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Abstract

Dracocephalum kotschyi pois’ (Zarrin-Giah) is an endemic endangered medicinal plant in Iran. In this study, 30 inter-simple
sequence repeat (ISSR) markers were used to detect genetic relationships among 54 wild individuals from five endemic
populations of D. kotschyi. Primers amplified 263 bands, of which 242 (92.1%) were polymorphic. Cluster analysis, popu-
lation inference, and principal coordinates analysis revealed a broad genetic variation among the populations. The highest
intrapopulation diversity was observed within the Arak population. Gst and Nm mean indices of the populations were found
to be 0.27 and 1.31, respectively. Analysis of molecular variance showed that the mean genetic diversities within and among
the populations were 74% and 26%, respectively. The most similarity was between Isfahan and Alborz populations, whereas
the least similarity was between Arak and Tehran. Based on STRUCTURE analysis, samples were divided into four groups.
The findings of this work indicate that ISSR analysis could be a suitable technique for genotyping and characterizing D.
kotschyi populations. Information on diversity, found in this study, will help to conserve, domesticate and cultivate D. kotschyi

for nutraceutical and pharmaceutical uses.
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1 Introduction

Dracocephalum kotschyi Boiss, called Zarrin-Giah or
Badrandjboie-Dennaie in Persian, is a wild flowering plant
of the Lamiaceae family (Golshani et al. 2004). In Iran, this
plant is widely distributed in Gorgan, Mazandaran, and Teh-
ran provinces as well as in the Dena mountains. It is used in
traditional medicine as an analgesic and anti-inflammatory
drug, and its boiled form relieves rheumatic pains and heals
wounds. This plant also strengthens the human immune sys-
tem, and it is used as an additive to improve the taste and
aroma of tea and yogurt (Saeidnia et al. 2004). Essential
oils bio-produced in this plant include terpenoids such as
limonene, a-terpinene, and geranial, which was tested as an

Communicated by Sung-Chur Sim.

D Ali Azizi

azizi@basu.ac.ir

Department of Horticultural Science, Faculty of Agriculture,
Bu-Ali Sina University, Hamedan, Iran

Department of Landscape Engineering, Sayyed Jamaleddin
Asadabadi University, Asadabad, Iran

analgesic in mice (Golshani et al. 2004). Among the other
bioactive compounds in extracts of this herb are phenolic
substances such as flavonoids and rosmarinic acid (Saeidnia
et al. 2007). The presence of a methoxylated flavone (xan-
thomicrol), which contributes to the anti-cancer activity, has
been reported in D. kotschyi leaves (Jahaniani et al. 2005).
Preserving the genetic diversity of endangered species is
one of the primary objectives in survival strategies because
conservation of the species depends on the maintenance of
sufficient genetic variability (Vicente et al. 2011). However,
overharvesting of wild plants, limited distribution areas, and
a lack of cultivation and breeding processes prevent species
from achieving maturity and reproducing, and consequently
results in their mortality and extinction (Noroozisharaf et al.
2011). Information on the diversity among and within popu-
lations of a species helps to manage and conserve genetic
resources, which could be an important step in preventing
the extinction of a species, genetic drift, and development
of collections of genetic resources (Rao and Hodgkin 2002).
High plant genetic diversity increases the chance to select
the appropriate material for breeding. In genetic diversity
studies, differences or similarities between species, popula-
tions, or individuals are expressed using special statistical
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methods based on morphological characteristics and genea-
logical data, or molecular properties (Pank 2006).

Molecular markers are powerful tools to determine
the genetic makeup of plants used for comparing DNA
sequences and allele compositions among plants. In addi-
tion, the markers are frequently used as a quick method for
screening germplasm to select crossed parents, for devel-
opment of genetic linkage maps, and for tagging of genes
to control important traits (Ibitoye and Akin-Idowu 2010).
Inter-simple sequence repeat (ISSR) is one of the most
efficient molecular marker methods in terms of ability to
produce abundant polymorphic markers within a short time
and limited budget (Reddy et al. 2002). Compared to other
techniques, ISSR can discriminate among closely related
genotypes and detect polymorphisms without any previous
knowledge of the crop’s DNA sequence (Kumar et al. 2006).

