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Abstract: Club wheat (Triticum aestivum L. ssp. compactum (Host) Mackey), macha wheat (T. aestivum
L. ssp. macha (Dekapr. & A.M. Menabde) Mackey) and Indian dwarf wheat (T. aestivum L. ssp.
sphaerococcum (Percival) Mackey) are three neglected or underutilized subspecies of hexaploid
wheat. These materials were and are used to elaborate modern and traditional products, and they
could be useful in the revival of traditional foods. Gluten proteins are the main grain components
defining end-use quality. The high molecular weight glutenin subunit compositions of 55 accessions
of club wheat, 29 accessions of macha wheat, and 26 accessions of Indian dwarf wheat were
analyzed using SDS-PAGE. Three alleles for the Glu-A1 locus, 15 for Glu-B1 (four not previously
described), and four for Glu-D1 were detected. Their polymorphisms could be a source of genes for
quality improvement in common wheat, which would permit both their recovery as new crops and
development of modern cultivars with similar quality characteristics but better agronomic traits.
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1. Introduction

Wheat is an important crop that has been associated with human food for many centuries [1]. It
is the basis for a diverse range of products, mainly bread, noodles, pasta, and beer, which are present
in most diets worldwide. In some cases, the same wheat type is used for all four different products
depending on the geographical or cultural area [2]. Up until the Industrial Revolution, all baking
processes were carried out by hand, which permitted the use of wheat varieties with rheological
properties greatly different to current wheat varieties. Nevertheless, the use of machinery in baking
processes forced people to look for varieties with very specific qualities [3], neglecting the traditional
wheats mainly because of their lower yields and, in many cases, their unsuitability for mechanized
production.

In recent times, in many places throughout the world, the search for more balanced and healthier
diets has strengthened the return to traditional products [4]. However, paradoxically, one of the main
problems is the need to use the flour of modern cultivars to develop these old products, and this is
not successful in all cases because the modern cultivars have characteristics adapted to new uses. In
this context, recovery of the materials that were traditionally used to develop these products has
proven to be key in this revival.

In addition, some studies have suggested that the wheat breeding programs centered on high-
yield cultivars could have eroded the genetic variability from the quality traits among and within
cultivars [5]. This has given great importance to the search for species that could be useful in
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contributing genes for wheat quality improvement [6]. Wheat relatives are considered to be
interesting sources of new alleles for these traits that could increase the crop’s genetic basis [7].
Among these relatives, the wild relatives as well as the old varieties and landraces of the current or
ancient wheats of all ploidic levels are included. Utilization of these latter materials as gene sources
is advantageous, compared to the wild relatives, because they are easy to cross with modern wheat
and there is little linkage drag of unwanted traits, which results from their high degree of
domestication [8].

Wheat quality is associated with three main grain components: endosperm storage proteins
related to gluten visco-elastic properties [9], starch synthases related to starch [10], and puroindolines
related to grain hardness [11]. The endosperm storage proteins are divided in two main groups,
gliadins and glutenins, according to their molecular characteristics [12]. Glutenins are also divided
into high molecular weight (HMWGs) and low molecular weight (LMWGs) subunits [13,14].
HMWGs are coded at the Glu-1 loci located on the long arm of group-1 homologous chromosomes,
whereas the Glu-3 loci that code for the LMWGs and the Gli-1 loci that controls synthesis of w-, -,
and some [B-gliadins are located on the short arm. On the short arm of group-6 homologous
chromosomes, the Gli-2 loci that code mainly for components present in the o region and some -
gliadins are located [15]. Among the endosperm storage proteins, the best studied are the HMWG
subunits coded at the Glu-Al, Glu-B1, and Glu-D1 loci on the long arm of group-1 homologous
chromosomes in common wheat [12]. Each locus consists of two linked genes that code for two types
of HMWG subunits, with different mobilities in SDS-PAGE, named x- and y-types [16].

