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Abstract: Wild einkorn (Triticum monococcum L. ssp. aegilopoides (Link) Thell.) is a diploid wheat 
species from the Near East that has been classified as an ancestor of the first cultivated wheat (ein-
korn; T. monococcum L. ssp. monococcum). Its genome (Am), although it is not the donor of the A 
genome in polyploid wheat, shows high similarity to the Au genome. An important characteristic 
for wheat improvement is grain quality, which is associated with three components of the wheat 
grain: endosperm storage proteins (gluten properties), starch synthases (starch characteristics) and 
puroindolines (grain hardness). In the current study, these grain quality traits were studied in one 
collection of wild einkorn with the objective of evaluating its variability with respect to these three 
traits. The combined use of protein and DNA analyses allows detecting numerous variants for each 
one of the following genes: six for Ax, seven for Ay, eight for Wx, four for Gsp-1, two for Pina and 
three for Pinb. The high variability presence in this species suggests its potential as a source of novel 
alleles that could be used in modern wheat breeding. 
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1. Introduction 
In recent decades, the rise in environmental awareness has led to a new paradigm in 

agriculture, where the concept of sustainability is basic to all productive processes. This 
sustainability is intimately linked to the conservation and utilization of plant genetic re-
sources; in fact, agriculture cannot be considered to be sustainable if it does not include a 
suitable program for conservation and evaluation of crop genetic resources [1]. At the 
same time, global warming has become one of the main challenges facing crop improve-
ment programs [2,3]. The search for genetic materials adapted to the prevailing stressful 
environmental conditions without reducing the technological quality is key for the devel-
opment of new wheat cultivars. 

Wheat quality is a complex characteristic that depends on consumer preferences, the 
product and its processing; however, from a technical point of view, three grain compo-
nents play an important role, with the storage proteins, the starch synthases and the pu-
roindolines being key. Each one of these components has effects on different aspects of 
wheat quality. The storage proteins are mainly responsible for the dough visco-elastic 
properties (strength and extensibility of the gluten) [4]; the starch synthases affect the 
composition and properties of the starch [5]; and the puroindolines are related to the grain 
texture and indirectly to the capacity of the flour to absorb water due to the damaged 
starch granules generated during the process of milling [6]. Variation in these grain com-
ponents, therefore, modulates the properties of the flour. 

Citation: Huertas-García, A.B.;  

Castellano, L.; Guzmán, C.; Alvarez, 

J.B. Potential Use of Wild Einkorn 

Wheat for Wheat Grain Quality  

Improvement: Evaluation and  

Characterization of Glu-1, Wx and 

Ha Loci. Agronomy 2021, 11, 816. 

https://doi.org/10.3390/ 

agronomy11050816 

Academic Editor: Ajay Kumar 

Received: 22 February 2021 

Accepted: 19 April 2021 

Published: 21 April 2021 

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional 

claims in published maps and insti-

tutional affiliations. 

 

Copyright: © 2021 by the authors. Li-

censee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (http://crea-

tivecommons.org/licenses/by/4.0/). 

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Repositorio Institucional de la Universidad de Córdoba

https://core.ac.uk/display/421908046?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Agronomy 2021, 11, 816 2 of 15 
 

 

The degree of variation differs markedly between each of these grain components. 
While the storage proteins exhibit considerable genetic polymorphism, other components 
show more moderate levels of variation [4–10]. Of the storage proteins, the high-molecular 
weight glutenin subunits (HMWGs) have been the most studied due to their marked in-
fluence on the properties of the gluten [11] and the ease with which the proteins encoded 
by individual alleles can be distinguished. These proteins are synthesized by genes lo-
cated on the long arm of the chromosome-1 group (Glu-1 locus) [12]. The numerous stud-
ies carried out on these genes have shown that the least variation is present at the Glu-A1 
locus in cultivated hexaploid wheat [4]. Similar results have been observed for the Wx-A1 
gene, one of the three genes that code for the three waxy proteins present in bread wheat 
(Wx-A1, Wx-B1 and Wx-D1). The waxy proteins are responsible for amylose synthesis in 
the flour starch, and their variability (between homeologs and between different alleles of 
the same gene) has a considerable effect on starch properties [5]. With respect to the pu-
roindolines (puroindoline-a and puroindoline-b), these genes (Pina and Pinb) are included 
in the Ha (hardness) locus, formed by both genes together with Gsp-1 (grain softness pro-
tein) and seven other genes without a known function [13]. In hexaploid wheat, these 
genes are exclusively derived from the D genome because the puroindolines genes from 
the A and B genomes had been deleted during the evolution event that generated tetra-
ploid wheat [13], and therefore there is no allelic variation for these genes on the group A 
chromosomes. 

The search for alternative gene sources is one of the strategies used to develop culti-
vars more adapted to perform well under the conditions of global warming. In this con-
text, ancient wheats and wild wheat relatives, which are adapted to be grown in marginal 
zones under extreme conditions [14], are considered to host interesting genetic variability 
that could be exploited in breeding programs. 

Among the potential variation sources associated with greater adaptation to adverse 
conditions, the wild wheat relatives carrying the A genome of polyploid wheat could be 
good candidates [15]. Wild diploid wheat is represented by two main species: Triticum 
monococcum L. ssp. aegilopoides (Link) Thell. (syn. T. boeoticum Boiss.) and T. urartu Thum. 
ex Gandil. Both species contain the A genome, which is closely related to the A genome 
of durum (T. turgidum L. ssp. durum (Desf.) Husn.) and common wheat (T. aestivum L. ssp. 
aestivum), although reproductive isolation between them has been indicated [16,17]. Later 
studies at the molecular level have suggested that, whereas T. monococcum spp. aegilopoides 
was the species from which cultivated einkorn (T. monococcum L. spp. monococcum L.) was 
domesticated, the A genome of polyploid wheats is equivalent to that of T. urartu [18]. 

The revival of the interest in the ancient wheats has increased the number of surveys 
carried out on cultivated einkorn, mainly with respect to the nutritional and health aspects 
of this ancestral crop [19–25]. As the decline in this crop began in antiquity [26–28], the 
variation retained from domestication until the present day could be relatively scarce. 
This relationship would be in agreement with the low variation detected in some genes 
related to technological aspects, although the wild ancestor species could contain greater 
variation, which could be transferred to modern wheat (see [15] for a review). In these 
cases, although the linkage drag of deleterious alleles linked to desirable alleles in the 
exotic parent, as a result of the wild nature of this source material, might be a handicap 
[29], the notable variation in both technological quality aspects and adaptive traits could 
compensate for any negative impact of the linkage drag. In this respect, the development 
of DNA markers that facilitate the selection of alleles of interest in a breeding program by 
marker-assisted selection will be key [30,31]. 

