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Abstract

This research aimed to estimate the nucleotide
polymorphism and point mutation/substitutions for
ITS2 region in 12 different Triticum and Aegilops
species, and to demonstrate their phylogenetic
relationships. The aligned ITS2 dataset showed a
total of 67 SNPs and transitions (75%) predominant
over transversions (25%). The C/T transitions
were observed at highest level in the studied
species. The highest nucleotide substitutions
occurred in ITS2 sequences of T. aestivum, T.
turgidum, and A. speltoides that showed similar
substitutions on the base sites 76, 193, 215, 230
and 241 (TCCAG changed to ATTTA). T. boeticum
and T. urartu showed similar substitutions on the
base sites 85, 201, 231, 234 and 252 (GTGCC
changed to AGATA). Remarkably, the nucleotide
of base site 146 was C in all Triticum species,
but T in all Aegilops species. The substitution
rate in A. neglecta, and A. umbellulata was zero,
it was concluded that their ITS2 is conserved.
The secondary structures of ITS2 in the studied
species was similar to that of the other flowering
plants with four helices and the variation in
helices length. The helix Il had the longest length
compared to the other helices. The length ranges
of helices |, Il, IV varied from 9 (T. turgidum, and
T. urartu) to 10, 11 (A. cylindrica) 13 and 6 (A.
speltoides) and 10 (T. boeticum) paired bases,
respectively. Using pairwise ITS2 nucleotide
comparisons, the closeness of A. caudata with A.
cylindrica, T. boeticum with T. urartu, A. neglecta
with A. umbellulata was observed. Phylogeny
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trees classified 12 species into four main clades.
The highest point mutations occurred in ITS2
sequences related to the species grouped in the
first clade.
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INTRODUCTION

The wild relatives of crops constitute an increasingly
genetic resource for improving agricultural
production. Wild species of Aegilops and Triticum
provide a useful source of new genetic variation for
wheat improvement. Bread wheat is one of the most
important cereal crops in the world consisting of A,
B, and D genomes. About their original donors, the
genome D is commonly accepted from 7. tauschii
(Jones et al., 1982) but the sources of A and B genomes
are almost indefinite. The genome A was reported to
be originated from 7. urartu (Dvogak et al., 1993).
Some reports supported 7. speltoides as the donor
of genome B, however, the results from molecular
researches such as repeated DNA sequence analysis
(Konarev, 1983) proved 7. searsii or T. sharonense
the probable donor of genome B. It was reported
that the genome B may be originated from Aegilops
species, such as Ae. speltoides (Kerby and Kuspira,
1987). The genus Aegilops has played a significant
role in the evolution of wheat through natural
hybridization (Sliai and Amer, 2011). It has been
found that B and G genomes of allopolyploid wheats
were closely similar to the S genome of Aegilops
(Kilian et al., 2011; Haider, 2013), while de. tauschii
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served as a donor of the D genome (Golovnina et al.,
2009; Bordbar et al., 2011). The crossing of donor
species with A and B genomes formed the tetraploid
wheat i.e. T. turgidum, then hexaploid bread wheat
was formed through the hybridization between T
turgidum and T. tauschii (Chen, 1997). Mehrabi and
Safari (2019) results using internal transcribed spacer
(ITS) regions confirmed that the genome A of bread
wheat is more related to 7. urartu than T. boeticum.
Also their results revealed that Ae. speltoides was
separated from Aegilops cluster and grouped with
polyploid wheats. The close relationship between
Ae. speltoides and polyploid wheats indicates that it
is the most likely donor of the B genome to wheats
(Mehrabi and Safari, 2019). The ITS1, ITS2 and
5.8S rDNA repeat segments from four species of
Triticum and two subspecies of Aegilops speltoides
were sequenced and the nucleotide sequences were
phyletically analyzed. The results postulated that 7.
boeoticum is likely to be a genome donor of both, 7.
dicoccoides (AB) and T. aestivum (ABD) (Gulbitti-
Onarici et al., 2009).

