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Abstract

To preliminarily evaluate the genetic diversity of the Iranian diploid 7¥iticum L. gene pool, in this
study, a total of 176 individuals belonging to 7. monococcum L. ssp. aegilopoides (Link) Thell. and
T. urartu Thum. ex Gandil. were pre-screened using single-strand conformation polymorphism
(SSCP) analysis of the Acc-1 and Pgk-1 loci. A selected set of 76 DNA samples corresponding to
the observed SSCP variants were sequenced for both loci and evaluated for nucleotide diversity
associated with the taxonomic groups and geographical regions. We found three haplotypes,
including one that was new for Iran, at each locus. Population structure and analysis of molecular
variation results proved that the collection evaluated could be genetically divided into two
distinct groups, which to a great extent was in accordance with the taxonomic classification.
A genetic leakage from 7. monococcum ssp. aegilopoides into T. urartu was observed during
structure analysis, which was inferred on the basis of occasional outcrossing, despite their
inbreeding nature. The results revealed that there was no variation within the populations
belonging to 7. urartu, while a meaningful variation was found between the geographical
regions for 7. monococcum ssp. aegilopoides. The median-joining networks revealed a conflict
between morphology and haplotype variation, which was interpreted on the basis of intro-
gressive hybridization, recombination signature and rapid speciation. In conclusion, we suggest
that SSCP analysis is a useful tool in regions where thorough sequencing of an enormous number
of DNA samples is time consuming and not affordable.

are highly desirable and precious for improving the
wheat gene pool and maintaining sustainable agroeco-
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Introduction
It is generally acknowledged that wheat was

domesticated across the Near East about 10,000 years
ago (Nesbitt, 2001). The putative donor ancestors of
wheat are still growing in this area and have been
accumulating genetic diversity more than what had
been inherited by cultivated Triticum taxa (Chantret
et al., 2005; Haudry et al., 2007). These genetic resources
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systems that are endangered by increasing climatic
changes (Maxted et al, 2008). Therefore, the
natural genetic resources of diploid Triticum including
T. monococcum . lat. and T. wrartu have been
frequently studied (Heun et al., 1997; Kilian et al.,
2007b; Dvorak et al., 2011; Peng et al., 2011) in the Fertile
Crescent, which is well known as the origin of wheat
domestication. However, the above-mentioned gene
pool in one of the oldest centres of wheat domestication,
i.e. the Iranian part of the Fertile Crescent (Riehl et al.,
2012, 2013) and areas very close to it, although not
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completely but to a great extent, has been ignored and
can be considered as the lost ring of the chain of
investigations.

Recently, DNA sequencing of nuclear gene loci, includ-
ing Acc-1 and Pgk-1, which are the focus of the present
study, has emerged as an important tool for assessing
the inter- and intra-relationships among the Triticeae
taxa (Huang et al., 2002a, b; Fan et al., 2007; Kilian
et al., 2007a, b; Takenaka et al., 2010). Acc-1 and Pgk-1
are predominantly known as single-copy genes in grasses
and encode plastid acetyl-CoA carboxylase and plastid
3-phosphoglycerate kinase, respectively (Huang et al.,
2002a, b). The significant role played by these genes in
the ecogenetic balance of plants (Longstaff et al., 1989;
Sasaki and Nagano, 2004) has made their sequencing
data important for determining plant genetic structure
and relationships across geographical areas (Avise,
2000). The variability of these genes was fundamentally
screened in a vast area by Kilian et al. (2007b) and Golov-
nina et al. (2009), albeit the Iranian part has mostly
remained untouched.

The main goal of this study was to preliminarily evalu-
ate the molecular diversity of the wild diploid Triticum in
Iran, using two functionally important genes, Acc-1 and
Pgk-1. In addition, the genetic structure and geographical
distribution patterns of the above-mentioned loci were
the focus of this study.

Materials and methods
Plant materials

In total, 176 individuals collected from ten locations across
the distribution range of 7" urartu and T. monococcum ssp.
aegilopoides (Table S1, available online) were evaluated.
The materials used in this study are deposited in the
herbarium of the University of Isfahan, Iran. Taking into
account the inbreeding nature of wheat and the topo-
graphy and coordinates of the area under study, we
subdivided the distribution range of the Triticum
collection evaluated into three geographical regions,
each representing one population (Fig. 1). The taxonomic
identifications were made on the basis of the work of van
Slageren (1994) and Nasernakhaei et al. (2013).