In the present study, we studied the variation in the loci Glu-Am1, Wx-Am1 and Ha in 
a collection of 170 accessions of wild einkorn (T. monococcum ssp. aegilopoides) from Iran, 
Iraq and Turkey, with the aim of establishing the potential value of this wild species as a 
gene donor source for wheat quality improvement. Parallelly, the main allelic variants of 
each gene were characterized by diagnostic markers for evaluating this species’ utility in 
wheat breeding. 
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2. Materials and Methods 
2.1. Plant Material 

One hundred and seventy accessions of wild einkorn wheat from Turkey, Iran and 
Iraq were analyzed in the current study (Table S1). These materials were kindly supplied 
by the National Small Grain Collection (Aberdeen, ID, USA). 

2.2. Glutenin Analysis 
Proteins were extracted from crushed endosperm according with the procedure de-

scribed by Alvarez et al. [32]. Precipitate glutenin subunits were solubilized in buffer (ratio 
1:5 mg/µL to wholemeal) and fractionated by electrophoresis in vertical SDS-PAGE slabs 
in a discontinuous Tris-HCl-SDS buffer system (pH: 6.8/8.8) at a polyacrylamide concen-
tration of 8% (w/v, C: 1.28%), using the Tris-HCl/glycine buffer system. 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. The 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. Waxy Protein Analysis 
For waxy proteins, whole grain flour was mixed with 1 mL of distilled water and 

incubated at 4 °C for 24 h. The homogenate was filtered through Miracloth and centri-
fuged at 14,000 g for 1.5 min. The pellet was washed with 1 mL of buffer A (55 mM Tris-
HCl pH 6.8, 2.3% (w/v) sodium dodecyl sulphate, 2% (w/v) dithiotreitol, 10% (v/v) glycerol) 
according to Echt and Schwartz [33]. Then, 1 mL of buffer A was added to the pellet and 
left for 30 min at room temperature. The pellet was washed three times with distilled wa-
ter and once with acetone and then air dried. The residue was mixed with 80 µL of buffer 
A containing 0.02% (w/v) bromophenol blue, heated in a boiling bath for 2 min, cooled in 
ice and centrifuged. 

Aliquots of 15 µL supernatant were loaded in vertical SDS-PAGE slabs in a discon-
tinuous Tris-HCl-SDS buffer system (pH: 6.8/8.8) at a polyacrylamide concentration of 
12% (w/v, C: 0.44%). The Tris-HCl/glycine buffer system was used. Electrophoresis was 
performed at a constant current of 30 mA/gel and 18 °C, continuing for 4 h after the track-
ing dye migrated off the gel. Protein bands were visualized by silver staining. 

2.4. PCR Amplification of Genes from the Glu-A1, Wx and Ha Loci 
Genomic DNA was extracted from approximately 100 mg of young leaves of single 

plants using the CTAB (cetyl-trimethyl-ammonium bromide) method [34]. 
For the amplification of the genomic sequence of each gene, different strategies were 

used. For Ax and Ay genes, the complete coding regions of 2475 bp and 1800 bp, respec-
tively, were amplified using the primers designed by D’Ovidio et al. [35]. The genomic 
sequence of the Wx gene contains twelve exons and eleven introns, with a coding region 
around 2800 bp. This genomic sequence was amplified in three fragments using the pri-
mers designed by Guzmán and Alvarez [36] and Ayala et al. [37]: the first fragment in-
cludes the 1st to 3rd exons (Wx1Fw/Wx1.3Rv); the second extends from the 3rd to the 6th 
exon (Wx2Fw/Rv); and the last fragment covers the region spanning the 6th to the 11th 
exon (Wx3Fw/Rv). These fragments overlapped between them because the Wx1.3Rv pri-
mer is the complementary sequence of the Wx2Fw primer, whereas the Wx3Fw primer is 
located inside the second fragment. For the Pina and Gsp-1 genes, the primers designed 
by Massa et al. [38] were used, which generated amplicons of 516 bp and 564 bp, respec-
tively. For the Pinb gene, the best results (595 bp) were obtained with the primers designed 
by Lillemo et al. [39]. 

All amplifications were performed in a 20 µL final reaction volume containing 50 ng 
of genomic DNA, 1.25 mM MgCl2, 0.2 µM of each primer, 0.2 mM dNTPs, 4 µL 10× PCR 
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buffer and 0.75 U GoTaq® G2 Flexi DNA Polymerase (Promega, Madison, WI, USA). PCR 
conditions as well as primer sequences are available in Table S2. 

Amplification products were separated by vertical PAGE in 8% (w/v, C: 1.28%) poly-
acrylamide concentration gels in a discontinuous Tris-HCl buffer system (pH 6.8/8.8). The 
bands were stained with GelRed™ nucleic acid stain (Biotium, Fremont, Canada) and then 
visualized under UV light. 

2.5. DNA Diagnotic Marker Analysis 
The amplicons were digested with the specific endonucleases for each gene to detect 

internal differences between the different alleles. These endonucleases were selected accord-
ing to previous studies carried out with these genes in wheat and other grasses [40–44]: HaeIII 
and MboII for the Ax gene; DdeI and PstI for the Ay gene; DdeI (fragments 1 and 2) and NcoI 
(fragment 3) for the Wx gene; DdeI for the Gsp-1 gene; RseI for the Pina gene; and BsrBI for the 
Pinb gene. 

Digested fragments were analyzed by polyacrylamide gel electrophoresis in a dis-
continuous Tris-HCl buffer system (pH: 6.8/8.8) with a 10% polyacrylamide concentration 
(C: 3.0%). The Tris/glycine buffer was used. The bands were stained with GelRed™ nu-
cleic acid stain (Biotium, Fremont, Canada) and then visualized under UV light. 

3. Results 

Due to the nature of this study, as an initial exploration of the variability in genes 
related to the technological quality in wheat, this germplasm collection was analyzed, us-
ing a scaled strategy. Initially, all accessions were analyzed by SDS-PAGE for variation in 
the HMWGs (Table S1); subsequently, 14 representative accessions, carrying the available 
allelic variation for HMWGs, were screened to identify variation in the other two loci. 

3.1. Variation and Characterization of the Ax and Ay Alleles for HMWGs 
SDS-PAGE analysis of the HMWGs in grains from the germplasm collection showed 

that these materials contained both subunit types (x and y) of the proteins encoded by the 
Glu-Am1 locus (Figure 1). The Amx subunits showed greater staining intensity than the Amy 
subunits, which, in some cases, appeared as one major band together with several minor, 
more lightly stained bands, probably due to post-translational modifications, an effect 
which has been reported by other authors as being specific to einkorn [45,46]. 

 
Figure 1. SDS-PAGE of representative variation for HMWGs found in the wild einkorn collection. Lanes are as follows: 
RT, common wheat cv. Rota; 1, PI 554559; 2, PI 427622; 3, PI 427623; 4, PI 554504; 5, PI 554548; 6, PI 427453; 7, PI 554521; 8, 
PI 470720; and YM, common wheat cv. Yumai-33. 