Within the hexaploid species, over the last decade, our research group has conducted several
studies on the genetic diversity for endosperm storage proteins, waxy proteins, and puroindolines in
Spanish and Mexican landraces of common wheat (Triticum aestivum L. ssp. aestivum) [17,18] and
Spanish spelt wheat (T. aestivum L. ssp. spelta (L.) Thell.) [19-22]. Recently, other neglected or
underutilized wheat subspecies have been screened for genes related to quality traits, including club
wheat (T. aestivum L. ssp. compactum (Host) Mackey) (important in the Pacific Northwest region in
the USA but not in the rest of the world) and Indian dwarf wheat (T. aestivum L. ssp. sphaerococcum
(Percival) Mackey), both included within the naked wheat group as common wheat, and macha
wheat (T. aestivum L. ssp. macha (Dekapr. & A.M. Menabde) Mackey) from the same hulled wheat
group as spelt wheat. Our data obtained with these species showed notable variability for waxy
proteins (granule-bound starch synthase I, E.C. 2.4.11.11), detecting new allelic variants for starch
synthase not previously described in common wheat [23]. However, variability studies on the
endosperm storage proteins in these species have been scarce, showing low variation [24,25].

The main goal of this survey was to evaluate the polymorphisms of the seed storage proteins
present in a collection of hexaploid wheats, club wheat, macha wheat, and Indian dwarf wheat,
collected in their natural distribution areas. The variation of these wheats for endosperm storage
proteins could be a good source of quality genes for common wheat breeding, increasing the wheat
genetic background together with the development of new cultivars.

2. Materials and Methods

2.1. Plant Material

Fifty-five accessions of club wheat, 29 accessions of macha wheat, and 26 accessions of Indian
dwarf wheat obtained from the National Small Grain Collections (Aberdeen, Idaho, USA) were
analyzed in this study (Tables S1, S2 and S3). At least five grains for each accession were analyzed to
detect the possible intra-accession variability.

The HMWGs alleles were designated according to Payne and Lawrence [26]. Several cultivars
of durum (cv. Lobeiro: 1, 14+ 15) and common wheat (cv. Chinese Spring: null, 7+ 8, 2+ 12, cv. Cheyenne:
2*,7+9,5+ 10, and cv. Frondoso: 2*, 13 + 19, 2 + 12) were used as standards to compare and classify
the detected subunits in the analyzed species.
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2.2. Protein Extraction and SDS-PAGE Electrophoretic Analysis

Proteins were extracted from crushed endosperm. Before glutenin solubilization, the gliadins
were extracted with a 1.5 M dimethylformamide aqueous solution following a double-wash with 50%
(v/v) propan-1-ol at 60 °C for 30 min with agitation every 10 min. Glutenin was solubilized with 250
uL of buffer containing 50% (v/v) propan-1-ol, 80 mM Tris-HCI (pH 8.5), and 2% (w/v) dithiothreitol
at 60 °C for 30 min. After centrifugation, 200 uL of the supernatant was transferred to a new tube,
mixed with 3 uL of 4-vinylpyridine, and incubated for 30 min at 60 °C. The samples were precipitated
with 1 ml of cold-acetone. The dried pellet was solubilized in buffer containing 625 mM Tris-HCI (pH
6.8), 2% (w/v) SDS, 10% (v/v) glycerol, 0.02% (w/v) bromophenol blue, and 2% (w/v) dithiothreitol in
a 1:5 ratio (mg/ pL) to wholemeal.

Reduced and alkylated glutenin subunits were fractionated by electrophoresis in vertical SDS-
PAGE slabs in a discontinuous Tris-HCI-SDS buffer system (pH: 6.8/8.8) at a polyacrylamide
concentration of 8% (w/v, C: 1.28%). The Tris-HCl/glycine buffer system of Laemmli [27] was used.
Electrophoresis was performed at a constant current of 30 mA/gel at 18 °C for 45 min after the tracking
dye migrated off the gel. Gels were stained overnight with 12% (w/v) trichloroacetic acid solution
containing 5% (v/v) ethanol and 0.05% (w/v) Coomassie Brilliant Blue R-250. De-staining was carried
out with tap water.

2.3. Statistical Analysis

Allelic frequencies for the Glu-A1, Glu-B1, and Glu-D1 loci were calculated for each subspecies.
The classification of Marshall and Brown [28] was used for evaluating the distribution of alleles by
their presence as frequent (=5%), rare (<5%), and very rare (<1%). To assess potential genetic erosion,
the number of alleles per locus (A), the effective number of alleles per locus (Ne), and Nei’s diversity
index (He) were measured [29,30].

