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ABSTRACT Since traditional taxonomic studies possess intrinsic limitations with plant species identification, combinations of DNA
barcodes have been considered a powerful tool to discover undetected genetic variation within species across large geographic areas,
providing more precise estimates of biodiversity. However, the lack of efficient and universal markers is often considered a peculiar
challenge in molecular taxonomic studies across plant taxa. Similarly, many loci have been proposed for DNA barcodes; still standardizing regions as a DNA barcode is vital for making them efficiently discriminate plant species. In this study, we tested the phylogenetic utility of nuclear (nrDNA) region (ITS2) with chloroplast (cpDNA) regions (matK, psbA-trnH, and rbcL) for efficient
discrimination of Triticum species. A total of 109 accessions representing 16 recognized genotypes in the Triticum genus have been
sampled to assess the efficiency of barcoding loci to resolve species discrimination. As expected from earlier studies, our results also
revealed that a single locus has difficulty in discriminating Triticum species. Species discrimination in Triticum taxa was martially
improved by using a combination of gene loci; however, the closely related species, T. aestivum and T. turgidum, had no DNA barcode
to separate them. Thus, we recommend further research on finding species-specific SNP using intragenic regions as standard DNA
barcode loci in Poaceae.
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INTRODUCTION
The grass family (Poaceae), which includes approximately 11,000 recognized species and about 600-700
genera (Clayton and Renvoize 1986; Peat 2009). Among
the crop plants, grasses are considered the most important
species as they play a significant role in poverty alleviation,
environmental protection and sustainable development
(Ureta et al. 2012). It includes all major cereals, such as
wheat, maize, rice, barley, etc., minor grains, such as rye,
common millet, finger millet, etc., and many other weeds
that are less familiar. The cultivated cereals have rich
carbohydrates and offer a major source of daily calorie

intake for humans and animals (Ureta et al. 2012). Many
grasses are used as fodder and in specific industrial production as well. The economic and ecological significances
of the grasses make widespread interest in their evolution
and classification studies (Watson 1992).
Triticum is an annual grass in the Poaceae (grass family)
native to the Mediterranean region and southwest Asia,
which includes the wild and domesticated species, usually
thought of as wheat. It is one of the most ancient among
domesticated crops, with archaeological evidence of the
cultivation of various species in the Fertile Crescent dating
back to 9600 B.C. The various species have been developed into thousands of cultivars that differ in chromo-
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some number from diploid types to hybrid allopolyploids.
Cultivars are variously categorized according to their
growth such as spring and winter wheat or by seed characteristics in which six major categories are recognized.
Understanding the Triticum genus is vital for understanding the crops that comprises more physiological, morphological, and genetic variation in the major cereal crops.
Despite the enormous economic and ecological importance
of wheat in the global context within the Poaceae, the
evolutionary history of Tritium is only partially understood.
The rapid increase in the molecular phylogenetic studies
based on chloroplast and nuclear genomes (Middleton et al.
2014; Ganopoulos et al. 2017) provides more information,
as well as some interesting insight for wheat phylogeny.
However, not all studies are congruent regarding the relationships between the species and lack resolution, particularly within closely related species. So far, the molecular
resolution of wheat conflicts with the traditional morphological concept. Thus, a robust and reliable method is
crucial to discriminate plant species to secure their diversity. Various markers, such as isozymes (Moghaddam et al.
2000), RAPD (Thomas and Bebeli 2010), SSR and ISSR
(Moradkhani et al. 2013; Moradkhani et al. 2016), CDDP
(Guo et al. 2016), DArT (Edet et al. 2018), SCoT (PourAboughadareh et al. 2018) and cpDNA and nrDNA sequences (Petersen et al. 2006) have been applied to study
the genetic relationships between Aegilops and Triticum
species. Recently, DNA barcoding has become a hotspot of
biodiversity research (Gregory 2005). DNA barcoding
provides a rapid solution to distinguish morphologically
similar species as this method is highly reproducible in
most plant species.
Previously many investigations have been performed for
finding suitable DNA barcodes in the family Poaceae.
Culumber (2007) investigated the efficiency of two chloroplast regions (tmH-psbA and trnK-rpsl6) along with the
ITS region in the Leymus genus. Lopez-Alvarez et al.
(2012) have proposed the combination of trnLF and ITS
region to differentiate the close relatives of the Brachypodium
species. Similarly, various combinations of DNA barcodes
were proposed to discriminate the Aegilops and Triticum
species (Dizkirici et al. 2013; Awad et al. 2017). However,