In general, the Amx subunits exhibited a mobility intermediate between that of the 
Ax1 and Ax2* subunits, although some accessions showed variants with mobility faster 
than either the Ax2* or the Dx5 subunit. The Amy subunits have an electrophoretic mobil-
ity that is faster than the Bx subunits but lower than the by subunits (Figure 1). As the 
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synthesized genes of these proteins are intronless, the variation showed by DNA amplifi-
cation was not different to that observed in protein SDS-PAGE separation. However, the 
analysis of the internal structure is easier using the nucleotide sequences rather than the 
extracted protein. Consequently, fourteen representative accessions containing the de-
tected Amx and Amy variants were evaluated by PCR amplification, followed by their di-
gestion with specific endonucleases, which would allow the internal variation to be de-
tected along with the relationships between these allelic variants, as previous studies have 
suggested [40–43]. In these accessions, both Amx and Amy amplicons were digested, show-
ing a notable variation within the amplified sequence (Figures 2 and 3). 

The Ax sequences were independently digested with HaeIII and MboII endonucle-
ases, which have been previously used to determine variation in Ax genes from durum 
and common wheat [40,41]. In this case, the variation was similar between both endonu-
cleases, being clearer due to the size of digested fragments for HaeIII endonuclease (Figure 
2). This enzyme generates eleven fragments in Ax2* subunits and nine in Ax1 subunits, 
although the six larger fragments (Figure 2, lane 1) are useful to differentiate between both 
subunits. The main differences among both alleles are the fusion in the unique fragment 
of the two larger fragments at the Ax1 allele, and the enlargement of the fourth fragment 
size (335 vs. 317 bp). All of these three fragments are located inside the central repetitive 
domain. 

 
Figure 2. DNA digestion of PCR products from Amx alleles of the materials evaluated using HaeIII 
endonuclease. The band size of the molecular weight marker is expressed in bp. Lanes are as fol-
lows: 1, common wheat cv. Cheyenne; 2, PI 427498; 3, PI 427497; 4, PI 427622; 5, PI 554504; 6, PI 
470720; and 7, PI 427575. CN, cv. Cheyenne without digestion. The digestion of the Ax2* subunit 
from cv. Cheyenne () was used as control. 

The cleavage patterns of the Ax2* amplicon from cv. Cheyenne (Figure 2, lane 1) and 
the Amx amplicons detected in wild einkorn were clearly different. The Amx patterns were 
more similar to the Ax1 or Axnull amplicons, as shown by Alvarez et al. [41], although 
with some notable differences due to the absence of cut-off points. Thus, the fifth fragment 
of Ax2* that is common to Ax1 and Axnull [41] is absent in the wild einkorn alleles, with 
the exception of the PI 554504 accession (Figure 2, lane 5). Furthermore, these variants 
showed the 1279 bp fragment from the Ax1 subunit and the band equivalent to 358 bp 
present in all Amx types. However, a mutation was detected in these variants, which elim-
inated the cut-off point between 335 and 180 bp at the beginning of the repetitive domain 
(marked with an arrow in Figure 2). The use of this cleavage analysis allowed detecting 
up to five variants similar to Ax1 subunits (Table 1), with some differences within the 
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repetitive domain, together with one variant that could be more related to the Ax2* subu-
nit (Figure 2, lane 5). The different variants detected in each accession were named with 
Roman numbers. 

Table 1. Composition for each locus of the representative accessions evaluated. 

Accession Ax Ay Wx [F1/F2/F3] 1 Gsp-1 Pina Pinb 
PI 427453 IV IV V [P1/P3P3] II I I 
PI 427497 II VII I [P1/P1/P1] II I I 
PI 427498 I I VII [P1/P5/P2] II I III 
PI 427575 VI VI IV [P1/P3/P2] II II III 
PI 427622 III III III [P1/P2/P1] II I II 
PI 427629 V V VIII [P1/P6/P1] II I II 
PI 427804 I I VII [P1/P5/P2] III I III 
PI 427963 VI VI VIII [P1/P6/P1] II I II 
PI 470713 V V VI [P1/P4/P1] II II III 
PI 470720 V V I [P1/P1/P1] IV II II 
PI 538544 I I II [P1/P1/P4] II I III 
PI 554504 IV IV IV [P1/P3/P2] I II III 
PI 554548 II II IV [P1/P3/P2] III I II 
PI 554559 III III I [P1/P1/P1] I I I 

1 F1: fragment 1; F2: fragment 2; and F3: fragment 3 (see text for explication). 

Further information on the internal structure of the Amy genes was obtained by the 
digestion of amplified fragments obtained with the AyFw/Rv primers with two restriction 
enzymes, DdeI and PstI (Figure 3a,b, respectively). 

 
Figure 3. DNA digestion of PCR products from Amy alleles of the materials evaluated using DdeI 
(a) and PstI (b) endonucleases. The band size of the molecular weight marker is expressed in bp. 
Lanes are as follows: 1, common wheat cv. Cheyenne; 2, PI 427498; 3, PI 427497; 4, PI 427622; 5, PI 
554504; 6, PI 470720; and 7, PI 427575. CN, cv. Cheyenne without digestion. The digestion of the 
Ay subunit from cv. Cheyenne () was used as control. 

The digestion of the ghost-Ay allele linked to the Ax2* subunit in cv. Cheyenne (Fig-
ure 3a, lane 1) with DdeI endonuclease generates up to six fragments of different sizes (in 
order: 5-72-164-160-564-839 bp). However, the Amy sequences from wild einkorn present 
one major pattern formed by three fragments (Figure 3a, lanes 2–7), due to two point mu-
tations, one between the 72 and 164 bp fragments and another between the 164 and 160 
bp fragments [47]. These variants presented in wild einkorn did not show variation in the 
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size of the 72-164-160 and 839 bp fragments, with the exception of the variant detected in 
PI 554504 (Figure 3a, lane 5). The larger variation was detected in the central fragment 
(564 bp) located within the repetitive domain. The small differences in this central frag-
ment among variants were confirmed by the use of PstI endonuclease (Figure 3b). On the 
basis of this, the combined use of both endonucleases permitted detecting up to seven 
different restriction patterns associated with the same number of alleles (Table 1). 

3.2. Variation and Characterization of Wx Variants 
Analysis of the waxy proteins in the 12 accessions showed that these materials did 

not exhibit any variation in electrophoretic mobility with respect to this protein. In all 
cases, the accessions showed a waxy protein with an electrophoretic mobility faster than 
the Wx-A1 protein present in tetra- and hexaploid wheats (Figure 4). 