3. Results

3.1. Variation for HMWGs

The HMWG compositions of all accessions of each subspecies (club, macha, and Indian dwarf
wheat) were analyzed. A representative sample of the variability detected for the HMWGs in each
subspecies is shown in Figure 1.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Figure 1. SDS-PAGE of representative variation for high molecular weight glutenin subunits
(HMWGs) found in the collection of club (lanes 1, 3, 5-8, and 10-13), macha (lanes 2, 4, and 9), and
Indian dwarf wheat (lanes 14 and 15).

Twenty-one allelic variants (3 at the Glu-A1 locus, 15 at Glu-B1, and 3 at Glu-D1) were detected
in the evaluated accessions (Table 1). Four out of the 15 for Glu-B1 locus were novel. The distribution
of these alleles in each subspecies was unequal.
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In club wheat, three alleles were found for the Glu-A1 locus, with the Glu-Ala allele being the
least frequent (Table 1). The Glu-B1 locus was more variable with 11 alleles, although only 3 of them
showed frequencies above the average value that should have occurred if the distribution was
random (mean value = 9.1%). The rest of the alleles were classified as rare according to the Marshall
and Brown classification [28]. One of these rare alleles (null+15, Figure 1 lane 15) was also novel,
detected only in accession PI 157920, and we propose to tentatively name this Glu-BIck following the
order of the Wheat Gene Catalogue [31]. For the Glu-D1 locus, one allele (Glu-D1a, subunits 2 + 12)
was clearly hegemonic, being present in 78.2% of the accessions evaluated.

Table 1. Allelic frequency for Glu-A1, Glu-B1, and Glu-D1 loci of the evaluated accessions.

No. of Samples (Frequency (%))
Allele Subunit Club Wheat Macha Wheat Indian Dwarf Wheat

(n=>55) (n=29) (n=26)
Glu-Al
a 1 8 (14.5) 5(17.2) -
b 2% 27 (49.1) 6(20.7) 5(19.2)
c null 20 (36.4) 18 (62.1) 21 (80.8)
Glu-B1
a 7 +null 3(5.5) - -
b 7+8  21(38.2) 17 (58.6) 1(3.8)
c 7+9 4(7.3) 5(17.2) 4 (15.4)
d 6+8 3(5.5) - -
e 20x+20y 12(21.8) 2(6.9) 4 (15.4)
f 13+16 2 (3.6) - -
h 14+15 1(1.8) - -
i 17+18  2(3.6) 1(34) 11 (42.3)
g null+8  1(L8) - -
am  null+18 - - 3(11.5)

an 6 +null 50.1) - -
null + 15 1(1.8) - -

14 +8 - 3(10.3) -
6+ 8% - 1(3.4) -
17 + null - - 3 (11.5)
Glu-D1
a 2+12 43 (78.2) 19 (65.5) 26 (100.0)
b 3+12 5(9.1) 4(13.8) -
d 5+10 7 (12.7) 6 (20.7) -

Similar to club wheat, macha wheat presented three alleles for the Glu-A1 locus, although in this
case, one (Glu-Alc) was three times more frequent that the other two (Table 1). For GIu-B1, more than
half of the materials presented the Glu-B1b allele, whereas two were rare and found in only one
accession. Therefore, two novel alleles were detected in this subspecies (subunits 14 + 8 and 6 + 8%,
Figure 1 lanes 9 and 2, respectively). The first allele (subunits 14 + 8) was present in three accessions
(PI 272554, PI 278660, and PI 290507), whereas the second (6 + 8*) was only found in accession PI
428177. We propose to tentatively name these alleles Glu-BIcl and Glu-Blcm, respectively, following
the current order in the Wheat Gene Catalogue [31]. The variation for the Glu-D1 locus was largest
for the three subspecies, showing three alleles, one hegemonic (subunits 2 + 12) and the other two
with similar frequencies.