DNA extraction and polymerase chain reaction
(PCR) amplification

DNA extraction was carried out using fresh leaves of
a single plant following the Cetyltrimethylammonium
bromide method of Gawel and Jarret (1991). The Acc-1
and Pgk-7 loci were amplified with the specific primers
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Fig. 1. Map of the collection sites, distribution of Acc-1 and
Pgk-1 haplotypes, and population structure of the 76
sequenced samples belonging to the Iranian wild diploid
Triticum gene pool. The coloured circles indicate Acc-1
and Pgk-T haplotype members belonging to ten locations
grouped into three geographical regions (North-west (NW),
West (W) and South-west (SW)). The colour of each haplo-
type is the same as that of the genetic clusters identified
using STRUCTURE. Haplotype A (green) and haplotype B
(light green) are Triticum monococcum ssp. aegilopoides
and haplotype C (red) is Triticum urartu. Structure analysis
results revealed two clusters (green: cluster 1 and red:
cluster 2) for three regions for the wild diploid Triticum
gene pool. . monococcum ssp. aegilopoides is completely
made up by cluster 1, while T. urartu has contribution
mainly from cluster 2, but it also has a small contribution
from cluster 1. Each vertical column represents one
individual.

AcclT (2T)s (5-GGA CTT AGT TTIT TTG TCG TCA
GTT-3), AcclTa new (5'-CTT CCA AAC GTA AGG ACC
AAT ACA-3"), PgkdTs (5-GCT TGG CTC CCC TTG TGC
CCC G-3) and PgklTa (5-CAC ACT TCT CCA GCA
GGG ATT CGA-3") (Golovnina et al., 2009). The PCR
procedure was optimized according to thermal and
MgCl, concentration gradient tests. DNA amplifications
were carried out in a 25 pl reaction volume containing
40-50ng of genomic DNA, 200 uM of each dNTPs,
0.1uM of each primer, 2.5ul of 10X buffer, 3mM
MgCl, and 1U Taq DNA polymerase. The PCR program
for each of the specific primers was implemented at the
optimized conditions as follows: one cycle of 5Smin at
94°C and 33 cycles of 45s at 94°C, 45s at 61°C (Acc-1)
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or at 67.5°C (Pgk-1) and 1min at 72°C, followed by
10 min at 72°C.

Pre-screening for polymorphisms by
non-denaturing gel electrophoresis

PCR products were denatured for 5min at 100°C and
characterized by single-strand conformation polymorph-
ism (SSCP) analysis, as described by Rodriguez et al.
(2011). Electrophoresis was carried out at 300V for
19-21h at 8°C and visualized by silver staining as
described by Sanguinetti et al. (1994).

Sequencing of PCR products

Based on the revealed SSCP patterns for each of the loci,
a subset of 76 of the 176 individuals representing three
geographical areas (Fig. 1) were sequenced in both direc-
tions (Bioneer, Korea).

Data analysis

The sequence data were aligned manually using BioEdit
version 7 (Hall, 1999). The sequences were edited using
ChromasPro version 1.41 (Technelysium Pty Ltd, Tewantin,
Australia). For each species, the number of segregating
sites, the number of haplotypes, the haplotype diversity
(Hg; Nei, 1987) and the nucleotide diversity (P; Nei,
1987) were calculated using DnaSP version 5 (Liberado
and Rozas, 2009). To check the concordance between
taxonomic status and genetic structure, the combined
haplotype data of Acc-1 and Pgk-1 were screened using a
Bayesian, model-based clustering algorithm implemented
in STRUCTURE version 2.3.4 (Pritchard et al., 2000). File
format conversion was done using PGDSpider version
2.0.5.1 (Lischer and Excoffier, 2012). The analysis was run
for the range of genetic clusters from K=1 to K= 10
with the admixture, LOCPRIOR and allele frequency-
independent models, and it was replicated ten times for
each K value. Each run was implemented with a burn-in
period of 10,000 steps followed by 100,000 Markov chain
Monte Carlo replicates. The most optimal value for
Kbased on Evanno’s AK (Evanno et al., 2005) was selected
using STRUCTURE HARVESTER (Earl and vonHoldt, 2012),
and graphical representations of population assignments
were obtained using CLUMPP (Jakobsson and Rosenberg,
2007) and DISTRUCT (Rosenberg, 2004).