 
Figure 4. SDS-PAGE of representative variation for waxy proteins found in the wild einkorn collection. Lanes are as fol-
lows: CS, common wheat cv. Chinese Spring; 1, PI 554559; 2, PI 427622; 3, PI 554504; 4, PI 554548; 5, PI 427453; 6, PI 470720; 
7, PI 470713; 8, PI 427575; and DIC, emmer wheat landrace PI 254188. 

Nevertheless, although proteins’ mobility was the same, the waxy genes could carry 
some variation at the molecular level. Due to the structure of these genes (12 exons + 11 
introns), they tend to present conservative regions (mainly exons), together with variable 
regions (introns). As the combined use of the PCR amplification and restriction pattern of 
these PCR products has shown to be a useful tool to evaluate this possible variation 
[36,37,44], this strategy was used here (Figure 5). 

The first fragment was digested with DdeI endonuclease that only cuts the Wx-A1 
genes, but Wx-B1 or Wx-D1 (Figure 5a, lanes 1 and 11). In this case, any of the variants 
detected in wild einkorn were digested with this restriction enzyme (Figure 5a, lanes 2–
10), being consequently different to Wx-A1 variants from durum or common wheat. This 
same endonuclease (DdeI) was used to digest the second fragment (Figure 5b). In this case, 
both Wx-B1 and Wx-D1 products were not digested (Figure 5a, lanes 1 and 11), and Wx-
A1 showed a cut-off point that generates two fragments: a very small one with 136 bp (not 
shown in the gel) and another with 1037 bp (Figure 5b, lanes 1 and 11). On the contrary, 
the Wx-Am1 variants presented one restriction pattern very different to the reference pat-
tern, forming two fragments with 636 bp and 550 bp (Figure 5b, lanes 2–10). Up to six 
different patterns were also detected: P-1, lanes 2, 6 and 8; P-2, lane 3; P-3, lanes 4–5; P-4, 
lane 7; P-5, lane 9; and P-6, lane 10. 
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. 

Figure 5. DNA digestion of PCR products from Wx alleles of the materials evaluated: (a) 
Wx1Fw/Wx1.3Rv fragment with DdeI; (b) Wx2Fw/Rv fragment with DdeI; and (c) Wx3Fw/Rv frag-
ment with NcoI. Lanes are as follows: 1, common wheat cv. Chinese Spring; 2, PI 554559; 3, PI 427622; 
4, PI 554548; 5, PI 427453; 6, PI 470720; 7, PI 470713; 8, PI 538544; 9, PI 427804; 10, PI 427629; and 11, 
durum wheat cv. Don Ricardo. CS and DR, cv. Chinese Spring and cv. Don Ricardo without diges-
tion. 

Finally, the third fragment was digested with NcoI endonuclease, which did not cut 
the Wx-D1 fragment (Figure 5c, lane 1), while both Wx-A1 and Wx-B1 were digested in 
two fragments that were clearly identified (Figure 5c, lanes 1 and 11). The restriction patterns 
of Wx-Am1 variants were similar to Wx-A1 from durum and common wheat (Figure 5c, lanes 
2–10), although showing some variation in the fragment size. This permitted detecting four 
different patterns: P-1, lanes 2–3, 6–7 and 10; P-2, lanes 4 and 9; P-3, lane 5; and P-4, lane 8. 

The combination of three fragments with their respective digestions suggested the 
presence of up to eight different alleles (Table 1), although the active protein of each of 
them showed, as mentioned above, a similar size (Figure 4). 

3.3. Variation and Characterization of Gsp-1, Pina and Pinb Variants 
As a first approach, the variability of the three main genes (Gsp-1, Pina and Pinb) from 

the Ha locus was analyzed through amplification using the gene-specific primers de-
signed by Massa et al. [38] and Lillemo et al. [39] (Figure 6a,b, respectively). 
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Figure 6. PCR amplification of wild einkorn lines: (a) Gsp-1 and Pina genes, and (b) Pinb gene. Lanes 
are as follows: CS, common wheat cv. Chinese Spring; 1, PI 554559; 2, PI 427622; 3, PI 554504; 4, PI 
554548; 5, PI 427453; 6, PI 470720; and 7, PI 470713. 

The Massa et al. [38] primers allow simultaneous amplification of the Pina and Gsp-1 
genes (Figure 6a), and both genes showed variation in the accessions evaluated here, pre-
senting, in both cases, PCR products with a similar size to those observed in common 
wheat (Figure 6a). All accessions evaluated contained the Pina gene, but not the Gsp-1 gene 
(Figure 6a, lane 4). According to the mobility, four variants were detected for Gsp-1 (I: 
lanes 1 and 3; II: lanes 2, 5 and 7; III: lane 4; and IV: lane 6) and two for Pina (I: lanes 1, 2, 
4, 5 and 7; II: lanes 3 and 6). For the Pinb gene (Figure 6b), the accessions also exhibited up 
to three different variants (I: lanes 1 and 5; II: lanes 2, 4 and 6; and III: lanes 3 and 7). The 
sum of the partial variations (Gsp-1 + Pina + Pinb) indicated that these accessions showed 
marked variation for the Ha locus (Table 1). 

A similar strategy to that used in the Wx gene analysis was applied here. The ampli-
cons were digested with three endonucleases (DdeI for Gsp-1; RseI for Pina; and BsrBI for 
Pinb), which were successfully used to identify variation in these genes in previous studies 
[43,48]. 

No additional variation for Gsp-1/Pina amplicons was detected with RseI and BsrBI 
endonucleases; however, the digestion with DdeI was more successful (Figure 7). This en-
donuclease specifically cuts Gsp-1 but not Pina in common wheat (Figure 7, lane CS) and 
in wild einkorn, with the exception of Pina variants present in the PI 554504 and PI 470720 
accessions (Figure 7, lanes 3 and 6, respectively). Furthermore, the Gsp-1 amplicons from wild 
einkorn showed one restriction pattern different to that from Gsp-1 from cv. Chinese Spring 
(Figure 7, lane CS) because these amplicons did not present one cut-off point. On the other 
hand, the deletion of Gsp-1 in the PI 554548 accession (Figure 7, lane 4) was also confirmed. 

 
Figure 7. DNA digestion with DdeI of PCR products from Gsp-1 and Pina gene alleles of the materials 
evaluated. Lanes are as follows: CS, common wheat cv. Chinese Spring; 1, PI 554559; 2, PI 427622; 
3, PI 554504; 4, PI 554548; 5, PI 427453; 6, PI 470720; and 7, PI 470713. 
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4. Discussion 
Wild relatives of cultivated wheat have been used as sources of genes in wheat breed-

ing programs, mainly in the improvement of biotic stress resistance [49–51]. However, the 
role of the primary wheat gene pool, such as the accessions studied here, in grain quality 
improvement has been more limited [15]. In addition to the fact that quality is a more 
complex character, involving many genes, than, say, disease resistance, the main difficulty 
is to evaluate grain quality in species that exhibit low grain yield and a very small grain. 
Therefore, the analysis and characterization of the genes of these wild accessions and their 
comparison with those of cultivated wheats may be a useful strategy, which could later 
lead to the introgression of these exotic genes into elite germplasms to analyze their effects 
on grain quality. 

