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Abstract  Sideritis gulendamii is a perennial, endan-
gered plant endemic to Türkiye with narrow and frag-
mented populations encountered in gypsum and marl 
soil. This species is known as mountain tea and also 
has a significant potential for use for medicinal and 
aromatic purposes. Assessing the genetic diversity of 
this species holds significant importance in its con-
servation efforts due to its specific habitat require-
ments, small and isolated populations, and recent 
threats imposed on these populations. This study 
determined genetic diversity at the species and popu-
lation levels using the inter simple sequence repeat 
(ISSR) fingerprinting method on 157 individuals 
from seven natural populations. We observed that 
the species-level genetic diversity is relatively high 
(H = 0.189, I = 0.298), but the population-level is low 
(H = 0.150, I = 0.231). The greater total genetic varia-
tion within populations was determined as 76% using 
the analysis of molecular variance (AMOVA). The 
obtained value of genetic differentiation (Gst = 0.208, 
Φpt = 0.24) among populations is considered to be 
at a moderate level, whereas gene flow appears to be 
high (Nm = 1.899). Supportive results were reached 

using the STRU​CTU​RE cluster analysis, Unweighted 
Pair Group Method with Arithmetic Averages 
(UPGMA) dendrogram, and Principal Coordinate 
Analysis (PCoA). The positive correlation between 
the matrices of genetic distance and geographic dis-
tance is determined to be statistically significant, with 
values of r = 0.566 and p < 0.001 in the Mantel test. 
Some strategies were developed using the genetic 
variability pattern of this endangered species for its 
conservation. 

Keywords  Sideritis gulendamii · Endangered 
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Introduction

There are 11,707 plant taxa in Türkiye and 3,649 of 
them are endemic (Güner et al. 2012), so Türkiye can 
be recognized as a globally significant biodiversity 
center. Within this rich biodiversity, medicinal and 
aromatic plants play a significant role in terms of 
their usage and export (Samet and Cikili 2015). 
Ethnobotanical research has recorded 1546 species 
as medicinal plants in Türkiye (Tuzlacı, 2016). In 
Türkiye, approximately 350 plants collected from 
nature are traded, and of these plants, about 100 are 
exported (Akalın et al. 2020). The Lamiaceae family 
includes many genera collected from nature for 
medicinal purposes (Samet and Cikili 2015). Sideritis 
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L. is one of these genera, and it is often consumed 
for preparing herbal tea and traditional folk medicine 
(Bertsouklis et  al. 2022). In addition, folk medicine 
reports anti-inflammatory, spasmolytic, antiulcer, 
analgesic, and gastroprotective properties (Tadić et al. 
2012, Menković et al. 2013).

Among the Lamiaceae family’s largest genera, 
Sideritis L. is comprises of large number of species 
over 142 (WCSP 2023). These species, having global 
economic importance, grow as annual or perennial 
aromatic herbs (or shrubs) (Chrysargyris et  al. 
2023). The majority of the species are located in the 
Mediterranean region, with Spain and Türkiye having 
the highest number of species. Most of these species 
are found in the southeastern part of the Iberian 
Peninsula and the Canary Islands in Spain, with the 
Marmara and Aegean regions prevailing in Türkiye 
(González-Burgos et al. 2011). Considerable amount 
of Sideritis species worldwide are found in Türkiye 
with 61 taxa; 41 of which are endemic (endemism 
rate 67.21%) (Güner et  al. 2012). Such a high 
endemism rate is explained by Türkiye’s being an 
important gene center for this genus with the Iberian 
Peninsula in southern Europe is the other important 
gene center (Baser 2002). The genus Sideritis is 
commonly known as mountain tea in Türkiye (Güner 
et al. 2012).

Sideritis gulendamii H. Duman & Karavel. is a 
perennial species with 20–60 cm simple or branched 
stems, covered with densely adpressed white wooly 
tomentose hairs, sometimes glabrescent above and 
eglandular (Duman et  al. 1995). It has a chemical 
structure similar to the traditionally used herbs, hence 
has potential for medicinal and aromatic purposes 
(Kirimer et  al. 2000, Azizoglu et  al. 2011, Çarıkçı 
et  al. 2023). The IUCN Red List Criteria classifies 
it as Endangered (EN) (IUCN 2022). It has narrow 
and isolated seven small natural populations in the 
Central Anatolia in Türkiye (Ankara and Eskişehir 
provinces). It has specific habitat requirements 
and grows only over gypsum and marly soils. Most 
importantly, this species’ populations are at risk 
due to various factors such as the expansion of 
agricultural areas, overgrazing, proximity to both 
highways and urban areas, reforestation, terracing, 
and erosion (Yıldırım et  al. 2019). As a result, for 
these species effective conservation measures must be 
taken.