Population structure was also investigated via analysis of
molecular variation (AMOVA; Excoffier et al., 1992), which
was used to hierarchically partition genetic variation using
1000 permutations, and was calculated using ARLEQUIN
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version 3.1 (Excoffier et al., 2005). The hierarchies were
tested ‘between species’, ‘among populations (different
regions) within the species’ and ‘within populations’ in
the entire dataset. Subsequently, AMOVA models were
analysed to test the distribution of genetic variance
‘among’ and ‘within’ the populations of 7. monococcum
ssp. aegilopoides and T. urartu separately.

The median-joining networks (Bandelt et al., 1999) repre-
senting the relationships among the Iranian wild diploid
Triticum haplotypes evaluated in this study and those
taken from the NCBI (Kilian et al., 2007a, b; Golovnina
et al., 2009) were drawn gene by gene using Network
version 4.6.1.1 based on a maximum parsimony approach.

Results
Genetic variation

Totally, 791 and 679 bp were acquired for the Acc-1 and
Pgk-1 loci, respectively. In sum, 44 sequences were depos-
ited for both loci in the GenBank (accession numbers
KC965047-KC965055 and KF023037-KF023071). All
together, six haplotypes, i.e. three for each of the loci,
were found and similarly named as A, B and C (Table D).
In both loci, haplotype B was new for Iran. The Acc-7
and Pgk-7 loci exhibited four versus 29 nucleotide substi-
tutions and two versus four insertions/deletions (indels),
respectively (Tables 2 and 3). Haplotype A (45/76), vastly
distributed in an area all along the Zagros Mountains
to Azerbaijan provinces, and haplotype B, restricted to
only six individuals collected from North-west of Iran
(6/76), of T. monococcum ssp. aegilopoides exhibited the
maximum and minimum frequencies, respectively, and
haplotype C of T. urartu exhibited a frequency of 25/76
(Table 1. Geographically, North-west of Iran representing
all the three haplotypes appeared to be the most variable
zone (Table 1 and Fig. 1). The greatest genetic diversity
(Hy=0.416 = 0.090 and P; = 0.007 = 0.001) was found
in the population belonging to 7. monococcum ssp.
aegilopoides from North-west of Iran (Table S2, available
online), while genetic diversity in populations belonging

Table 1. Acc-T and Pgk-T1 haplotypes and their frequencies
among the 76 sequenced samples belonging to the wild
diploid Triticum gene pool in three geographical regions in
Iran (see Fig. 1)

Haplotypes North-west ~ West  South-west  Total
A 14 19 12 45
B 6 - - 6
C 4 8 13 25
Sample size 24 27 25 76
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to the other regions and also 7. urartu was null (Hy =0
and P, = 0).

Population structure

Based on AK developed by Evanno et al. (2005), a sharp
peak in AK was observed at K= 2, clearly dividing the
collection evaluated into two clusters (Fig. 1), which
was fully consistent with the diagnostic morphological
features of 7. monococcum ssp. aegilopoides and
T. urartu (van Slageren, 1994; Nasernakhaei et al., 2013).
The probable K value could not be inferred based on the
LnP(D) value because there was no sudden change in it.
T. monococcum ssp. aegilopoides was completely made
up by cluster 1, while 7. urartu had contribution mainly
from cluster 2, but it also had a small contribution from
cluster 1. The relationship between haplotype B (in light
green) and the clusters is shown in Fig. 1.

AMOVA carried out using a concatenated sequence of
both loci indicated that the highest variation (86.28%)
occurred ‘between species’ (Table 4). Within species,
most of the variation in 7. monococcum ssp. aegilo-
poides was observed within regions (76%), though
the overall Fsr value among regions was high
(Fsr = 0.24). No variation was detected for T. urartu.