The differences in variation among these genes could be related to both their physi-
ological functions in plants and to the genomic structure of each plant. The glutenin and 
puroindolines play roles as food reserves, structural materials or defense against patho-
gens in wheat grain, whereas the waxy proteins are enzymes involved in the synthesis of 
starch. On the other hand, intronless genes, such as those encoding glutenins or puroin-
dolines, have a tendency to be more variable because the changes are easily fixed and 
translated to the mature protein. However, Wx genes are fragmented genes (with introns 
and exons), where many of the mutations occur in the introns and their effects on the 
properties of the protein end product are hence more limited. These differences may be 
useful in terms of diversity or phylogenetic studies; in fact, the Wx gene has been consid-
ered to be a valuable tool for this type of analysis, due to its fragmented structure and its 
ubiquity [52]. 

The variation detected for HMWGs in the wild einkorn accessions evaluated in this 
study was high, although some variants were present at very low frequencies and showed 
a clear risk of loss by random genetic drift. This variation was similar to that found in a 
collection of T. urartu accessions, which had previously been evaluated [53,54], and was 
clearly greater than the variation shown in some of the studies carried out with cultivated 
wheat species. For example, Alvarez et al. [55], using Spanish cultivated einkorn materi-
als, detected only three Glu-Am1 variants. This low variability in the cultivated species 
relative to the wild ones could be related to how these materials have been used. The 
cultivated einkorn, although abandoned in ancient times, was cultivated for a specific 
purpose, probably bread making [28]. This implied a selection pressure that fixed those 
alleles best adapted to the use in question, while the rest of them were progressively lost, 
due to the fact that these genotypes were discarded, resulting in low variability [27,28]. 
This artificial selection process obviously did not take place in wild species (wild einkorn 
or T. urartu), and the modifications of these genes and their frequencies were regulated by 
only stochastic events. 

Gluten strength has been positively correlated with the number of HMWGs [56,57]; 
in this respect, both durum and common wheat lack the alleles encoding the active Glu-1 
Ay subunits and many durum wheats are also Ax-silent. However, wild diploid and tet-
raploid wheats exhibit active Ay subunits and, consequently, they could be good sources 
to increase the number of alleles encoding active subunits at the Glu-A1 locus. This proce-
dure was exploited by Rogers et al. [58] with two lines of T. boeoticum Boiss. ssp. thaoudar 
for introducing active Ay subunits into common wheat, in order to achieve increases in 
the gluten strength. This was also observed in a cross between a T. urartu accession and 
durum wheat cv. Yavaros [59]. Although further studies should be carried out, this opens 
the way to introgress other Glu-A1 alleles, such as the ones found in the current study. 

For the Wx-A1 gene, our previous studies, carried out with cultivated einkorn and T. 
urartu, had shown that variation in this gene was higher in wild species than in cultivated 
ones. Ortega et al. [60] analyzed the genomic sequences of the Wx-A1 genes, detecting up 
to five alleles in T. urartu, one of which had previously been described [36], but only one 
of which was found in the cultivated einkorn accessions analyzed, confirming the findings 
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of Guzmán et al. [61]. In general, the studies carried out on this gene in cultivated einkorn 
have shown that variation is scarce [62,63]. 

Grain texture is the main character controlled by the genes present at the Ha locus, 
although this locus has been mainly associated with the puroindoline genes (Pina and 
Pinb), whereas the role of the Gsp-1 gene remains controversial [6,64], and the true func-
tion of the seven other genes is unknown [13]. While the diversity of puroindoline genes 
has been evaluated [48,65–67], there is less information available on variation in the other 
genes at the Ha locus. In the current study, the variation for both Pin genes was high in 
wild einkorn, being comparable with the variability detected in cultivated einkorn, but 
clearly lower than that detected in the other wild diploid wheat tested, T. urartu [67]. 

On the other hand, other notable changes have been described, such as the loss of Pin 
genes, located on the short arm of chromosome 5, in both the A and B genomes in tetra- 
and hexaploid wheats [13]. One clear opportunity to increase genetic variability is by re-
incorporating these genes by the full or partial introgression of chromosome 5A. This pro-
cess has been carried out with cultivated einkorn, the Ha locus of which, located on the 
5AmS chromosome, was transferred to cv. Chinese Spring, as either an entire chromosome 
[68,69] or only the Ha locus [70], with the grains of the resulting materials being softer 
than ‘Chinese Spring’. This could be very interesting in durum wheat, where these mate-
rials could show a soft texture, similar to cv. Soft Svevo obtained by the 5BS–5DS translo-
cation [71]. The incorporation of puroindoline genes from other species in durum wheat 
could be more effective in the A genome, given the necessity for retaining the 5BL chro-
mosome, on which the Ph1 gene (which controls homeolog chromosome pairing) is lo-
cated, together with its lower tolerance of aneuploidy than common wheat. 

The transfer of this valuable variability to the modern wheat gene pool could be 
achieved by different routes. This is conditioned by the homology among the A chromo-
somes of polyploid wheat and those of the ancestral A genome, due to the marked chro-
mosomal reorganization which occurred after the polyploidization of wheat. One clear 
example of this was described by Devos et al. [72] in relation to chromosomes 4A, 5A and 
7B. According to those authors, during the generation of tetraploid wheat, a reciprocal 
translocation occurred between chromosomes 4AL and 5AL, followed by a pericentric in-
version of chromosome 4A. Finally, after a reciprocal translocation between chromosomes 
4AL and 7BS, and a paracentric inversion of the original 5AL region within chromosome 
4AL, the current chromosome 4AL, present in durum and common wheat, was generated. 
As a consequence of this reorganization, the Wx-B1 gene, which should be on chromo-
some 7BS, was actually located on chromosome 4AL. 

On the other hand, some differences between the genome of einkorn (Am) and the A 
genome of polyploid wheats, derived from T. urartu (Au), have been indicated. For this 
reason, crosses between einkorn (wild and cultivated) and tetraploid wheats produce off-
spring with Am and Au chromosomes. This has generated new natural species, such as T. 
zhukovskyi Menabde & Ericzjan (AuAuGGAmAm), an amphiploid derived from a spontane-
ous cross between einkorn and T. timopheevii (Zhuk.) Zhuk. ssp. timopheevii [73]. A similar 
occurrence was also reported by Gill et al. [74] in crosses between wild einkorn and durum 
wheats, which have shown potential for breeding [75]. In our previous work using T. urartu, 
several backcrosses were achieved between the hybrid and the durum wheat parent [59]. 