Understanding the degree of genetic diversity, 
especially in endemic and endangered species, 
is crucial as it forms the foundation for crafting 
effective conservation strategies. Molecular markers 
might reveal details about genetic variation and 
adaptive evolutionary processes (Garayalde et  al. 
2011). Molecular marker techniques are widely used 
in plant sciences to evaluate ecological, evolutionary, 
taxonomic, phylogenetic, and genetic research. 
Generally, the choice of a molecular marker must 
strike a balance among several parameters such as 
dependability, confidence in showing polymorphisms, 
statistical power, and ease of analysis (Agarwal et al. 
2008). Inter simple sequence repeats (ISSR) is one 
of the commonly used molecular markers in research 
regarding population genetics, particularly for plants 
(Gupta et al. 1994, Li and Jin 2008). ISSR represents 
a quick, simple, and highly repeatable method. ISSR 
markers typically exhibit high polymorphism, are 
cost-effective, and their key advantage lies in not 
requiring prior knowledge of the genomic sequence 
(Zietkiewicz et al. 1994, Bornet and Branchard 2001, 
Idrees and Irshad 2014). It is aimed to investigate the 
genetic diversity and differentiation patterns of seven 
small natural populations of S. gulendamii using 
ISSR markers for developing effective conservation 
strategies.

Materials and methods

Plant material

Field experiments on the S. gulendamii species were 
carried out in the Central Anatolian region’s prov-
inces of Ankara and Eskişehir in July and August 
of 2016. 157 fresh leaf samples were gathered from 
the known seven natural populations of the species 
(Fig.  1) (Table  1). The sampling method depended 
on the size of each population, and care was taken to 
choose the sampled individuals as far apart as pos-
sible. Fresh leaf samples collected during the field-
work were stored and dried in sealed bags containing 
silica gel. The dried leaf samples were maintained at 
–20 °C until use.
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DNA extraction and ISSR‑PCR amplification

Utilizing established protocols of the Mach-
erey–Nagel NucleoSpin Plant II kit, dried leaf tissues 
yielded good quality genomic DNA samples. After 

determining the quality and quantity of DNA samples 
by using the Nanodrop spectrophotometer, the sam-
ples were diluted to a concentration of 10 ng/μl and 
stored at –20 °C until PCR process. During the ampli-
fication process, 36 ISSR primers were screened, and 

Fig. 1   Locations of Sideritis gulendamii populations sampled

Table 1   Population and sample details for Sideritis gulendamii 

Population 
abbreviation

Location Latitude (N) Longitude (E) 
Altitude (m)

Sample size 
(individual 
code)

AY A4 16th km of Ayas-Ankara route, Aysanti pass, gypseous soils 40° 05′ 36.0″ N
032° 26′ 17.1″ E 1203 m

23 (1–23)

BS A3 Ankara, 2nd km of Beypazari-Basoren village, marly steppe 40° 09′ 14.1″ N
031° 52′ 33.5″ E 744 m

21 (24–44)

IN A3 Ankara, Beypazari Inozu valley 40° 10′ 41″ N
031° 55′ 3.0″ E 720 m

23 (45–67)

SR A3 Ankara, Nallıhan, Culhalar village, Sarical Mountain 40° 16′ 09.5″ N
031° 15′ 01.8″ E 1684 m

22 (68–89)

CR B3 Eskisehir: on the route of Catacik National Park, high hillsides of 
Circir, Agillar

39° 50′ 27″ N
031° 07′ 40.0″ E 920 m

23 (90–112)

YD B3 Eskisehir, Beylikova, Yukaridoganoglu village 39° 48′ 57.2″ N
031° 12′ 40.0″ E 916 m

22 (113–134)

AK B3 Near Asagikepen village in Sivrihisar, Eskisehir, gypseous soils 39° 22′ 18.7″ N
031° 29′ 10.0″ E 955 m