the efficiency of DNA barcodes is always evaluated based
on the barcoding gap (threshold based approach) analysis
(Čandek and Kuntner 2015). Additionally, by analyzing a
large number of samples, consensus barcodes can be provided which could be unique to each taxon (Meier et al.
2006). The plant barcoding committee always recommends
to use barcode combinations to achieve maximum species
identification (Li et al. 2011). Thus, our study was designed
with combination markers to construct the standard DNA
barcode database for the identification of Triticum species.
Our data could be helpful for the examination of Triticum
species that are very difficult to distinguish from one
another during germplasm revival in GenBank.

MATERIALS AND METHODS
Plant material
For this study, we collected a total of 109 accessions
representing 16 Triticum species from the National Agrobiodiversity Center at the National Institute of Agricultural
Sciences, Rural Development Administration, Republic of
Korea (Supplementary Table S1). Appropriate taxon sampling is thought to be the most important for accurate phylogenic inferences; where possible, each species was represented by two or more different samples.

DNA extraction and primer selection
Fresh leaf tissue was harvested from 3-week-old germinated seedling, ground well in liquid nitrogen, and total
®
DNA was extracted using the DNeasy Plant Mini kit
(Qiagen, Valencia, CA, USA) according to the manufacturer’s instructions. Finally, the extracted DNA was resuspended in 100 L water, and dilutions were made to 10
ng/L followed by storage at either ‒20℃ or –80℃.
Genomic DNA was quantified using a Nanodrop/UVS-99
instrument (ACTGene, Piscataway, NJ, USA), and the
A260/A280 nm ratio was determined. DNA quality was
confirmed on a 0.8% agarose gel. Sequences of the universal primers for four barcoding regions (ITS2, matK,
psbA-trnH, and rbcL) and thermocycling reaction conditions were obtained from Chen et al. (2010).
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visualized by the difference between the maximum intraspecific genetic distances and the minimum interspecific
genetic distances. All positions containing gaps in the
barcode sequences were eliminated and a neighbor-joining
(NJ) tree was constructed based on the K2P distance values
obtained under 1000 bootstrap value (Felsenstein 1985)
using MEGA6 for the phylogenetic comparison among
sequences.

DNA barcode amplification and sequencing
DNA barcode sequence (Table 1) amplifications were
carried out in 20 L reaction volumes which contained 1×
PCR buffer, 0.1 mM primers, 0.2 mM each dNTP, 1 U Taq
DNA polymerase and 100 ng of template DNA. PCR products were loaded on 1% agarose gels containing Dyne
LoadingSTAR (Dynebio, Seongnam, South Korea) and
visualized using the MyGelDoc (Labgenomics, Seongnam,
South Korea). The PCR products were purified using a
PCR purification kit (Solgent), and purified samples were
sent to LabGenomics (http://www. Lab.genomics.com/
kor/) for sequencing.

RESULTS
Barcode sequence characteristics
To make the reference barcode database for all 16 known
species and subspecies of Triticum, we performed PCR
amplification of the four barcoding loci, in which all
nucleotide fragments were successfully sequenced from
109 individual samples (Supplementary Table S1). Table 2
summarized the sequence characteristics of the four barcoding regions assessed in this study. Regarding primer
success rate in barcode sequence amplifications, the proportion was 100% for both the cpDNA and nrDNA regions