Although the data obtained in the present study should be understood as an approx-
imation of the variability present in this wild species, our results show that the variability 
was high for Glu-A1 and Ha loci in wild einkorn. However, for waxy proteins, these results 
suggest that this species is probably not the best choice of species in which to find novel 
variation. 

5. Conclusions 
Wild einkorn is an interesting source of genes related to wheat quality. Although the 

effects of these allelic variants on the technological quality properties in cultivated wheat 
should be evaluated further, the information revealed in this study may be of interest to 
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wheat breeders in order to select parental accessions to generate recombinant lines with 
different gluten and texture properties, using wild einkorn as the donor species. 

Supplementary Materials: The following are available online at www.mdpi.com/2073-
4395/11/5/816/s1, Table S1: Origin and HMWG composition for the accessions of T. monococcum ssp. 
aegilopoides used in this study, Table S2: Description of PCR primer pairs for amplification. 

Author Contributions: J.B.A. conceived and designed the study. L.C. and A.B.H.-G. performed the 
experiments. J.B.A. and C.G. analyzed the data and wrote the paper. All authors have read and 
agreed to the published version of the manuscript. 

Funding: This research was supported by grant RTI2018-093367-B-I00 from the Spanish State Re-
search Agency (Spanish Ministry of Science and Innovation), co-financed by the European Regional 
Development Fund (FEDER) from the European Union. Carlos Guzman gratefully acknowledges 
the European Social Fund and the Spanish State Research Agency (Ministry of Science and Innova-
tion) for financial funding through the Ramon y Cajal Program (RYC-2017-21891). 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Acknowledgments: We thank the National Small Grain Collection (Aberdeen, USA) for supplying 
the analyzed material. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. Alvarez, J.B.; Martín, M.A.; Caballero, L.; Martín, L.M. The role of plant genetic resources in the sustainable agriculture. In 

Sustainable Agriculture: Technology, Planning and Management; Salazar, A., Rios, I., Eds.; Nova Science Publishers: Hauppauge, 
NY, USA, 2010; pp. 145–176. 

2. Newton, A.C.; Johnson, S.N.; Gregory, P.J. Implications of climate change for diseases, crop yields and food security. Euphytica 
2011, 179, 3–18. 

3. Curtis, T.; Halford, N.G. Food security: The challenge of increasing wheat yield and the importance of not compromising food 
safety. Ann. Appl. Biol. 2014, 164, 354–372. 

4. Wrigley, C.; Békés, F.; Bushuk, W. (Eds.) Gliadin and Glutenin: The Unique Balance of Wheat Quality; AACC International Press: 
St. Paul, MN, USA, 2006. 

5. Guzmán, C.; Alvarez, J.B. Wheat waxy proteins: Polymorphism, molecular characterization and effects on starch properties. 
Theor. Appl. Genet. 2016, 129, 1–16. 

6. Morris, C.F. Puroindolines: The molecular genetic basis of wheat grain hardness. Plant Mol. Biol. 2002, 48, 633–647. 
7. Demeke, T.; Hucl, P.; Nair, R.B.; Nakamura, T.; Chibbar, R.N. Evaluation of Canadian and other wheats for waxy proteins. 

Cereal Chem. 1997, 74, 442–444. 
8. D’Ovidio, R.; Masci, S. The low-molecular-weight glutenin subunits of wheat gluten. J. Cereal Sci. 2004, 39, 321–339. 
9. Graybosch, R.A.; Peterson, C.J.; Hansen, L.E.; Rahman, S.; Hill, A.; Skerritt, J.H. Identification and characterization of US wheats 

carrying null alleles at the Wx loci. Cereal Chem. 1998, 75, 162–165. 
10. Shewry, P.R.; Halford, N.G.; Tatham, A.S. High molecular weight subunits of wheat glutenin. J. Cereal Sci. 1992, 15, 105–120. 
11. Payne, P.I. Genetics of wheat storage proteins and the effects of allelic variation on bread-making quality. Annu. Rev. Plant 

Physiol. 1987, 38, 141–153. 
12. Singh, N.K.; Shepherd, K.W. Linkage mapping of genes controlling endosperm storage proteins in wheat. 1. Genes on the short 

arms of group 1 chromosomes. Theor. Appl. Genet. 1988, 75, 628–641. 
13. Li, W.; Huang, L.; Gill, B.S. Recurrent deletions of puroindoline genes at the grain Hardness locus in four independent lineages 

of polyploid wheat. Plant Physiol. 2008, 146, 200–212. 
14. Srivastava, J.P.; Damania, A.B. Use of collections in cereal improvement in semi-arid areas. In The Use of Plant Genetic Resources; 

Brown, A.H.D., Frankel, O.H., Marshall, D.R., Williams, J.T., Eds.; Cambridge University Press: Cambridge, UK, 1989; pp. 88–
104. 

15. Alvarez, J.B.; Guzmán, C. Interspecific and intergeneric hybridization as a source of variation for wheat grain quality 
improvement. Theor. Appl. Genet. 2018, 131, 225–251. 

16. Johnson, B.L.; Dhaliwal, H.S. Reproductive isolation of Triticum boeoticum and Triticum urartu and the origin of the tetraploid 
wheats. Am. J. Bot. 1976, 63, 1088–1094. 



Agronomy 2021, 11, 816 13 of 15 
 

 

17. Sharma, H.C.; Waines, J.G. The relationships between male and female fertility and among taxa in diploid wheats. Am. J. Bot. 
1981, 68, 449–451. 

18. Dvorak, J.; McGuire, P.E.; Cassidy, B. Apparent sources of the A genomes of wheats inferred from polymorphism in abundance 
and restriction fragment length of repeated nucleotide sequences. Genome 1988, 30, 680–689. 

19. Hidalgo, A.; Brusco, M.; Plizzari, L.; Brandolini, A. Polyphenol oxidase, alpha-amylase and beta-amylase activities of Triticum 
monococcum, Triticum turgidum and Triticum aestivum: A two-year study. J. Cereal Sci. 2013, 58, 51–58. 

20. Hidalgo, A.; Brandolini, A. Nutritional properties of einkorn wheat (Triticum monococcum L.). J. Sci. Food Agric. 2014, 94, 601–
612. 

21. Arzani, A.; Ashraf, M. Cultivated ancient wheats (Triticum spp.): A potential source of health-beneficial food products. Compr. 
Rev. Food Sci. Food Saf. 2017, 16, 477–488. 

22. Brandolini, A.; Lucisano, M.; Mariotti, M.; Hidalgo, A. A study on the quality of einkorn (Triticum monococcum L. ssp. 
monococcum) pasta. J. Cereal Sci. 2018, 82, 57–64. 

23. Hidalgo, A.; Lucisano, M.; Mariotti, M.; Brandolini, A. Physico-chemical and nutritional characteristics of einkorn flour cookies. 
J. Food Process. Preserv. 2019, 43, e14079. 