To our knowledge, no molecular research has been
reported on D. kotschyi for better management of germplasm
in Iran. The objectives of this study were (1) to evaluate
the genetic diversity within and among D. kotschyi popula-
tions using ISSR markers and (2) to provide primary data
for future conservation strategies.

2 Materials and methods
2.1 Plant materials

In initial studies, various D. kotschyi habitats were identified
and plant samples were collected from five locations in Iran
(Fig. 1). According to the meteorological statistics of central
Iran, the average annual rainfall for the Isfahan, Markazi,
Alborz, Tehran, and Kohgiluyeh and Boyer-Ahmad prov-
inces ranges from 300 to 550 mm and they have semi-arid
climatic conditions with cold winters, and hot and dry sum-
mers. A total of 54 single plants were harvested (Table 1).
The distance between collected plants was at least 100 m.
Figure 2 shows D. kotschyi in its natural habitat (Yasouj and
Kohgiluyeh and Boyer-Ahmad provinces).

2.2 DNA extraction

DNA was extracted from shadow-dried leaf samples using
the Doyle and Doyle (1987) method with little modification.
One hundred milligrams of dry leaves was ground and trans-
ferred to a 2-ml microfuge tube. One milliliter of extrac-
tion buffer including 5% (v/v) 100 mM Tris—HCI (pH 8.0),
4% (v/v) 20 mM EDTA, 28% (v/v) 1.4 M NaCl, 1% (w/v)
CTAB, 2% (w/v) PVP-40, and 2% (v/v) B-mercaptoethanol
was added. The tube was incubated for 30 min in a water bath
at 65 °C and inverted. One milliliter of chloroform:isoamyl
alcohol (24:1) was added at 4 °C and inverted for 5 min. The
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solution was then centrifuged at 10,000 rpm for 15 min and
the supernatant transferred to a new tube.

Two hundred microliters of CTAB buffer solution (5 X)
including 5% CTAB and 0.7 M NaCl was added and inverted
for 5 min. One milliliter of chloroform:isoamyl alcohol
(24:1) was added and inverted for 5 min. The solution was
then centrifuged at 10,000 rpm for 15 min and the super-
natant transferred to a new tube. Two hundred microliters
of cold isopropanol was added and the solution incubated
at room temperature for 2 h after inverting. The solution
was then centrifuged at 5000 rpm at 4 °C for 15 min to pre-
cipitate DNA. The supernatant was discarded. One milliliter
of cold washing buffer, including 76% ethanol and 10 mM
ammonium acetate, was added and the tube was inverted
for 5 min and incubated at room temperature for 30 min.
The solution was then centrifuged at 3200 rpm at 4 °C for
10 min. The washing buffer was discarded. The pellet was
dried at room temperature for 30 min and dissolved in 100 pl
of TE buffer solution at 4 °C overnight. DNA samples were
stored at —20 °C until further analysis.

To determine the quantity and quality of DNA samples,
a spectrophotometer at wavelengths of 260 and 280 nm and
agarose gel electrophoresis at 1% concentration were used.
The samples with a concentration of 50 ng/ul were used for
the experiment.

2.3 ISSR-PCR amplification

Thirty primers (Bioneer Company, South Korea) were used
to study the genetic diversity (Table 2). The PCR was car-
ried out in a reaction volume of 25 pl containing 3 mmol/l
MgCl,, 0.6 mmol/l dNTP, 0.8 mmol/l primers, 50 ng of tem-
plate DNA, and 1 U of Taq DNA polymerase. The ampli-
fication was run under the following conditions: initial
denaturation at 94 °C for 5 min, followed by 37 cycles of
denaturation at 94 °C for 1 min, primer annealing at 56 °C
for 75 s, and elongation at 72 °C for 2 min, ending with a
final elongation at 72 °C for 7 min. Amplified products were
separated by electrophoresis in 1.50% agarose gel and 1 X
TBE buffer and stained with 0.5 pg/ml ethidium bromide.