Sequence analysis
Sequences of all four barcode regions were manually
edited with MEGA6 (Tamura et al. 2013) and aligned using
the ClustalW option implemented in the MEGA6 program.
All intra- and inter-specific pairwise genetic distances were
calculated based on the Kimura-2-Parameter (K2P) model
(Kimura 1980) using Species Identifier 1.8 (Meier et al.
2006). The barcoding gap present in the dataset was

Table 1. Barcode primer sequences and PCR conditions used in this study.
Regions
ITS2
matK

psbA-trnH
rbcL

Primer sequences 5ʹ-3ʹ

PCR conditions

ATGCGATACTTGGTGTGAAT
GACGCTTCTCCAGACTACAAT
CGTACAGTACTTTTGTGTTTACGAG
ACCCAGTCCATCTGGAAATCTTGGTTC

94℃ 3 minutes; 95℃ 30 seconds, 56℃ 30 seconds, 72℃ 30
seconds, 35 cycles; 72℃ 7 minutes
94℃ 2 minutes 30 seconds; 94℃ 30 seconds, 54℃ 30 seconds,
72℃ 30 seconds, 10 cycles and 88℃ 30 seconds, 54℃ 30
seconds, 72℃ 30 seconds, 25 cycles; 72℃ 10 minutes
95℃ 2 minutes 30 seconds; 95℃ 30 seconds, 58℃ 30 seconds,
64℃ 1 minute, 35 cycles; 72℃ 7 minutes
94℃ 2 minutes 30 seconds; 94℃ 30 seconds, 54℃ 30 seconds,
72℃ 30 seconds, 10 cycles and 88℃ 30 seconds, 54℃ 30
seconds, 72℃ 30 seconds, 25 cycles; 72℃ 10 minutes

GTTATGCATGAACGTAATGCTC
CGCGCATGGTGGATTCACAATCC
ATGTCACCACAAACAGAGACTAAAGC
GAAACGGTCTCTCCAACGCAT

Table 2. Genetic diversity of marker combinations about four markers used in this study.
DNA
barcode
ITS2
matK
psbA-trnH
rbcL
I+M+P+R

Individuals Number of
(n)
species
109
109
109
109
109

16
16
16
16
16

Aligned
length

variable
characters

nucleotide
diversity ()

Tajima’s
test (D)

431
708
568
595
2302

19
9
309
3
340

0.012301
0.002093
0.108425
0.001315
0.030040

1.333055
‒0.328027
0.164594
0.659231
0.236857

Species Discrimination
Resolved (%)
(%)
19
12
27
14
32

31
31
37
25
37
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(data not shown). The ClustalW aligned sequence length of
ITS2 was 431 bp, 708 bp for matK, 568 bp for psbA-trnH,
and 595 bp for rbcL (Table 2). All positions containing
gaps and missing data were eliminated which resulted in a
concatenated sequence length of 2,302 bp with all four
regions. The multiple sequence alignment analysis revealed a total of 340 variable sites (S) with mean nucleotide
diversity () of 0.03 among the four loci, in which psbAtrnH showed highest pi values (0.10).

Genetic distance and barcoding gap assessment
The relative distribution of K2P distances based on
single barcodes and combinations ITS2 + matK + rbcL and
ITS2 + matK + psbA-trnH + rbcL demonstrated significant
overlap and no barcoding gap (Fig. 1). Among the single
barcodes, psbA-trnH had the highest variation in interspecific divergence, followed by ITS2, when compared to
the range of intraspecific distances (Fig. 1). Similarly, among
the barcode combinations, ITS2 + matK + psbA-trnH +
rbcL showed the highest variation in interspecific diver-

gence compared to the range of intraspecific distances (Fig. 1).

Resolution of the barcode loci
The utility of loci and their sequences for barcoding alone
and in multigene combinations is presented in Table 2.
Results indicate that only a very limited number of
Triticum species are diagnosable using individual plastid
barcodes. Similarly, the multigene combination has also
resolved a limited number of taxa (32%) and provided poor
support in species discrimination (37%). The results of
similarity tests performed in TAXONDNA software are
shown in Table 3. In the genus Triticum, the same success
rate of species identification (37%) was observed for the all
four datasets based on both best match (BM) and best close
match (BCM) TAXONDNA functions. Moreover, in the
TAXONDNA functions, the Triticum species identification failed and considered as ambiguous (62%) among all
four datasets.