The variation for the Glu-A1 locus was low in Indian dwarf wheat, with only two alleles found
and one representing more of 80% of the material (Table 1). The Glu-B1 locus showed some variation
(six alleles); one of them (subunit 17+null, Fig.1 lane 14) was novel, detected in three accessions (Cltr
4531, PI 272581, and PI 282452) and we propose to name it Glu-Blcn. In contrast, the materials were
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homogenous at the Glu-D1 locus. In this subspecies, only the Glu-B1b allele (subunits 7+8) can be
considered rare.

When the three loci were evaluated together, the number of combinations was highly variable
among the three subspecies analyzed (Table 2), with eight in Indian dwarf wheat and 26 in club
wheat.

Table 2. Frequencies of the HMW glutenin subunit compositions found among accessions analyzed.

Club wheat Macha wheat
Glu-A1 Glu-B1 Glu-D1 N  Glu-A1 Glu-B1  Glu-DI N
1 20x+20y 2+12 2 1 6+ 8 2+12 1
1 13+19  3+12 1 1 7+8 2+12 3
1 6+8 2+12 2 1 7+9 2+12 1
1 7+8 5+10 1 2% 14+8 null+12 1
1 7+9 2+12 1 2* 7+8  null+12 4
1 7+9 5+10 1 2* 7+9 null+12 1
2% 6+mull  2+12 1 null  20x+20y 3+12 !
2* 7+null  2+12 2 null  20x+20y 5+10 !
2% 7+null  5+10 1 null  17+18  2+12 1
2 20x+20y 2+12 7 null 14+8 2+12 1
2* 20x+20y 5+10 2 null 14+8  3+12 1
2% 13+19 2+12 1 null 7+8 2+12 5
2% 14+15  2+12 1 null 7+8 5+10 5
2% 7+8 2412 9 null 7+9 2+12 1
2% 7+8 3+12 2 null 7+9 3+12 2
2% 7+9 2+12 1
null 6 +null 2+12 4 Indian Dwarf Wheat
null  null+8 2+12 1 Glu-A1  Glu-B1  Glu-D1 N
null  null+15  2+12 1 2*  17+null  2+12 3
null 20x+20y 3+12 1 2% null+18  2+12 1
null 17 +18 2+12 2 2% 17 +18 2+12 1
null 6+8 2+12 1 null null + 18 2+12 2
null 7+8 2+12 6 null 20x + 20y 2+12 4
null 7+8 3+12 1 null  17+18  2+12 10
null 7+8 5+10 2 null 7+8 2412 1
null 7+9 2+12 1 null 7+9 2412 4

In each subspecies, the most frequent combination also differed, and in some cases the most
frequent one in one subspecies was the least in another. In club wheat, although there was a great
number of combinations, any of them can be considered hegemonic, and the most frequent
combination was 2%, 7 + 8, and 2 + 12, which appeared in 9 of the 55 accessions. This combination was
only found in three accessions of macha wheat, but it was absent in Indian dwarf wheat. A similar
situation occurred with the most frequent combination in Indian dwarf wheat (null, 17 + 18, and 2 +
12), which was only detected in two accessions of club wheat and one of macha wheat.

The Glu-1 quality score [32] for this last combination was associated with low gluten quality
(score = 6), while the first combination (2% 7 + 8, and 2 + 12) had a higher value and was associated
with medium gluten quality (score = 8). Only one club wheat accession showed the highest score (10
for1,7+8, and 5+ 10) according to the scale of Payne et al. [32] developed for use in modern breeding
programs targeting industrial bread-making processes.
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3.2. Genetic Diversity

Some genetic parameters measured in each subspecies are shown in Table 3. These parameters
detected important genetic erosion both in club wheat and macha wheat. The Ne values were
especially significant for the Glu-B1 locus in both subspecies, with values lower than 43% of the allelic
variation detected (A). However, the genetic diversity (He) of this locus was high, possibly related to
the fact that no hegemonic allele was detected in these subspecies. Nevertheless, the low frequency
of most of the alleles suggested that these could easily be missed due to genetic drift effects.

Table 3. Genetic parameters for the Glu-1 loci in the evaluated subspecies.