Genetic relationships among Aegilops and
Triticum accessions have been investigated based on
morphological, cytogenetic, and molecular markers
(Kilian et al., 2011; Alnaddaf er al., 2012). DNA
markers have provided new information to discover
genetic relationships on different Triticum/Aegilops
species (Petersen et al., 2006; Poczai and Hyvonen,
2010). The rDNA spacer regions could have a potential
in the study of genetic relationships because of their
simplicity, and small size (Nepolo et al., 2010; Poczai
and Hyvonen, 2010). The nuclear ribosomal DNA-
internal transcribed spacer (ITS) has been established
as a suitable genomic region to clarify genomic and
phylogenetic relationships of plants (Wang et al., 2013).
rDNAs is transcribed to rRNAs as a single precursor,
which is subsequently cleaved by a series of nucleolar
events leading to the mature small rRNA subunits i.e. the
first internal transcribed spacer (ITS1), 5.8S rRNA, the
second internal transcribed spacer (ITS2) and 26S/28S
rRNA, respectively (Lenaers et al., 1989). In the
maturation processing of rRNAs, ITS1 and ITS2 play
important roles (Liu and Schard, 1994; Michot ef al.,
1999), which require secondary structures formation.
The ITS2, which separates the nuclear ribosomal
genes 5.8S rRNA and 28S rRNA, provides completely
different associated characteristics for phylogenetic
analyses (Alvarez and Wendel, 2003; Coleman,
2003; Feliner and Rossello, 2007). ITSs, one of the
most important molecular markers in systematic and
evolution studies, shows significant sequence diversity

at the levels of species (Coleman, 2003; Thornhill et
al., 2007). Compared with rbcL, matK and psbA-
trnH, ITS and ITS2 had a higher mutation rate and
provided more information sites, and ITS2 had higher
interspecific diversity and lower intraspecific variation
in Rehmannia, but the interspecific genetic variation
of rbcL and matK was lower (Duan et al., 2019). The
diversity in ITSs structural information permits higher
taxonomic level analysis (Coleman, 2003; Aguilar
and Sanchez, 2007; Thornhill et al., 2007; Schultz
and Wolf, 2009; Coleman, 2009), which provides
additional information for high accuracy and strength
in the reconstruction of phylogenetic trees (Keller et
al., 2010).

Studies on the secondary structure of ribosomal
RNAs have increased since the beginning of nucleic
acid sequencing. General models of the secondary
structure have been proposed for the different rRNAs
that appear to be conserved among all eukaryotes. Many
reports have emphasized that the secondary structure
of the ITS regions is conserved at higher systematic
levels (Mai and Coleman, 1997; Coleman et al., 1998).
Comparative studies in the secondary structure of
ITS regions are little, whereas they could be useful
for improving alignments at higher systematic levels,
and the consisted secondary structure framework
is considered as a tool for expanding the molecular
phylogenies of plant species (Coleman and Mai, 1997;
Joseph et al., 1999; Gottschling et al., 2001).

The ITS has already been proposed and widely
used as universal barcode marker for plants, but
a comprehensive, updated and accurate reference
dataset of plant ITS sequences has not been available
so far (Banchi et al., 2020). ITS2 is potentially
useful as a standard DNA barcode to identify plant
species (Chen et al., 2010; Luo et al., 2010). Also,
it is one of the molecular markers which serves as
a candidate DNA barcode because of its valuable
characteristics, including the sufficient variability to
distinguish closely related species and the availability
of conserved regions for designing universal primers.
Another advantage of the ITS2 is that they examine
and confirm phylogenetic relationships. On the other
hand, because of the high amount of nucleotide
substitutions in ITS2, it could be used as a barcoding
marker to distinguish species by a short fragment
of the genomic DNA. The present study aimed to
estimate nucleotide polymorphisms or SNPs of ITS2,
variation of point mutation/substitutions in ITS2
region of different Triticum and Aegilops species, and
to demonstrate their phylogenetic relationships.
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MATERIALS AND METHODS

Plant materials and DNA extraction

Twelve species of Aegilops and Triticum were
selected for this study, which were collected from
different parts of Zagros Mountains in Northwes
to Southwest of Iran (provided by the Gene Bank
of Ilam University located in the west of Iran). A
summary of geographical distributions and genome
information of these species are shown in Table 1. For
each species, total genomic DNA was extracted from
young fresh leaves according to the CTAB method
(Piccolo et al., 2012) with minor modification. DNA
quantity and quality was determined by NanoDrop-
2000c spectrophotometer (BIO-RAD) as well as 0.8%
agarose gel electrophoresis. Extracted DNA samples
were stored at —20 °C prior to amplification.

PCR amplification and sequencing of ITS2 region

Nuclear rDNA-ITS2 region in the 12 species of
Aegilops and Triticum were amplified by polymerase
chain reaction with specific primer pairs ITS2F: 5’-
ATGCGATACTTGGTGTGAAT-3" and ITS2R: 5°-
GACGCTTCTCCAGACTACAAT-3 (Chen et al,
2010). The PCR amplifications were performed using
Tag-Amplicon PCR Master-Mix in total volumes of 50
pL reaction mixture according to the manufacturer’s
instructions. The PCR thermal cycling program
consisted of an initial denaturation step at 95 °C for
5 min, followed by 40 cycles of denaturation (30 s at
95 °C), annealing (30 s at 56 °C), extension (45 s at 72
°C), and a final extension at 72 °C for 10 min. The PCR
products for each species were sequenced by Bioneer
company with both forward and reverse primer pairs.