23 (135–157)

Total 157
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from these, the top 10 primers were chosen depend-
ing on repeatability, polymorphism rate, and clear 
banding patterns suitable for the study (set no. 9, 
University of British Columbia 2006). PCR applica-
tions were carried out using "Applied Biosystems 
Veriti Thermal Cycler" and a touch down PCR (TD) 
program was used (Don et al. 1991). The ISSR-PCR 
reaction components are listed in Table 2 with their 
volumes and concentrations. The ISSR amplification 
conditions comprised an initial denaturation step for 
5 min at 95 °C, followed by 1 cycle; denaturation for 
30 s at 95 °C, annealing for 45 s at 65–55 °C, exten-
sion for 1 min 30 s at 72 °C, followed by 15 cycles; 
denaturation for 30 s at 95 °C, annealing for 30 s at 
45 °C, extension for 1 min 30 s at 72 °C, followed by 
20 cycles; and a final extension for 7 min at 72  °C, 
followed by 1 cycle. Then, these products were elec-
trophoresed on a 2% agarose gel containing 0.5X 
TBE buffer (Tris–Borate-EDTA) and ethidium bro-
mide (EB) solution for approximately 5  h at a volt-
age of 90  V. The sizes of the amplified DNA frag-
ments were determined by comparing them to the 
ABM 100 bp ladder. The stained gel was visualized 
under UV light using the ’BioRad Molecular Imager 
DocXR + ’.

Data analysis

A binary data matrix was constructed for statisti-
cal evaluation based on the amplified fragment 
presence ‘1’ or absence ’0’. The genetic diversity 
parameters, which include Shannon’s information 
index (I) (Lewontin 1972), Nei’s gene diversity (H) 
(Nei 1973), number of observed and effective alleles 
(Na and Ne, respectively) (Kimura and Crow 1964), 
number and percentage of polymorphic loci (NPL 
and PPL, respectively), genetic diversity within 

population (Hs), total genetic diversity (Ht), and 
coefficient of genetic differentiation among popu-
lations (Gst = 1–Hs/Ht), were obtained from POP-
GENE v1.32 (Yeh et al. 1997). Gene flow (Nm) was 
extracted using the Gst values in Nm = 0.5(1–Gst)/Gst 
(McDermott and McDonald 1993). The values of pol-
ymorphism information content (PIC) were obtained 
by using the frequency of the amplified allele (ƒi) val-
ues in PICi = 2ƒi (1–ƒi) (Abuzayed et al. 2017).

Molecular Evolutionary Genetics Analysis 
(MEGA) 6.06 software (Tamura et al. 2013) was used 
for depicting an Unweighted Pair Group Method with 
Arithmetic Mean (UPGMA) dendrogram showing 
the genetic relationship between populations based 
on the matrix of Nei’s genetic distances (Nei 1978). 
SYN-TAX 2000 software was used for depicting 
another UPGMA dendrogram utilizing the Jaccard 
similarity coefficient (Jaccard 1908, Podani 2001) to 
reflect the genetic distances between individuals. A 
Principal Coordinate Analysis (PCoA) (Orlóci 1978) 
was carried out on the basis of Nei’s genetic distances 
(Nei 1978) using GenAlEx 6.5 software to support 
the clustering patterns formed by the UPGMA 
dendrograms (Peakall and Smouse 2012). Applying 
the Analysis of Molecular Variance (AMOVA) in 
GenAlEx 6.5, the genetic variation was assessed both 
within and among populations (Excoffier et al. 1992). 
In order to assess the genetic differentiation among 
populations, the variation was summarized with the 
Φpt statistic, an analogue of Fixation index (Fst). 
The significance test was calculated based on 999 
permutations. The Mantel test was conducted using 
GenAlEx 6.5 for the evaluation of the relationship 
between geographic and genetic distance matrices, 
employing 999 permutations for testing (Mantel 
1967).