24. Geisslitz, S.; Longin, F.H.C.; Scherf, A.K.; Koehler, P. Comparative study on gluten protein composition of ancient (einkorn, 
emmer and spelt) and modern wheat species (durum and common wheat). Foods 2019, 8, 409. 

25. Malalgoda, M.; Ohm, J.-B.; Simsek, S. Celiac antigenicity of ancient wheat species. Foods 2019, 8, 675. 
26. Zohary, D.; Hopf, M. Domestication of Plants in the Old World: The Origin and Spread of Cultivated Plants in West Asia, Europe, and 

the Nile Valley; Oxford University Press: Oxford, UK, 2000. 
27. Zaharieva, M.; Monneveux, P. Cultivated einkorn wheat (Triticum monococcum L. subsp. monococcum): The long life of a founder 

crop of agriculture. Genet. Resour. Crop Evol. 2014, 61, 677–706. 
28. Arranz-Otaegui, A.; Gonzalez Carretero, L.; Ramsey, M.N.; Fuller, D.Q.; Richter, T. Archaeobotanical evidence reveals the 

origins of bread 14,400 years ago in northeastern Jordan. Proc. Natl. Acad. Sci. USA 2018, 115, 7925–7930. 
29. Zamir, D. Improving plant breeding with exotic genetic libraries. Nat. Rev. Genet. 2001, 2, 983–989. 
30. Dong, Z.; Yang, Y.; Zhang, K.; Li, Y.; Wang, J.; Wang, Z.; Liu, X.; Qin, H.; Wang, D. Development of a new set of molecular 

markers for examining Glu-A1 variants in common wheat and ancestral species. PLoS ONE 2017, 12, e0180766. 
31. Cseh, A.; Megyeri, M.; Yang, C.; Hubbart-Edwards, S.; Scholefield, D.; Ashling, S.S.; King, I.P.; King, J.; Grewal, S. Development 

of a new Am-genome-specific SNP marker set for the molecular characterization of wheat-Triticum monococcum introgression 
lines. Plant Genome 2019, 12, 180098. 

32. Alvarez, J.B.; Martín, A.; Martín, L.M. Variation in the high-molecular-weight glutenin subunits coded at the Glu-Hch1 locus in 
Hordeum chilense. Theor. Appl. Genet. 2001, 102, 134–137. 

33. Echt, C.S.; Schwartz, D. Evidence for the inclusion of controlling elements within the structural gene at the waxy locus in maize. 
Genetics 1981, 99, 275–284. 

34. Stacey, J.; Isaac, P.G. Isolation of DNA from plants. In Protocols for Nucleic acid Analysis by Nonradioactive Probes; Isaac, P.G., Ed.; 
Humana Press: Totowa, NJ, USA, 1994; pp. 9–15. 

35. D’Ovidio, R.; Masci, S.; Porceddu, E. Development of a set of oligonucleotide primers specific for genes at the Glu-1 complex 
loci of wheat. Theor. Appl. Genet. 1995, 91, 189–194. 

36. Guzmán, C.; Alvarez, J.B. Molecular characterization of a novel waxy allele (Wx-Au1a) from Triticum urartu Thum. ex Gandil. 
Genet. Resour. Crop Evol. 2012, 59, 971–979. 

37. Ayala, M.; Alvarez, J.B.; Yamamori, M.; Guzmán, C. Molecular characterization of waxy alleles in three subspecies of hexaploid 
wheat and identification of two novel Wx-B1 alleles. Theor. Appl. Genet. 2015, 128, 2427–2435. 

38. Massa, A.N.; Morris, C.F.; Gill, B.S. Sequence diversity of Puroindoline-a, Puroindoline-b, and the grain softness protein genes 
in Aegilops tauschii Coss. Crop Sci. 2004, 44, 1808–1816. 

39. Lillemo, M.; Chen, F.; Xia, X.; William, M.; Peña, R.J.; Trethowan, R.; He, Z. Puroindoline grain hardness alleles in CIMMYT 
bread wheat germplasm. J. Cereal Sci. 2006, 44, 86–92. 

40. Lafiandra, D.; Tucci, G.F.; Pavoni, A.; Turchetta, T.; Margiotta, B. PCR analysis of x- and y-type genes present at the complex 
Glu-A1 locus in durum and bread wheat. Theor. Appl. Genet. 1997, 94, 235–240. 

41. Alvarez, J.B.; Carmona, S.; Caballero, L. Identification and characterization by PCR-RFLP analysis of the genetic variation for 
the Glu-A1x and Glu-B1x genes in rivet wheat (Triticum turgidum L. ssp. turgidum). J. Cereal Sci. 2013, 57, 253–257. 

42. Alvarez, J.B.; Gutierrez, M.V.; Guzmán, C.; Martín, L.M. Molecular characterisation of the amino- and carboxyl-domains in 
different Glu-A1x alleles of Triticum urartu Thum. ex Gandil. Theor. Appl. Genet. 2013, 126, 1703–1711. 

43. Ayala, M.; Guzmán, C.; Alvarez, J.B.; Peña, R.J. Characterization of genetic diversity of puroindoline genes in Mexican wheat 
landraces. Euphytica 2013, 190, 53–63. 



Agronomy 2021, 11, 816 14 of 15 
 

 

44. Alvarez, J.B.; Castellano, L.; Huertas-García, A.B.; Guzmán, C. Molecular characterization of five novel Wx-A1 alleles in com-
mon wheat including one silent allele by transposon insertion. Plant Sci. 2021, 305, 110843. 

45. Waines, J.G.; Payne, P.I. Electrophoretic analysis of the high-molecular-weight glutenin subunits of Triticum monococcum, T. 
urartu, and the A genome of bread wheat (T. aestivum). Theor. Appl. Genet. 1987, 74, 71–76. 

46. Saponaro, C.; Pogna, N.E.; Castagna, R.; Pasquini, M.; Cacciatori, P.; Redaelli, R. Allelic variation at the Gli-A1m, Gli-A2m and 
Glu-A1m loci and breadmaking quality in diploid wheat Triticum monococcum. Genet. Res. 1995, 66, 127–137. 

47. D’Ovidio, R.; Masci, S.; Porceddu, E. Sequence analysis of the 5’ non-coding regions of active and inactive 1Ay HMW glutenin 
genes from wild and cultivated wheats. Plant Sci. 1996, 114, 61–69. 

48. Guzmán, C.; Caballero, L.; Martín, M.A.; Alvarez, J.B. Molecular characterization and diversity of the Pina and Pinb genes in 
cultivated and wild diploid wheat. Mol. Breed. 2012, 30, 69–78. 

49. Hajjar, R.; Hodgkin, T. The use of wild relatives in crop improvement: A survey of developments over the last 20 years. Euphytica 
2007, 156, 1–13. 