Data analysis
The descriptive statistics for ITS2 sequences were

calculated with EditSeq software (DNAStar, Inc.,
Madison, WI, USA) (Thompson et al., 1994) and CLC
Main Workbench 5.5. Genetic distance between studied
species was estimated using MEGA 7.0 (Kumar et al.,
2016) based on the ITS2 sequences according to the
Tamura-Nei model (Tamura and Nei, 1993). Internal
transcribed spacer2 secondary structures predicted
based on ITS2 online databases (http://its2.bioapps.
biozentrum.uni-wuerzburg.de/) (Schultz et al., 2006).
Multiple sequences alignment was carried out using the
ClustalW algorithm (Thompson et al., 1994) followed
by manual adjustment implemented by CLC Main
Workbench 5.5. Phylogenetic analyses were conducted
using Neighbor-Joining (Saitou and Nei, 1987),
Maximum Likelihood, Minimum evolution (Rzhetsky
and Nei, 1992), and Maximun Parsimony methods.
Phylogenetic analyses were performed in CLC Main
Workbench 5.5. Topological robustness was assessed
by bootstrap analysis with 1000 replicates.

RESULTS AND DISCUSSION

PCR amplification and sequence analysis

After amplification of the ITS2 region, all studied
species displayed a single band of PCR product
(Figure 1). The length of ITS segments including
the partial boundaries (5.8S rRNA and 26S rRNA)
was 458-468 bp in all species. The ITS2 boundaries
were determined using the conserved sequence of
the two flanking regions (5.8S rRNA and 26S rRNA)
by comparison with the available sequences of ITS2
databases (Ankenbrand et al., 2015). After trimming
and accurate analysis, all ITS2 sequences for examined
Triticum and Aegilops species were submitted to
GenBank and registered (listed in Table 1) with

Table 1. The list, genome information and registered ITS2 Gene-Bank accession no. for 12 Triticum/ Aegilops species used

in this study.
Species Genome Collection site Province Gene-Bank accession no.
Triticum aestivum AABBDD West Azerbaijan, Iran MK611977
Aegilops speltoides SS Kermanshah, Iran MK387299
Aegilops triuncialis CCuu Chaharmahal Bakhtiari, Iran MK387301
Aegilops neglecta UUMM llam, Iran MK387302
Aegilops tauschii DD Gilan, Iran MK387303
Aegilops umbellulata uu llam, Iran MK387304
Aegilops crassa DDMM Lorestan, Iran MK612080
Aegilops cylindrica DDCC Zanjan, Iran MK612093
Triticum urartu AvAY Kurdistan, Iran MK612079
Triticum turgidum AABB Isfahan, Iran MK612075
Triticum boeticum AP AP Kohgiluyeh and Boyer-Ahmad, Iran MK612045
Aegilops caudata CC Lorestan, Iran MK387300
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the accession numbers of MK611977, MK387299,
MK387301, MK387302, MK387303, MK387304,
MK612080, MK612093, MK612079, MK612075,
MK612045, MK387300. Base compositions of ITS2
sequences were highly similar (20-21% A, 14-17% T,
28-30% G, 28-35% C). The mean of GC content was
63.6% ranging from 62% in both 7. aestivum and A.
speltoides to 65% in both A. caudata and A. sylindrica
(Table 2).

Sequence alignment and characteristics of ITS2
region

The multiple sequences alignment of the ITS2
sequences for the 12 species is presented in Figure 2.
As expected, based on complete ITS2 and the adjacent
partial 5.8S and 26S rRNA genes, the sequences
alignmentindicated the presence of conserved structural
elements in these regions, further supporting homology
of the observed sequence similarities in these regions.
Length variation is a difficulty often encountered in
non-coding regions of the rIDNA and makes homology
determination among sites a complex procedure
(Wheeler, 1994). ITS sequences differ between species,

but are generally conserved in length and composition
within species (Hillis and Dixon, 1991). However,
intra/inter-specific variations have also been reported
in the form of single base point mutations or the
insertion of a few base repeats. Analysis of variation
in ITS2 sequences revealed transversion/transition
substitutions. The aligned 1TS2 dataset (Figure 2 and
Table 3) showed a total of 67 variable positions or
SNPs. The variable positions were found on ITS2 base
sites of 71, 76, 80, 85, 89, 112, 115, 119, 132, 135,
142, 146, 169, 193, 200, 206, 215, 217, 221, 223, 229,
230, 231, 234, 241, 248, 252, 255 and 258 (Figure 2).
In particular, the transition substitutions (75%) was
predominant over transversion substitutions (25%)
(Table 3). The C/T transitions play an important role in
the ITS evolution of plants by achieving part of the GC
balance recognized in the spacers (Torres ef al., 1990).
In accordance, the C/T transitions were observed at
the highest level (50%) in the studied Triticum and
Aegilops species (Table 3). SNPs are excellent tools to
obtain useful DNA markers for quickly identification
of a single base variation within the genome. Also,