Table 2   Volumes and 
concentrations of inter 
simple sequence repeat - 
polymerase chain reaction 
(ISSR-PCR) components

Components Final concentrations Volume for 
1 tube (μl)

DEPC-treated water – 10,95 μl
10X PCR buffer (with MgCl2) X (2 mM MgCl2) 1,5 μl
Primer (10 μM) 0,3 μM 0,45 μl
dNTPs (5 mM) 300 μM 0,9 μl
Taq DNA polymerase (5 U/μl) 1U 0,2 μl
Template DNA (10 ng/μl) 10 ng 1 μl
Total volume 15 μl
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A Bayesian clustering method was utilized in 
STRU​CTU​RE v 2.3.4 software for investigating 
the genetic structure of S. gulendamii populations 
(Pritchard et  al. 2000). Employing Markov chain 
Monte Carlo repetitions of 300,000 and a burn-in 
period of 50,000 iterations, 20 independent runs of 
K (ranging from 2 to 20) were conducted utilizing an 
admixture model to find out the best number of clus-
ters. With the help of STRU​CTU​RE Harvester soft-
ware (Earl and VonHoldt 2012), the best-fit value of 
K was obtained by evaluating the ΔK statistic and the 
Ln probability of data, LnP(K) (Evanno et al. 2005). 
The threshold value of ≥ 0.80 was used to assign pop-
ulations to clusters (A, B, C, and D). Individuals were 
regarded as admixed when they did not meet this 
threshold (Celik et al. 2016).

Results

The analysis of the selected 10 ISSR primers for the 
S. gulendamii species resulted in a total of 236 bands 
from 157 individuals representing seven populations, 
out of which 226 bands were polymorphic (95.8%) 
(Table  3). Among the primers used, UBC 807 and 
810 were the primers with the largest polymorphism 
ratio (100%), whereas UBC 903 was the primer with 
the smallest polymorphism ratio (90%). Across all 
samples, the number of amplified bands per primer 
ranged from 18 to 34 with an average of 23.6 whereas 
the average for polymorphic bands was 22.6. The 

primer UBC 888 yielded the greatest number of 
bands in both total bands and polymorphic bands. The 
primer UBC 890 produced the least number of bands 
in both total and polymorphic bands. The size range 
of PCR fragments was between 200 and 2000 bp. PIC 
values were obtained between 0.174 and 0.266 and 
mean value for PIC was found to be 0.200. A PIC 
value greater than 0.50 generally suggests that the 
markers were very informative (Botstein et al. 1980, 
Serrote et al. 2020) therefore this study’s PIC values 
can be considered to be moderately informative.

The ISSR data were analyzed using POPGENE 
1.32 for the assessment of genetic diversity and 
differentiation (Tables  4 and 5). The ISSR analysis 
revealed that the number of observed alleles (Na) 
were between 1.495 and 1.601, with an average of 
1.541; the number of effective alleles (Ne) were 
between 1.227 and 1.257, with an average of 1.249; 
The Nei’s gene diversity (H) was between 0.137 
and 0.157, with an average of 0.189; The Shannon’s 
information index (I) was between 0.212 and 0.246, 
with an average of 0.298. Furthermore, the percentage 
of polymorphic loci (PPL) was between 49.6% and 
60.2%, with an average of 54.2% (Table 4).

The total gene diversity (Ht) from all loci data 
for the species was calculated as 0.189, while the 
average gene diversity within population (Hs) was 
found to be 0.150. The coefficient of differentiation 
among populations (Gst) was 0.208, which indicates 
that approximately 20% of total genetic variation 
occurred among populations and the remaining 80% 

Table 3   Polymorphism data of Sideritis gulendamii 

B=(C,G,T), D=(A,G,T), H=(A,C,T), V=(A,C,G) 

Marker Sequence
(5’-3’)

Annealing 
Temperature (°C)