Subspecies Locus A Ne He

Club wheat Glu-Al 3 2.53 0.605
Glu-B1 11 4.62 0.783

Glu-D1 3 1.57 0.364

Mean  5.67 291 0.584

Macha wheat Glu-Al 3 2.18 0.542
Glu-B1 6 2.56 0.609

Glu-D1 3 2.04 0.509

Mean  4.00 2.26 0.553

Indian dwarf wheat Glu-Al 2 1.45 0.310
Glu-B1 6 3.93 0.746

Glu-D1 1 1.00 0.000

Mean  3.00 2.13 0.352

A: number of alleles; Ne: effective number of alleles; and He: genetic diversity.

These differences were slightly lower in Indian dwarf wheat, for which only the Glu-B1 locus
showed certain variability. In contrast, the Glu-D1 locus was similar for all accessions evaluated (Glu-
D1a allele =2 + 12).

4. Discussion

Since the mid-twentieth century, the development of high-yield wheat cultivars has led to the
replacement of local varieties, old varieties, or ancient wheat by modern cultivars [5]. Many of these
materials remain stored in gene banks, being used in many cases as resources to generate new
cultivars. However, new food movements have led to some of these neglected or underutilized crops
beginning to be used as sources in traditional products. Unfortunately, for years, because of the lack
of appropriate flours, these ‘traditional’ products have been made with modern flours that must be
conditioned for these uses; consequently, whether these old materials would be better for making
these traditional products remains unknown. For this reason, their analysis is necessary to determine
the quality traits associated with optimal adaptation for this traditional food. This would permit both
their recovery as new crops and the development of modern cultivars with similar quality
characteristics but better agronomic traits. In any case, it is important to indicate that these ancient or
neglected wheats cannot substitute for modern wheat; both types are clearly complementary within
a more varied diet. Among these neglected wheats, the three subspecies evaluated in this study are
options to independently explore, and they can be used as sources of agronomic traits. In this respect,
Indian dwarf wheat has been evaluated as a potential source of stripe rust resistance [33] and salt
tolerance [34]. However, the aspects related to flour quality have been seldom studied, mainly
because most studies aimed to obtain new wheat cultivars with strong gluten that could be used for
flour enrichment. In this context, these old wheats are not the best candidates. The interest in these
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wheat types has its origin in the recovery of traditional products performed with old techniques [35].
For this reason, comparisons with modern standards should be made cautiously.

Numerous studies carried out with wide collections of wheat have shown the high variation for
HMWG:s in this crop [9]. The high level of polymorphisms in these genes is a consequence of their
physiological role. During the germination process, the seed storage proteins are a source of amino
acid residues in the synthesis of new proteins needed for plant development [36]. Apparently, these
proteins have no catalytic function, which has meant that changes in their amino acid composition or
size has had no effect on plant viability and permits that the mutations can be easily fixed, generating
wide polymorphisms. Numerous variants of these proteins have been detected in wheat, although
many appear at very low frequencies, which implies a high risk of loss due to genetic drift processes.

However, the relationship of these proteins with food products has resulted in some alleles being
fixed and some discarded, as the flour of these genotypes has shown better adaptation to a specific
product or use. For this reason, variations are lower in modern than in ancient wheat. Although our
knowledge of these proteins and their roles in flour quality is relatively recent [9], it is obvious that
some of these alleles were empirically fixed by the farmers and bakers over time. They selected flours
adapted to traditional uses, and, consequently, the HMWG combinations that better suited these
quality properties were fixed, while the rest were gradually discarded. In this respect, the Indian
dwarf wheat evaluated here is a wheat type endemic to the north of India and Pakistan associated
with the elaboration of flat breads such as chapati [2], which requires flour with a medium gluten
strength (score = 4-6) and high extensibility. Club wheat was also traditionally used to make cookies,
for which weak flour is required; now, this wheat has some commercial importance in the Pacific
Northwest of the USA because of this use [37].