Fig. 1. Relative distribution of K2P distances across all sequence pairs of Triticum datasets for different markers.
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Table 3. The number (rates) of sample identification based on analysis of the ‘Best Match’ and ‘Best Close Match’ functions
of TAXONDNA software for each DNA barcoding marker and combinations from 109 individuals.
Best match, N (%)

Barcoding
Region
ITS2
matK
psbA-trnH
rbcL
I+M+P+R

Correct
30
30
36
26
40

(27.52%)
(27.52%)
(33.02%)
(23.85%)
(36.69%)

Ambiguous
78
79
73
83
68

(71.55%)
(72.47%)
(66.97%)
(76.14%)
(62.38%)

Best close match, N (%)
Incorrect
1
0
0
0
1

(0.91%)
(0.0%)
(0.0%)
(0.0%)
(0.91%)

Correct
30
30
36
26
40

(27.52%)
(27.52%)
(33.02%)
(23.85%)
(36.69%)

Ambiguous
78
79
73
83
68

(71.55%)
(72.47%)
(66.97%)
(76.14%)
(62.38%)

Incorrect
1
0
0
0
1

(0.91%)
(0.0%)
(0.0%)
(0.0%)
(0.91%)

No match
0
0
0
0
0

(0.0%)
(0.0%)
(0.0%)
(0.0%)
(0.0%)

Threshold within 3%.

Tree based discrimination
The barcode sequence evaluation based on phylogenetic
trees was performed with un-rooted NJ analysis and K2P
(Kimura 1980) distances of the four loci according to the
correct assignment of individuals (Fig. 2, Supplementary
Figs. S1-S4). When considering the phylogenetic method,
psbA-trnH recovered the highest value of species
monophyly (37% of species correctly identified), which
was due to the identification of one extra subspecies with
the NJ method. When comparing all four datasets within
Triticum species, similar discriminatory power was
observed (37%) as all four loci failed to discriminate the
Triticum species. The phylogenetic analyses based on the
four loci were generally discriminating the Triticum
species (Fig. 2).
Only the species identification was considered successful if species or subspecies formed a distinct clade. In the
present study, species and subspecies of T. monococcum, T.
timopheevii, T. urartu, and T. turgidum subsp. turgidum
were identified successfully using the four DNA barcodes,
in multigene combinations (Fig. 2). In the NJ tree analyses,
individual and multigene combinations failed to discriminate the T. aestivum and T. turgidum subspecies other than
the T. turgidum subsp. turgidum in the genus Triticum.
However, the barcode sequence analysis provides a new
tool to discriminate the large collection of Triticum species
in the GenBank accession as the Triticum species are very
difficult to distinguish from one another during germplasm
revival.