50. Schneider, A.; Molnár, I.; Molnár-Láng, M. Utilisation of Aegilops (goatgrass) species to widen the genetic diversity of cultivated 
wheat. Euphytica 2008, 163, 1–19. 

51. Gill, B.S.; Friebe, B.R.; White, F.F. Alien introgressions represent a rich source of genes for crop improvement. Proc. Natl. Acad. 
Sci. USA 2011, 108, 7657–7658. 

52. Mason-Gamer, R.J.; Weil, C.F.; Kellogg, E.A. Granule-bound starch synthase: Structure, function, and phylogenetic utility. Mol. 
Biol. Evol. 1998, 15, 1658–1673. 

53. Caballero, L.; Martín, M.A.; Alvarez, J.B. Allelic variation for the high- and low-molecular-weight glutenin subunits in wild 
diploid wheat (Triticum urartu) and its comparison with durum wheats. Aust. J. Agric. Res. 2008, 59, 906–910. 

54. Caballero, L.; Martín, M.A.; Alvarez, J.B. Genetic diversity for seed storage proteins in Lebanon and Turkey populations of wild 
diploid wheat (Triticum urartu Thum. ex Gandil.). Genet. Resour. Crop Evol. 2009, 56, 1117–1124. 

55. Alvarez, J.B.; Moral, A.; Martín, L.M. Polymorphism and genetic diversity for the seed storage proteins in Spanish cultivated 
einkorn wheat (Triticum monococcum L. ssp. monococcum). Genet. Resour. Crop Evol. 2006, 53, 1061–1067. 

56. Lawrence, G.J.; MacRitchie, F.; Wrigley, C.W. Dough and baking quality of wheat lines deficient in glutenin subunits controlled 
by the Glu-A1, Glu-B1 and Glu-D1 loci. J. Cereal Sci. 1988, 7, 109–112. 

57. Law, C.N.; Payne, P.I. Genetical aspects of breeding for improved grain protein content and type in wheat. J. Cereal Sci. 1983, 1, 
79–93. 

58. Rogers, W.J.; Miller, T.E.; Payne, P.I.; Seekings, J.A.; Sayers, E.J.; Holt, L.M.; Law, C.N. Introduction to bread wheat (Triticum 
aestivum L.) and assessment for bread-making quality of alleles from T. boeoticum Boiss. ssp. thaoudar at Glu-A1 encoding two 
high-molecular-weight subunits of glutenin. Euphytica 1997, 93, 19–29. 

59. Alvarez, J.B.; Caballero, L.; Nadal, S.; Ramirez, M.C.; Martín, A. Development and gluten strength evaluation of introgression 
lines of Triticum urartu in durum wheat. Cereal Res. Commun. 2009, 37, 243–248. 

60. Ortega, R.; Guzmán, C.; Alvarez, J.B. Wx gene in diploid wheat: Molecular characterization of five novel alleles from einkorn 
(Triticum monococcum L. ssp. monococcum) and T. urartu. Mol. Breed. 2014, 34, 1137–1146. 

61. Guzmán, C.; Caballero, L.; Alvarez, J.B. Variation in Spanish cultivated einkorn wheat (Triticum monococcum L. ssp monococcum) 
as determined by morphological traits and waxy proteins. Genet. Resour. Crop Evol. 2009, 56, 601–604. 

62. Urbano, M.; Margiotta, B.; Colaprico, G.; Lafiandra, D. Waxy proteins in diploid, tetraploid and hexaploid wheats. Plant Breed. 
2002, 121, 465–469. 

63. Rodriguez-Quijano, M.; Vazquez, J.F.; Carrillo, J.M. Waxy proteins and amylose content in diploid Triticeae species with ge-
nomes A., S and D. Plant Breed. 2004, 123, 294–296. 

64. Morris, C.F.; Geng, H.W.; Beecher, B.S.; Ma, D.Y. A review of the occurrence of Grain softness protein-1 genes in wheat (Triticum 
aestivum L.). Plant Mol. Biol. 2013, 83, 507–521. 

65. Lillemo, M.; Simeone, M.C.; Morris, C.F. Analysis of puroindoline a and b sequences from Triticum aestivum cv. ‘Penawawa’ 
and related diploid taxa. Euphytica 2002, 126, 321–331. 

66. Simeone, M.C.; Gedye, K.R.; Mason-Gamer, R.; Gill, B.S.; Morris, C.F. Conserved regulatory elements identified from a com-
parative puroindoline gene sequence survey of Triticum and Aegilops diploid taxa. J. Cereal Sci. 2006, 44, 21–33. 

67. Chen, Q.; Qi, P.-F.; Wei, Y.-M.; Wang, J.-R.; Zheng, Y.-L. Molecular characterization of the Pina gene in einkorn wheat. Biochem. 
Genet. 2009, 47, 384–396. 

68. Luo, M.C.; Yang, Z.L.; Kota, R.S.; Dvorak, J. Recombination of chromosomes 3Am and 5Am of Triticum monococcum with 
homeologous chromosomes 3A and 5A of wheat: The distribution of recombination across chromosomes. Genetics 2000, 154, 
1301–1308. 

69. Tranquilli, G.; Heaton, J.; Chicaiza, O.; Dubcovsky, J. Substitutions and deletions of genes related to grain hardness in wheat 
and their effect on grain texture. Crop Sci. 2002, 42, 1812–1817. 



Agronomy 2021, 11, 816 15 of 15 
 

 

70. Bonafede, M.; Kong, L.; Tranquilli, G.; Ohm, H.; Dubcovsky, J. Reduction of a Triticum monococcum chromosome segment 
carrying the softness genes Pina and Pinb translocated to bread wheat. Crop Sci. 2007, 47, 821–828. 

71. Morris, C.F.; Simeone, M.C.; King, G.E.; Lafiandra, D. Transfer of soft kernel texture from Triticum aestivum to durum wheat, 
Triticum turgidum ssp. durum. Crop Sci. 2011, 51, 114–122. 

72. Devos, K.M.; Dubcovsky, J.; Dvorak, J.; Chinoy, C.N.; Gale, M.D. Structural evolution of wheat chromosomes 4A, 5A, and 7B 
and its impact on recombination. Theor. Appl. Genet. 1995, 91, 282–288. 

73. Upadhya, M.D.; Swaminathan, M.S. Genome analysis in Triticum zhukovskyi, a new hexaploid wheat. Chromosoma 1963, 14, 589–
600. 

74. Gill, R.S.; Dhaliwal, H.S.; Multani, D.S. Synthesis and evaluation of Triticum durum—T. monococcum amphiploids. Theor. Appl. 
Genet. 1988, 75, 912–916. 

75. Megyeri, M.; Mikó, P.; Molnár, I.; Kovács, G. Development of synthetic amphiploids based on Triticum turgidum × T. monococcum 
crosses to improve the adaptability of cereals. Acta Agron. Hung. 2011, 59, 267–274. 