Haplotype networks (Fig. 2) visualized a global
relationship combined of our materials and the relevant
haplotype data taken from the NCBI for both loci.

Discussion
Genetic variation and population structure

The genetic diversity encountered among the Iranian
wild einkorn wheat populations was screened by sev-
eral researchers. Nejat-Boshehri and Fakhr Tabatabaei
(2001) demonstrated high variability among the seed
storage protein profiles. Maleki et al. (2006) using
amplified fragment length polymorphism (AFLP) and
Naghavi et al. (2009) analysing random amplified
polymorphic DNA, AFLP and simple sequence repeat
markers concluded that there is a vast variation in the
above-mentioned gene pool. In the present study,
finding many polymorphic characteristics in Acc-7 and
Pghk-1 (Tables 2 and 3) can be considered as evidence
for the presence of high nucleotide diversity within the
Iranian wild einkorn.

Our observations are in agreement with those of Kilian
et al. (2007b), who reported two haplotypes (equivalent
to haplotypes A and C in the present study; Table S3,
available online) from two localities (Kermanshah and
Lorestan) for each of the two loci among their 15 Iranian
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lines. Furthermore, two haplotypes (both named B,
equivalent to haplotypes Acc-1 Tb1331-V and Pgk-1
Tm15-V evaluated by Kilian et al. (2007b); Table 1,
Table S3, available online, and Fig. 1) are reported
herein for the first time for Iran.

On the basis of the comprehensive study carried out by
Kilian et al. (2007b), haplotypes A and B are the first and
second most frequently found alleles in Turkey, and the
presence of the latter (only six individuals) in Iran can
be interpreted as a trace of its general distribution.

At the species level, individuals identified as 7. urartu
exhibited no genetic variability, which is in agreement
with the findings of Kilian et al. (2007b) and Adderley
and Sun (2014). This is parallel with the taxonomic homo-
geneity dominating in this species (Nasernakhaei et al.,
2013). The relatively high genetic diversity observed
among the individuals belonging to 7. monococcum
ssp. aegilopoides collected from North-west of Iran
(Table S2, available online, and Fig. 1) could be associ-
ated with the proximity of this area to the putative
centre of diversity of diploid Triticum gene pool, i.e.
South-east of Turkey according to Heun et al. (1997).

The genetic leakage from 7. monococcum ssp.
aegilopoides into T. urartu (Fig. 1), which is against the
morphological distinctness, could clearly justify the
occasional outcrossing, despite the fact that einkorn is a
typical inbreeder (Zohary and Hopf, 2000; Kilian et al.,
2007b).

Relationship between morphology and
haplotype variability

In this study, 7. monococcum ssp. aegilopoides and
T. urartu were recognized based on two morphological
features: (1) loose long hairs on leaf and anther length
of 3—5mm and (2) dense short hairs on leaf and anther
length of 1.9-2.8 mm, respectively (Nasernakhaei et al.,
2013). However, superimposing the revealed haplotypes
on the above-mentioned classification revealed a conflict
with morphological features (Fig. 2 and Fig. S1, available
online). It is worth mentioning that there is no purpose
herein to make any generalization between the
evolutionary changes of only one or two genes and the
evolutionary trend of one organism. Any genetic segment
has its own story, and to make a rational comparison
between the phylogeny of organisms and gene
trees, sequencing of multiple genes (>50) is required
(J. Dubcovsky, 2013, pers. commun.).

The 46bp indel in Acc-1 in haplotype A (Table 2),
which is probably a consequence of a non-homologous
double-strand repair (Puchta, 2005), was also utilized
by Golovnina et al. (2009) to subdivide their Acc-1
haplotypes into two variants.
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Table 4. Results of molecular variance analysis using concatenated sequence data of Acc-T and Pgk-1 in Triticum mono-
coccum ssp. aegilopoides and Triticum urartu for three geographical regions (population) in Iran

Variance Percentage Fixation
Grouping Source of variation d.f.  Sum of squares  components  of variation index
Complete wild diploid gene Among species 1 1350.0 39.55 86.28 Fcr=0.86
pool (T. monococcum ssp.  Among populations 4 88.624 1.432 3.12 Fsr=0.89
aegilopoides, T. urartu) Within species
Within populations 70 340.20 4.86 10.60 Fsc =0.22
Total 75 1778.8 45.85
T. monococcum ssp. Among populations 2 88.62 2.238 24 Fst=0.24
aegilopoides Within populations 48 340.2 7.087 76
T. urartu Among populations  NA NA NA NA NA
Within populations ~ NA NA NA NA NA

d.f., Degrees of freedom; Fcy, variance among groups relative to total variance; Fs, variance among populations; Fsc,
variance among populations within groups (species); NA, statistics that could not be calculated due to a lack of variation.