DISCUSSION
The genus Triticum is an allopolyploid complex which
contains two diploids, two tetraploids and two hexaploids.
Taxonomy of the genus has been considered problematic as
the allopolyploid nature of the genus is more difficult to
decipher based on nuclear genome sequences. Various
studies have been reported for the investigation of paternal
and maternal ancestors of polyploid wheat, based on the
sequence analysis of many nuclear genes. The phylogenetic relationships among species were reported based
on morphology (Sarkar and Stebbins 1956), nrDNA sequences (Dvorak and Zhang 1990), chromosome banding
(Gill and Kimber 1974) and molecular phylogeny (Mori
et al. 1997; Pour-Aboughadareh et al. 2018). Moreover,
chloroplast-based phylogenetic analysis of a large collection of Aegilops/Triticum species revealed possible
cytoplasmic exchanges between them (Gornicki et al.
2014).
In DNA barcoding, the universality of primers is an
important criterion for their success (Hollingsworth et al.
2009). Four primer pairs that were tested (ITS2, matK,
psbA-trnH, and rbcL) resulted in 100% PCR amplification
and sequencing success, which suggests the importance of
primer selection in barcoding studies. According to our
results, the tested barcoding regions were found to be easily
amplified with PCR (Table 1). A total of 436 sequences
from 109 accessions, which belongs to 16 Triticum species
were obtained. Sequence alignment analysis revealed considerable nucleotide diversity () between the loci, in which
all pairwise comparisons showed the average genetic
distance ranging from 0.001 to 0.108, as shown in Table 2.
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Fig. 2. Phylogenetic analysis of Triticum species based on combinations of barcode loci. The NJ tree was developed using
the Kimura 2-parameter method on nucleotide sequences of ITS2 + matK + psbA-trnH + rbcL region. Numbers
next to the branches are the NJ bootstrap support values.
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In general, the chloroplast genome (Saski et al. 2007;
Young et al. 2011) and the rDNA regions (Erickson et al.
2008; Heubl 2010) were reported as potential loci for
barcoding due to the low sequence divergence; however,
high-quality, full-length barcode sequences are needed for
a robust phylogenetic analysis at and below the species
level.
Numerous studies have reported that the sequence of the
ITS region is variable enough to differentiate closely
related species in Triticeae (Hsiao et al. 1995; Blattner
2004). Zhang et al. (2002) studied the possible evolution of
tetraploid wheats and reported a 2-bp indel in ITS1 region
and 1-bp indel in ITS2 region. Moreover, Cao (1997) reported a total of 13 variable sites in the ITS regions among
the five groups of hexaploid wheat, which is in agreement
with the present study that there were 19 variable sites in
the ITS2 region. Phylogenetic relationships among Triticum
species based on the chloroplast genome sequences have
also been reported (Tsunewaki and Ogihara 1983; Terachi
et al. 1984; Gornicki et al. 2014; Awad et al. 2017). The
maternal inheritance nature in the chloroplast genome
simplifies sequence based phylogenetic analysis of polyploid wheat. However, a sizable sequence length requires
for phylogenetic analysis as low nucleotide substitution
rates were found in the chloroplast genomes compared to
nuclear genomes (Wolfe et al. 1987; Khakhlova and Bock
2006).
The success of DNA barcoding lies in the distinct
identification of the clusters in the phylogenetic analysis
(Steinke et al. 2009). In this study, phylogenetic relationships within Triticum species were tested by using four
barcode regions. Among the tested loci, psbA-trnH resolved the greatest number of species as a single barcode
(Table 3). However, only marginal gains in taxon resolution (27% vs. 32%) were achieved with all four
barcode combinations. Similarly, the conspecific samples
formed monophyletic clusters, supported by a high bootstrap value, which proved the reliability of barcoding loci
to identify Triticum species. However, species discrimination with single as well as combination of barcodes could
not be used to discriminate T. aestivum and T. turgidum
species as shown in the NJ tree of Fig. 2, which coincided
with the previous study (Gornicki et al. 2014).

DNA barcoding will not be useful in particular plant
groups due to various factors including hybridization
events in the polyploidy species (Hollingsworth et al.
2011). Like many other genera in the Poaceae, Triticum is
an allopolyploid complex with four (A, B, D, and G) basic
genomes (Gill and Friebe 2002), which makes them one of
the complex species for molecular studies in the last
decades. Various barcodes were tested for resolving the
phylogenetic relationships among closely related Aegilops/
Triticum species, but the studies were conducted with
limited sample size (Dizkirici et al. 2013; Gornicki et al.
2014; Ganopoulos et al. 2017). The present study was
conducted with a large group of GenBank accessions,
which includes 16 known species and subspecies in the
genus Triticum. However, the tested barcode failed to
discriminate T. aestivum and T. turgidum species alone as
the hexaploid wheat (T. aestivum) was originated from the
tetraploid wheat T. turgidum. Phylogenetic analyses with a
combination of nrDNA and cpDNA are one of the most
effective methods to understand evolutionary relationships
between and within diploid and/or polyploid Triticum
species. However, additional experiments with larger
sample sizes could aid the study for the complex phylogenetic structures of the Triticum genera.
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