2.4 Data analysis
2.4.1 Polymorphism and marker indices

To provide a matrix of obtained data, 1 was assigned to
the presence of a band and 0 was assigned to the absence
of a band. Polymorphism information content (PIC) was
calculated using polymorphic DNA bands obtained from
each primer and using the formula PIC = 2f; (1 - fl) where
PIC is the polymorphic information content of marker i,
f; 1s the frequency of the amplified allele for a locus, and
1 —f; is the frequency of the null allele (Botstein et al.
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Fig. 1 Collection sites for the studied populations of D. kotschyi in Iran (Al Alborz, Dizin, Te Tehran, Tochal, Ar Arak, Markazi: Is Isfahan,
Zarrinshahr, Ya Yasouj, Kohkiluyeh and Boyer Ahmad)

Table 1 Localities investigated and sample sizes of the D. kotschyi populations studied

Nos. Population Province Code Sample size Longitude (E) Latitude (N) Altitude (m)
1 Arak (Aliabad) Markazi Ar-1_Ar-10 10 50°4322" 34°17'02" 1701
2 Zarrinshahr Isfahan Is-1_Is-13 13 51°23'58" 32024'11" 1704
3 Dizin Alborz Al-1_Al-10 10 51°24'59" 36°02'58" 2668
4 Tochal Tehran Te-1_Te-10 10 51°25'11" 35°53'03" 2800
5 Yasouj (Dena) Kohkiluyeh and Ya-1_Ya-11 11 51°27'03" 30°56'12" 3200
Boyer Ahmad

1980). Additionally, the marker index (MI), a standard for
determining the efficiency of a marker in polymorphic esti-
mation, was calculated according to Powell et al. (1996)

using the formula MI = EMR * PIC, where EMR=§ *
and fj is the mean number of amplification bands in each
individual by a particular marker system, and g ="P/,,.
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Fig.2 The aerial parts of D. kotschyi plants in their natural habitat
(Yasouj and Kohgiluyeh and Boyer-Ahmad provinces)

Resolving power (Rp) was calculated according to Prevost
and Wilkinson (1999) using the formula R, = )" I,,, in which
I,=1-1[2*(0.5—p)] and p is the ratio of individuals with a
band showing the ability of ISSR markers in distinguishing
D. kotschyi populations.

2.4.2 Genetic diversity among and within populations

POPGENE software (version 1.32) was used to analyze the
parameters, the observed number of alleles (Na), effective
number of alleles (Ne) at each gene location, Shannon’s
information index (I) (Shannon and Weaver 1949), and
Nei’s gene diversity index (h) (Nei 1978) in both species
and population to examine the genetic diversity within popu-
lations. To investigate the diversity among populations, the
estimation of heterozygosity within populations (Hs), het-
erozygosity among populations (Dst), total heterozygosity
(Ht), coefficients of gene differentiation (Gst), and gene flow
(Nm) (Nei 1978) were used. The genetic distance between
genotypes and drawing dendrogram were performed based
on Nei coefficient (Nei and Li 1979).

The variation among and within the five sampled groups
based on ISSR patterns was determined by analysis of
molecular variation (AMOVA) using GEN ALEX version
6.3 software (Peakall and Smouse 2006). Genetic similarity
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based on the Jaccard coefficient was calculated by mak-
ing a pairwise comparison between all D. kotschyi single
plants using the Simqual module of NTSYS-pc version
2.2. These similarity coefficients were used to construct a
dendrogram using the unweighted pair group method with
arithmetic averages (UPGMA) employing the SAHN algo-
rithm (sequential, agglomerative, hierarchical, and nested
clustering) from NTSYS-pc software package (Sokal 1958).
In addition, the goodness of fit of the clustering compared
to the basic data matrix was also tested by computing the
cophenetic correlation coefficient using the normalized
Mantel statistics Z test via the COPH and MXCOMP pro-
cedures of NTSYS-pc version 2.20e (Rohlf and Sokal 1981).
Principal coordinates analysis (PCoA) was carried out on
the basis of the pairwise genetic similarity matrix using the
Dcenter and Eigen procedures of the NTSYS-pc version 2.2
software, and a two-dimensional model of the distribution
of populations was plotted with panels showing the first two
principal coordinates obtained from ISSR genotyping (Rohlf
1998).

2.4.3 Inference of population structure

Analysis of the genetic structure of the populations was
conducted using STRUCTURE software (version 2.3.3) and
the Markov chain-Monte Carlo chain algorithm (MCMC)
(Pritchard et al. 2000). In this software, each individual is
placed in a subpopulation (K), and the number of clusters
is calculated by the possibilities for Pr(X|K)K, or L(k) in
a combined model from K=1 to K=10. This allows the
comparison of recombination potential between obtained
clusters. For calculating each K, 70,000 repeats, followed by
30,000 experiments, were conducted in 10 implementations.
Deduction of the number of subpopulations was conducted
according to the method described by Evanno et al. (2005)
using the logarithmic changes rate of probability K(AK) to
optimal values of K.

