics: taking an integrative approach.- In 
DAMANIA,  A.  B., (Ed.): Biodiversity and wheat improvement, pp. 59-66.-  ICARDA, 
Wiley. 

PAYNE, P. I., HOLT, L. M., LAW, C. N., 198t: Structural and genetical studies on the high- 
molecular-weight subunits of wheat glutenin. Part 1: alMic variation in subunits among 
varieties of wheat (Tri t icum aes t ivum) . -  Theor. Appl. Genet. 60: 229-236. 

SHARMA, H. C., WAINES, J. C., 1981: The relationship between male and female fertility and 
among taxa in diploid wheats.- Amer. J. Bot. 68: 449-451. 

SMITH-HUERTA, N. L., HUERTA, A. J., BARNHART, D., WAINES, J. G., 1989: Genetic diversity in 
wild diploid wheat Trit icum monococcum vat. boeoticum and T. urartu (Poaceae). - Theor. 
Appl. Genet. 78: 260-264. 

TAKUNI, S., NASUDA, S., LIU, Y. G., TSUNEWAKY, K., 1993: Wheat phylogeny determined by 
RFLP analysis of nuclear DNA. 1. Einkorn wheat. - Jap. J. Genet. 68: 73-79. 

VALLEGA, V. ,  1992: Agronomical performances and breeding value of selected strains of 
diploid wheat, Trit icum monococcum. -  Euphytica 61: 13-23. 

WAINES, J. G., 1983: Genetic resources in diploid wheats: the case for diploid commercial 
wheats. - In Proc. 6th Int. Wheat Genet. Symp., pp. 115-122. - Kyoto: Kyoto University. 

- PAYNE, P. I., 1987: Electrophoretic analysis of the high-molecular weight glutenin subunits 
of Trit icum monococcum, T. urartu and the A genome of bread wheat (T. aes t ivum) . -  
Theor. Appl. Genet. 74: 71-76. 

-- BARNHART,  D . ,  1992: Biosystematics research in Aegilops and Triticum. - Hereditas 116: 
207-212. 

Address of the authors: MARIO CIAFFI, LORETTA DOMINICI, DOMENICO LAFIANDRA, 
Dipartimento di Agrobiologia ed Agrochimica, Universit~t della Tuscia, Via S. Camillo de 
Lellis, 1-01100 Viterbo, Italy. 

Accepted July 5, 1996 by R. APPLES 

Verleger: Springer-Verlag KG, Sachsenplatz 4-6, A-1201 Wien. - -  Herausgeber: Prof. Dr. Friedrich Ehrendorfer, Institut ftir 
Botanik und Botanischer Garten der Universit~it Wien, Rennweg 14, A-1030 Wien. Redaktion: Rennweg 14, A-1030 Wien. - -  
Satz und Umbruch:Thomson Press (India) Ltd., New Delhi. - Druck und Bindung: Adolf Holzhausens Nfg., Kandlgasse 19-21, 

A-1070 Wien, Verlagsort: Wien. - -  Herstellungsort: Wien. - -  Printed in Austria. 

Offenlegung gem. § 25 Abs. 1 bis 3 Mediengesetz. 
Unternehmensgegenstand: Verlag von wissenschaftlichen Btichem und Zeitschriften. 

An der Springer-Verlag KG ist beteiligt: Verlassenschaft nach Dr. Konrad F. Springer, Sachsenplatz 4-6, A-1201 Wien, 
als Kommanditist zu 52,38%. GeschRftsffihrer: Prof. Dr. Dietrich G6tze, Ing. Wolfram F. Joos, Dipl.-Kfm. Claus Michaletz und 

Rudolf Siegle, alle Sachsenplatz 4-6, A-1201 Wien. 