In addition, some studies have shown that while the
deletion form of this indel characterizes only the
sequences equivalent to haplotypes B and C evaluated
in the present study, its insertion form is exclusively pre-
sent in a group of species including Aegilops tauschii
Coss., Ae. speltoides Tausch, Hordeum wvulgare L. and
Secale cereale 1., which are very similar to haplotype A
evaluated in the present study (Huang et al., 2002a, b;
Kilian et al., 2007a; Goncharov et al., 2008; Golovnina
et al., 2009; Kang et al., 2010). This conflict may be
hypothesized based on the suggestion of 7. monococcum
s. lat. being a paraphyletic group, with respect to only the
above-mentioned indel. This suggestion can be justified
on the basis of a common Triticum diploid ancestor
that on Acc-1 gene diverged into two lineages, one carry-
ing variant A and the other variant B—C. Taking into

account the ‘commonality concept’ of ‘polarization’,
variant A can be regarded as the plesiomorphic state of
this gene. More recently, 7. urartu has derived morpho-
logically from the lineage of B—C variant; a hypothetical
visualization of this suggestion is shown in Fig. S1 (avail-
able online). The relevant literature has shown that
currently there is confusion regarding the taxonomy of
T. monococcum s. lat. (van Slageren, 1994; Nasernakhaei
et al., 2013), which may be due to the paraphyletic origin
of this species.

Explanation for this conflict for Pgk-1 is more complex.
The closer relationship of Pgk-7 haplotype B with haplotype
C than with haplotype A (Table 3 and Fig. 2) may be inter-
preted based on a paraphyletic group, rapid speciation
(unexpectedly short divergence times) and the genomic
integration created by ‘introgressive hybridization’. Wicker

Fig. 2. Networks created based on the haplotype data obtained in this study and the relevant haplotype data obtained from
the GenBank for Acc-1 and Pgk-1. Green, light green and red colours correspond to Triticum monococcum s. lat. and
Triticum urartu, respectively. For the name of each haplotype, see Table S3 (available online). The area of the circles is

associated with the number of individuals.
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etal. (2009) demonstrated that between quite divergent sub-
species and species there may be haplotype segments much
older than those found during the divergence of the (sub)-
species. They reported that in barley there were regions
in the genome that diverged about one million years ago
immediately next to regions that diverged only a few
100,000 years ago. They believe that these kinds of introgres-
sions occur quite frequently both in wild species and in
domesticated species. They also found that extremely diver-
gent segments could be exchanged between rye and wheat
(T. Wicker, 2013, pers. commun.).

Therefore when we found such divergent haplotype
segments in our materials, this will produce phylogeny
of single genes contradicts the overall phylogeny of the
species (Doyle, 1992). This hypothesis is confirmed by
the haplotype networks shown in Fig. 2 in which while
the individuals having each of the haplotypes are ident-
ified carefully, their taxonomic relationships are oversha-
dowed by the distribution of the haplotypes.

As a generalization, the observations made in this study
stipulate that part of the haplotype variability observed in
the local flora may be ignored in the general studies
(haplotype B was not reported by Kilian et al. (2007b))
and also the urgent necessity of in and ex situ conserva-
tion of regional vegetations that are assumed to be the
origin of domestication of some strategic plants. In
addition, the present work will be completed by screen-
ing the important functional loci like those which
mentioned in Kilian et al. (2007b). In conclusion, we
suggest that SSCP analysis is an applicable molecular
tool for pre-screening genetic variability in regions
where thorough sequencing of an enormous number of
DNA samples is time consuming and not affordable.

Supplementary material

To view supplementary material for this article, please
visit http://dx.doi.org/10.1017/S1479262114000549
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