3 Results and discussion

Thirty primers were used to survey the genetic diversity of
populations, among which 21 primers showed 100% poly-
morphism. Primer IS15 showed the lowest polymorphism
percentage (50%). In total, 263 bands were obtained, of
which 242 were polymorphic (92.1%). The most amplified
segment (number 13) was obtained using primers of 1S2,
IS13, and UBC 810, and the least amplified segment (num-
ber 3) was recorded after applying the primer IS19 (Table 2).
In this study, ISSR markers showed a high percentage of
polymorphism, indicating their effectiveness for investigat-
ing genetic diversity. These results were consistent with the
results of studies conducted on other medicinal plants, such
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Table 2 Primers employed

. 0 Primer Primer sequence Total bands  Polymor-  Polymor- MI PIC  Rp value

to evaluate genetic var}anon phic bands  phism (%)

among five D. kotschyi

populations IS1 (CT)y G 10 10 100 297 030 14.67
1S2 (GAC); C 13 13 100 2,53 0.19 10.11
IS3 (GA)B C 8 8 100 286 036 7.15
1S4 (CAY G 100 122 0.17 8.85
IS5 (AC)Y G 100 271 039 874
IS6 (AC)9 C 11 11 100 435 040 9.07
IS7 (ACG)5G 8 8 100 238 030 1252
IS8 (ACG)5C 11 11 100 2.57 0.23 10.70
1S9 (TCG)5 G 6 6 100 194 032 852
IS10 (TCG)5 C 9 100 323 036 1222
IS11 (AC)8 G 6 100 1.63 027 741
IS12 (CA)8 AGT 7 100 2.12 030 1044
IS13 (AG)8 CTT 13 13 100 493 038 13.81
1S14 (AG) 8C 12 12 100 3.65 030 11.67
IS15 (AC)8 CTG 6 3 50 1.33 044 204
IS16 (AG)8 T 7 4 57.14 145 036 433
IS17 (GABT 9 9 100 395 044 09.15
IS18 (CT)8 AGG 8 8 100 3.02 038 10
IS19 CGAGCGT (CCT)6 CC 3 3 100 0.70 0.23 5.07
1S20 ACACGACT (CCT)6 CC 9 9 100 202 022 11.56
1S21 (AG)9 C 6 6 100 1.62 027 7.81
1S22 (TCC)5 CTAG 11 11 100 382 035 996
1S24 (AC)8T 11 7 63.63 299 043 6.67
1S25 GACAGACAGACAGACA 8 6 75 245 041 752
UBC810 (GA)ST 13 11 84.61 391 036 793
UBC849 (GT)8 CTA 6 6 100 2.19 037 6.67
UBC850 (GT)8 CTC 10 9 90 293 033 730
UBC866 (CTC)6 8 7 87.5 2.17 031 9.26
UBC868 (GAA)6 12 8 66.66 291 036 533
UBC880 GGAGAGGAGAGGAGA 8 7 87.5 245 035 5.67
Mean 8.8 8.1 92.1 2.60 030 8.7
Total 263 242 - - - -

Rp resolving power, main PIC values, and MI marker index of the primers

as Thymus daenensis subsp. Daenensis (Rahimmalek et al.
2009) and Lamiophlomis rotata (Liu et al. 2006).

The mean of the marker index in the populations studied
was 2.6, the maximum was 4.93 for IS13, and the minimum
was 0.7 for IS19. Resolving power was between 2.04 for
IS15 and 14.67 for IS1. The total average value of resolv-
ing power was 8.7. Polymorphism information content was
calculated using allelic frequency for each primer sepa-
rately. PIC values ranged from 0.44 (IS17 and IS15) to 0.17
(IS4) (Table 2). Primers with the highest PIC can identify
the genetic distance of populations better, and primers with
high MI have the highest potential to produce bands (Powell
et al. 1996).