Figure 1. PCR products of fragments including the ITS2 region from Triticum and Aegilops species (1-12). M: DNA size marker.

Table 2. Analysis of ITS2 sequences and statistical values of the secondary structures in 12 Triticum/Aegilops species.

Helices length (in paired bases)

Species names Product size Size of ITS2 CG AG
(bp) (bp) | I M IV (%)

T. aestivum 459 221 10 13 35 7 62 -85.9
A. speltoides 464 220 10 13 34 6 62 -74.6
A. triuncialis 466 218 10 13 33 7 63 -75.5
A. neglecta 460 219 10 13 34 7 64 -81.2
A. tauschii 460 219 10 13 34 7 64 -80.6
A. umbellulata 464 221 10 13 34 7 64 -81.2
A. crassa 464 221 10 13 32 7 64 -75.4
A. cylindrica 461 221 10 1 34 7 65 -81.2
T. urartu 464 220 9 13 34 8 64 -80.1
T. turgidum 463 221 9 13 35 7 62 -83.5
T. boeticum 468 220 10 13 35 10 64 -70.4
A. caudata 458 221 10 13 34 7 65 -81.2
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Figure 2. Multiple sequences alignment of 5.8S (partial), ITS2 (complete) and 26S (partial) ribosomal DNA for studied species
of Triticum/Aegilops. Identities with the first sequence are indicated by dots.

they are the most used molecular markers because
of their high density throughout the genome. On the
other hand, ITSs show a relatively high number of
SNPs and are easily isolated by PCR _because they are
located between highly conserved sequences (between

27

18S/5.8S or 5.8S/26S genes) that constitute the target
site for the construction of primers. These two feature
make ITSs efficient molecular markers for phylogenies

and fingerprinting studies in plants (Balasubramani et
al., 2010).
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Table 3. Point mutations and SNPs counted in ITS2 sequences of 12 Triticum/Aegilops species.

Transition from

Transversion from

C T A G A A G G C C T T
Species to to

T C G A C T C T A G A G
A. neglecta . . .
A. triuncialis 1 1 1
A. caudata 2 1
A. cylindrica . 2 . 1
A. tauschii 1 2 1
A. speltoides 2 1 2 . 1 1
T. aestivum 5 2 1 2 1 1 1
T. turgidum 5 2 1 2 1 1 1 .
T. boeticum 1 2 3 1
T. urartu 1 2 . 3 1
A. crassa 1 1 1 1 1 . 1
Total 16 17 3 15 4 4 3 3

Secondary structures of I'TS2

To identify the wheat species, we focused not only on
the divergence of primary sequences of ITS2, but also
on the use of variations in the secondary structures of
ITS2. With prediction the secondary structure of ITS2 in
the studied Triticum/Aegilops species (Figure 3) using
the online ITS2 databases (Ankenbrand et al., 2015) and
counting the number of nucleotide base pairs of each
helix and the number of unpaired loops (Table 2 and
Figure 3), it was found that the secondary structures of
ITS2 in the Triticum/Aegilops species were similar to
the conventional structure of ITS2, a general secondary
structure model consisting of a multi-branch loop with
several paired regions, in the flowering plants that have
four helixes (Schultz et al., 2005). In line with the results
of this research, Goertzen et al. (2003) reported that the
secondary structure of the wheat ITS2 sequences mainly
correspond to the common secondary structure (with
four helices [-1V) in angiosperms.

The studied Triticum/Aegilops species showed
a unique secondary structure that differed in this
structure in two respects with each other, the length of
helices and the number of loops on their helices (Figure
2). The variation in helices length in the secondary
structure of ITS2 was observed at different Triticum/
Aegilops species (Table 2 and Figure 3). The helix III
had the longest length, varied from 32 (4. crassa) to
35 (T aestivum, T. turgidum, and T. boeticum) paired
bases, compared to other helices. The length ranges
of helices I, II, IV varied from 9 (T. turgidum, and T.
urartu) to 10 (Other species), 11 (4. cylindrica) 13

(Other species) 6 (4. speltoides) and 10 (T. boeticum)
paired bases, respectively (Table 2 and Figure 3). All
species, with the exception for 7. hoeticum possessing
4 loops, had 3 loops on their helix 1. All species had 2
loops on their helix II. The number of loops in helix III
were 7 for 1. aestivum, T. turgidum and 8 in the rest of
species. Also, the number of loops in helix IV was 2 in
T urartu and A. speltoides, 4 in T. boeticum and 1 in
all other species.