Many other examples about the preferred use of ancient wheat and old wheat landraces for the
elaboration of traditional wheat products are found in the literature. In a recent study in Turkey,
Morgounov et al. [38] showed that, in different regions across the country, farmers have access to
modern cultivars but still kept growing their landraces. Their main reason to do this is because they
were happy with the grain quality and its suitability for homemade products (mainly typical loaves
and thin types with bread wheat, and bulgur with durum wheat). In the same study, only 30% of the
farmers rated the yield of the landraces as good, which clearly indicates that, despite their higher
yields, modern wheat varieties do not satisfy them because their end-use quality is inadequate. This
is in agreement with Bardsley et al. [39], who explained that the landrace Kirik is retained in
Northeast Anatolia villages primarily because the baking qualities in the flour are appropriate for the
local bread, lavash. Further studies are necessary to determine the grain quality components and
properties that led to this preference, something that has already started in that country [40]. In other
cases, such as the bread named “Pane Nero di Castelvetrano” from Sicily (Italy), the association
between its end-use quality and the use of a specific landrace to elaborate it has been established [41].
Castelvetrano black bread is characterized by the intense brownness of its crumb. This bread is
elaborated with durum wheat, and at least 20% of the flour blend should be from the autochthonous
durum cultivar Timilia [42]. In fact, this landrace has high concentration of phenolic compounds that,
when coupled with its extremely high polyphenol oxidase (PPO) activity, leads to the intense
brownness of crumb [43]. On the other hand, modern durum cultivars are characterized for their low
PPO activity, which makes them unsuitable for the preparation of this bread type. Other Italian
traditional breads such as “Pane di Altamura” or “Pagnotta del Dittaino” (which have the European
mark of Protected Designation of Origin, PDO) need to also be manufactured, by law, with durum
semolina or re-milled semolina of specific cultivars (Appulo, Arcangelo, Duilio, and Simeto) to confer
these breads their distinctive sensory properties and longer shelf-life [42,44]. These cultivars were
developed in different times of the twentieth century, but they all have in their pedigree Cappelli, an
old Italian cultivar derived from the Tunisian landrace Jennah Khetifa [45].

Although the variation for seed storage proteins of these subspecies was previously evaluated
by Rayfuse and Jones [24] and Xu et al. [25], notable differences between our data and these previous
findings were found. The detection of alleles that they did not find, together with changes in the
frequencies of numerous common alleles, were especially significant. One possible cause of these
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differences is the use of different polyacrylamide concentrations in separation gels. Some of these
subunits (e.g., subunit 2* vs. subunit 2) are difficult to detect in SDS-PAGE gel with 10%
polyacrylamide concentration (C: 2.67%). For this reason, in the current study, the subunits were
separated in SDS-PAGE gels using different concentrations (T: 8%, C: 1.28%) that our previous
studies had confirmed as more adequate for separation of these proteins [17-19]. In total, 3 alleles
were found for Glu-Al, 15 for Glu-B1 (4 of them novel), and 3 for Glu-D1.

Probably because of their endemic condition and local use, the observed variation was especially
low in macha and Indian dwarf wheat. This high homogeneity is very notable in all materials that
have been cyclically used and neglected, as the narrowing of the genetic base, and subsequent
reduced selection pressure, results in the loss of spontaneous variants and fixing of the most common
ones by genetic drift. Compared with other hexaploid wheat subspecies, such as spelt, the variation
was similar for the Glu-A1 and Glu-B1 loci, whereas variation for the Glu-D1 locus detected here was
slightly lower than that found in a wide collection of this hulled wheat of Spanish origin, where up
tonine alleles were detected for this locus [19]. This could be a consequence of the wider geographical
area where it is grown and its more diverse uses [46].

5. Conclusions

The neglected/underutilized wheat subspecies evaluated here showed wide polymorphisms for
HMWGs, including novel alleles not previously described. Although the effects of these new allelic
variants on technological properties should be further evaluated, this information may be of interest
to wheat breeders for choosing parents to obtain recombinant lines with different gluten properties.
Nevertheless, in the context of healthier and sustainable food, and as sources of genes for quality
improvement in common wheat, these subspecies could be used to develop new/old crops with good
agronomic traits and optimal flour characteristics for new and traditional products.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Table S1: Allelic
composition for the Glu-1 loci in club wheat, Table 52: Allelic composition for the Glu-1 loci in macha wheat,
Table S3: Allelic composition for the Glu-1 loci in Indian dwarf wheat.
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