Ml s a criterion for determining the efficiency of markers
for polymorphism estimation. The highest MI in this study

was obtained for IS13, suggesting that this primer has pro-
duced the highest number of polymorphisms. An important
characteristic of a good marker is its capacity to distinguish
among different populations (Noroozisharaf et al. 2015).

Prevost and Wilkinson (1999) described the Rp param-
eter as the measurement of discrimination power for ISSR
molecular markers. MI and Rp were calculated to show the
ability of ISSRs to discriminate D. kotschyi populations.
Results from PIC and MI and Rp means were compatible
with the results of former researchers, such as Kumar et al.
(2014) with PIC=0.25, Rp=4.25, and MI=3.94 and Had-
ian et al. (2015) with PIC=0.29, Rp=5.71, and MI=2.30,
who used ISSR markers for medicinal plants.

The cophenetic correlation coefficient (r =0.87) was
calculated to assess the efficiency of the UPGMA method
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in clustering plant populations. If this coefficient is
between 0.8 and 0.9, it will be appropriate, and if it is
below 0.8 it is weak (Mohammadi and Prasanna 2003).
Cluster analysis of five populations, which included 54
individuals, was conducted based on Jaccard’s similarity
coefficient and the UPGMA method (Fig. 3). Based on
clustering, they were divided into four groups. The first
group included three Arak samples, the second group

consisted of 47 samples divided into eight subgroups, the
third group included two Yasuj samples, and the fourth
group included two other samples from Arak. The second
group included 47 samples from all provinces, present-
ing the genetic similarity of these samples. However, in
most cases, in each subgroup, the plants of one population
have been included. Despite the geographical distance, the
genetic affinity and possible relationships among samples
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Fig.3 UPGMA tree for 54 single D. kotschyi individuals obtained from the analysis of the ISSR binary matrix using the Jaccard algorithm
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from different regions may be justified by the existence of
gene flow (Sefc et al. 2000).

Overall, genotypes related to a population were included
in the subgroup or similar groups (exception for the Arak
population), which could confirm the high correlation
between genetic diversity and geographic diversity. Arak
samples were separately included in two main groups
(groups 1 and 4). In addition, they were included in Group
2 in a subgroup separate from other groups. The inclusion
of Arak samples separates from other groups indicated that
collected plants from Arak had a higher intra-population
variation compared to the other populations. Only the Teh-
ran population was included in a separate subgroup, and it
was not included in other subgroups. This could indicate
that the Tehran population was purer than the other popula-
tions. PCoA was used to obtain a graphical representation
of the relationships among the single plants according to the
ISSR data, and the 2-D distribution of samples was gener-
ated (Fig. 4). In some cases, the distribution of samples was
in accordance with its distribution in the branches of the
dendrogram obtained from cluster analysis. First and second
factors explained 54.36% and 4.32% (total 58.69%) of the
total variance.

The mean of observed number allele (Na) at each gene
location was between 1.59 and 1.74, with a mean of 1.66.
Mean of effective alleles (Ne) at each gene location was
between 1.34 and 1.49, with a mean of 1.42. Two indi-
ces of Nei’s gene diversity (h) and Shannon’s informa-
tion (I) are used to assess the genetic diversity within the

population in higher plants when the dominant marker is
used (Song et al. 2010; Zhang and Dai 2010).

Shannon’s information index (I) at the population level
was between 0.3 and 0.4 (mean of 0.35) and Nei’s gene
diversity (h) was between 0.2 and 0.28 (mean of 0.24).
These two indices were the lowest for the Alborz pop-
ulation (I=0.3 and h=0.2). Indeed, the Arak popula-
tion showed the highest genetic diversity (I=0.41 and
h=0.28), and more genetic diversity was observed at
the species level (I=0.46 and h=0.31) (Table 3). These
results are in agreement with the high percentage of
genetic diversity at the species level using ISSR markers
in plants such as Satureja rechingeri (1=0.52 and h=0.35)
(Hadian et al. 2015) and Salvia miltiorrhiza (I1=0.19 and
h=0.33) (Song et al. 2010). Also, the percentage of poly-
morphic gene locations (PPL %) was 59.09% for Tehran
and 74.79% for Arak.