One of the most widely used DNA markers in the
fingerprinting and barcoding for plants, which in many
cases has good efficiency for the correct diagnosis of
species of the same genus, was used in this research.
Consideringtheefficiency of ITS2 area, for distinguishing
plant species, it was expected that this marker would be
efficient in identifying the various species of Triticum/
Aegilops. The secondary structure of ITS2 in the studied
Triticum/Aegilops species was similar to that of other
flowering plants with four helices, and also the length
of the third helix as maximum length in flowering plants
(Wilson, 2003; Schultz ef al., 2005; Coleman, 2007). In
several studies on ITS2 in different genera (Coleman,
2003; Keller et al, 2008; Chen et al, 2010), the
secondary structure of ITS2 has always been one of the
main tools for species identification and differentiation
within genus from each other. In accordance with the
other reports, the secondary structure of ITS2 could
support the identification of different Triticum/Aegilops
species and also could be considered as an informative
DNA marker. In fact, in the genus whose nucleotide
substitutions in the ITS region occur more often, the
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Figure 3. The predicted secondary structures of the internal transcribed spacer (ITS2) regions for 12 species of Triticum/Aegilops.

ITS2 secondary structure can succeed in differentiating
different species (Meyer and Paulay, 2005).

Phylogenetic analyses
In distance matrix (Table 4), T. aestivum and T.

turgidum revealed the highest different nucleotide
residues with all other species. The lowest nucleotide

29

differences were observed between A. caudata and
A. cylindrica, T. boeticum and T. urartu, A. neglecta
and 4. umbellulata. This displays a higher nucleotide
identity in ITS2 sequences in the mentioned species
pairs. The phylogenetic relatedness of these species
agrees with other reports (Gulbitti-Onarici et al., 2009;

Mehrabi and safari, 2019).
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Figure 3 (Continued). The predicted secondary structures of the internal transcribed spacer (ITS2) regions for 12 species of

Triticum/Aegilops.

in the first clade. T aestivum, T. turgidum, and A.
speltoides showed similar substitutions on the base
sites 76, 193, 215, 230 and 241 (TCCAG changed to
ATTTA) (Figure 2). Also 7. aestivum and T. turgidum
contained the same substitutions on the base sites 112,
119, 135, 206, 229 and 230 (GGGACA changed to
TATGTT) (Figure 2). The clade II species 7. boeticum
and 7. urartu showed similar substitutions on the base
sites 85, 201, 231, 234 and 252 (GTGCC changed
AGATA) (Figure 2). The nucleotide substitutions on
the base sites 223 and 234 (from TC to CA) were
observed in the sub-group IVb species i.e. 4. caudata
and A. cylindrica. Remarkably, the nucleotide resided
on the base site 146 was C in all Triticum species, but
T in all Aegilops species (Figure 2). The substitution
rate in A. neglecta, and A. umbellulata (clade III)
ITS2 nucleotides was zero, it was concluded that they

Phylogeny trees of the studied Triticum/Aegilops
species were constructed using ITS2 sequences with the
methods of Neighbor-Joining (Figure 4A), Maximum
Likelihood (Figure 4B), Minimum evolution (Figure
4C), and Maximun Parsimony (Figure 4D). The four
trees had almost a consistent topological structure. The

12 species were classified into four main clades. The
first clade included the species T aestivum, T. turgidum.
A. speltoides T. boeticum, and T. urartu were located

in clade II. The third clade consisted of 4. crassa, A.

neglecta, and A. umbellulata species. The clade 1V

with two sub-groups included the species A. triuncialis

and 4. tauschii in sub-group 1Va and A. caudata and A.

cylindrica in sub-group 1Vb. The classified species in

the same group had similar substitutions compared with
the other group’s species. The highest point mutations
occurred in ITS2 sequences related to species grouped
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have conserved ITS2 sequences compared to the other
studied species.
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Figure 4. Phylogenetic tree of the species included in this study using A: Neighbor-Joining, B: Maximum Likelihood, C:
Minimum Evolution, D: Maximum Parsimony methods. Numbers on branches are bootstrap values in percent after 1000

replicated tests.
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