Genetic diversity within populations was relatively high
(Hs =0.24), while the diversity among populations was
lower (DST =0.0929) (Table 4). In this study, Dst values
were lower than Hs, indicating high diversity within popu-
lations. This could be due to the fact that plants in various
areas did not have very much gene exchange, while plants of
one region had considerable gene exchange leading to high
diversity within population and lower diversity among the
populations (Wang et al. 2008).

The results of the ISSR analysis showed a high genetic
differentiation among the populations at Gst=0.5. Gst is
a statistical measure of the differentiation of gene. This

Coordinate 2

Coordinate 1

Fig.4 Two-dimensional plot of the studied individuals of D. kotschyi based on the first two principal coordinates (58.69% of variance) using

ISSR data
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Table 3 Genetic variation and

’ . Population NPL PPL% Na Ne h I

polymorphic features estimated

using ISSR markers in the D. Arak 181 74.79 1.74 1.49 0.28 0.41

kotschyi populations studied Tsfahan 178 73.55 1.73 1.48 0.27 0.40
Alborz 145 59.92 1.59 1.34 0.20 0.30
Tehran 143 59.09 1.59 1.38 0.22 0.32
Yasouj 162 66.94 1.66 1.41 0.23 0.35
Mean 161.8 66.85 1.66 1.42 0.24 0.35
Total 242 92.02 1.92 1.52 0.31 0.46

NPL number of polymorphic loci, PPL% percentage of polymorphic loci, Na observed number of alleles,
Ne effective number of alleles, & Nei’s gene diversity, / Shannon’s information index

Table 4 Nei’s analysis of Ht Hs Dst Gst Nm
genetic diversity of five
populations 033 024 009 027 131

HT total genetic diversity, HS
genetic diversity within popu-
lation, DST genetic diversity
among populations, GST coef-
ficient of genetic differentiation;
Nm gene flow

indicates that the genetic diversity among and within popu-
lations was equal (Liao et al. 2012).

Nm and Gst are two important indicators to evaluate
the genetic structure of a population of one species. Ham-
rick (1989) showed that the average Gst value was 0.2 for
the cross-pollinated plants and 0.5 for the self-pollinated
plants. Moreover, an Nm higher than 1 shows that popu-
lations are maintaining genetic relationships over time,
and an Nm smaller than 1 shows that the populations have
become divergent genetically. An Nm of 1.31 indicates that
genetic exchange is high among populations of this species
(Table 4). In short, the higher the genetic differentiation of
the populations, the lower the gene flow (Lowe et al. 2009).
These results were supported by Hamrick (1987), who
reported high gene flow with the mean of 1.15 tested on 16
cross-pollinated species. Gene flow is a critical ecological
process with conservation benefits, which indicate transfer
of genes within and among populations (Yang et al. 2007).

Plant population genetic structure is the consequence of
the interaction of several factors that create complex genetic
structure within populations. Some of these factors include
the long history of the evolution of species (i.e. change in
distribution, habitat fragmentation, and separation of popu-
lations), the pollination system, genetic drift, selection, and
gene flow (Reisch et al. 2005). This genetic differentiation
among populations may be due to changes in environmental
conditions and natural selection or to random processes such
as mutation (Bossdorf et al. 2005). Analysis of molecular
variance showed that 74% of the genetic diversity was within
populations and 26% was among populations. High genetic
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Table5 Genetic identity (above diagonal) and genetic distance
(below diagonal) estimates among five D. kotschyi populations by
ISSRs based on Nei’s coefficient (1978)

Pop.ID Arak Isfahan Alborz Tehran Yasuj
Arak 0.868 0.841 0.778 0.853
Isfahan 0.140 0.886 0.846 0.845
Alborz 0.172 0.120 0.875 0.849
Tehran 0.251 0.167 0.133 0.823
Yasuj 0.158 0.167 0.162 0.194

diversity was observed within populations in S. miltiorrhiza
(84.83%) (Song et al. 2010).

The high genetic diversity within D. kotschyi populations
may be due to cross-pollination, activity of insects, and pol-
len transfer among different populations. Genetic variation
in cross-pollinated plants is higher than self-pollinated plants
and asexual-propagated plants. Transfer of pollen by insects
increases the possibility of the creation of new phenotypes
and, accordingly, genetic diversity within populations (Shi
et al. 2008).

The value of genetic distances among populations
was determined by distance matrix based on Nei’s index
(Table 5). Nei’s genetic similarity was measured between
0.77 and 0.88. In this evaluation, the highest genetic similar-
ities were observed between Isfahan and Alborz populations
(0.886) as well as Tehran and Alborz (0.8751), indicating a
stronger gene flow between these populations and a lower
level of genetic differentiation between populations. It is
possible that these two populations have the same origin. On
the other hand, the lowest similarity was observed between
Arak and Tehran populations (0.778). The dendrogram cre-
ated with the ISSR data based on Nei’s index divided the
five D. kotschyi populations into two distinct groups (Fig. 5).

Inferred population structures by Bayesian clustering
analysis for D. kotschyi (54 individuals; 242 loci) performed
using STRUCTURE (Fig. 6) Showed that the highest value
of AK was obtained in K=4. This indicates that the popula-
tions consisted of four groups (subpopulations). Based on
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Fig.5 UPGMA dendrogram of population analysis for the studied
populations of D. kotschyi based on ISSR data

Fig. 6 and the graph of results, STRUCTURE classified all
individuals from the Arak population into two clusters (red
and green), which indicates the high level of diversity within
this population. This could be due to changes in environmen-
tal conditions and natural selection or stochastic processes
like mutation. Isfahan has been located in one group, as
shown by green color. It is expected that Arak and Isfahan
have a common origin because of the genetic exchange via
some factors such as transfer of seeds by humans or birds.
Alborz and Tehran are in the same group (blue), confirm-
ing geographical proximity of these two populations. These
results corresponded with the results of cluster analysis.
There were relatively high relationships among subpopula-
tions and geographical distributions of the studied popula-
tion. These inferred subpopulations are in close agreement
with the major clusters shown in Figs. 3 and 5.

As aresult, a high correlation was observed between the
clustering and the geographical distribution of the studied
populations, and the diversity within the population was
higher than that among populations. Two important aspects
of genetic diversity in the study of plants, especially endan-
gered plants, are the level of diversity and the manner of
diversity within and among populations (Shao et al. 2009).

High genetic diversity was observed in D. kotschyi. The
level of genetic diversity in a certain species can be affected

1.00
0.80
0.60
0.40

0.20

Fig.6 Bayesian clustering analysis of D. kotschyi (54 individuals;
242 loci) performed using STRUCTURE. The value of Pr (XIK) was
optimized at K=4 for most numerical solutions, with K being the
number of subpopulations. The membership of accessions in K=4
subpopulations was consistent across multiple solutions. Each indi-

by various factors including pollination system, pollinators,
self-incompatibility, and propagation methods. The pollina-
tion system is an important factor in determining genetic
diversity. Cross-pollination and pollination by insects are
very common in the Lamiaceae family. It has been observed
that species with cross-pollination have high genetic diversi-
ties (Hajjar et al. 2008).

The high genetic diversity in D. kotschyi could be due to
this factor. In this plant, there is a relatively high gene flow
among populations, and they have formed a proper genetic
relationship with each other. This gene flow can infer the
possibility of short-term and long-term adaptation to envi-
ronmental stress, and it can ensure the survival of these
populations to their environment. High gene flow prevents
adaptation of populations, the process of speciation, and
divergence of populations (Hamrick 1987).

Information on genetic structure and the diversity of plant
species is essential for conservation. Despite the presence of
genetic diversity in D. kotschyi populations, unfortunately,
this herb has not yet been domesticated in Iran and is col-
lected from the wild and threatened with extinction. Seed
dormancy is a barrier for bringing D. kotschyi into cultiva-
tion (Fattahi et al. 2011). The efforts to domesticate and
cultivate this plant should continue.

4 Conclusion

This study showed the analysis of genetic diversity among
and within D. kotschyi populations native to Iran. Evalu-
ation of different parameters using ISSR markers showed
that they can give clear information about genetic fin-
gerprinting. This marker could show good relationships
among populations and specify a good understanding of
genetic diversity among and within populations. This was
the first effort to assess genetic diversity among native
D. kotschyi populations of Iran, and the data generated

T
AL TE YA

vidual from the predefined populations is represented by a vertical
line, which is partitioned into a maximum of K=4 differently colored
segments. Vertical black lines separate individuals of the five prede-
fined populations
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herein could be effective for germplasm management and
parental selection in breeding programs, as well as for the
conservation of other endangered Dracocephalum species.
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