Total Number 
of Bands

Number of 
Polymorphic Bands

Percentage of 
Polymorphic Bands

PIC
value

1 UBC 807 (AG)8 T TD-60 23 23 100 0.226
2 UBC 810 (GA)8 T TD-60 22 22 100 0.214
3 UBC 811 (GA)8C TD-60 26 25 96.1 0.193
4 UBC 818 (CA)8G TD-60 25 23 92.0 0.199
5 UBC 826 (AC)8C TD-60 22 21 95.4 0.175
6 UBC 888 BDB(CA)7 TD-65 34 33 97.1 0.180
7 UBC 889 DBD(AC)7 TD-65 20 19 95.0 0.266
8 UBC 890 VHV(GT)7 TD-65 18 17 94.4 0.174
9 UBC 903 BDB(CAC)5 TD-65 20 18 90.0 0.174
10 ISSR 17 G(GA)8 TD-65 26 25 96.1 0.201
Total 236 226 95.8 0.200
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within populations. Gene flow (Nm) was considered 
to be high when it was larger than 1 and low when 
it was smaller than 0.249, while it was considered to 
be intermediate between these values (Slatkin 1981, 
1985, Caccone 1985, Waples 1987). The gene flow 
(Nm) of S. gulendamii was determined to be 1.899, 
suggesting that the genetic migration among popu-
lations was at high levels. (Table  5). The AMOVA 
results highlighted striking genetic variation within 
populations (76% of the total variation) compared 
to the genetic variation among populations (24% of 
the total variation). The total differentiation among 
populations (Φpt) was obtained as 0.24 (Table  6). 
This analysis, which was based on 999 iterations of 
permutations, was regarded statistically significant 
(p < 0.001). Genetic differentiation is said to be low, 
moderate, high and very high depending on the Φpt 
value; 0–0.05, 0.05 −0.15, 0.15–0.25, and above 

0.25, respectively (Wright 1978, Hartl and Clark 
1997). In a related context, obtained value of Φpt 
(0.24) pointed out a moderate genetic differentiation 
existed among populations.

Nei’s unbiased genetic distance varied from 0.019 
to 0.080 between seven populations of S. gulendamii 
(Nei 1978) (Table  7). The smallest genetic distance 
(0.019) was determined among the populations of YD 
and CR. These two populations are also geographi-
cally only 15 km apart from each other. The highest 
genetic distance (0.080) was determined among the 
populations of AK and IN. The geographic distance 
separating these two populations is 100 km. The posi-
tive correlation between the matrices of genetic dis-
tance and geographic distance was determined to be 
statistically significant with values of r = 0.566 and 
p < 0.001 in Mantel test (Fig. 2).

Employing Nei’s binary genetic distance matrix 
(Nei 1978), the relationship among S. gulendamii 
populations was investigated by UPGMA and PCoA 
cluster analyses. The UPGMA dendrogram distinctly 
separated the clustered 7 populations into two main 
groups, representing populations found in Ankara 
and Eskişehir provinces (Figs.  3, 4). While the 
Ankara province group was composed of BS, IN and 

Table 4   Genetic diversity 
of Sideritis gulendamii 
Na and Ne are the number 
of observed and effective 
alleles, I and PPL are 
the number and percentage 
of polymorphic loci, and 
H is Nei’s genetic diversity 
index 

Population Number of 
individuals

Na Ne H I PPL (%)

AY 23 1.533 1.257 0.152 0.233 53.4
BS 21 1.504 1.227 0.137 0.212 50.5
IN 23 1.495 1.246 0.145 0.221 49.6
SR 22 1.542 1.255 0.153 0.237 54.3
CR 23 1.580 1.254 0.154 0.238 58.1
YD 22 1.601 1.255 0.157 0.246 60.2
AK 23 1.529 1.249 0.149 0.229 53
Population average 1.541 1.249 0.150 0.231 54.2
Species 157 1.957 1.313 0.189 0.298 95.8

Table 5   Genetic differentitation of Sideritis gulendamii popu-
lations

All loci Number of individuals Ht Hs Gst Nm

Average 157 0.189 0.150 0.208 1.899

Table 6   Analyses of molecular variance (AMOVA) of Sideritis gulendamii by inter-simple sequence repeats (ISSR)

Source of variation Degree of 
freedom
(df)

Sum of squared
(SS)

Mean square
(MS)

Variance 
compo-
nents
(VC)

Percentage of 
variance (V%)

Genetic differentiation 
among the population
(Φpt)

Statistical 
significance 
(p)

Among populations 6 914.017 152.336 5.966 24 Φpt 0.24  < 0.001
Within populations 150 2781.219 18.541 18.541 76  < 0.001
Total 156 3695.236 - 24.508 100 –



4337Genet Resour Crop Evol (2024) 71:4331–4345	

1 3
Vol.: (0123456789)

Table 7   Genetic distance 
between populations pairs 
of S. gulendamii 

*Geographical distances are 
indicated in parantheses

Pop AY BS IN SR CR YD AK

AY ***
BS 0.034

(48 km)
***

IN 0.052
(46 km)

0.029
(5 km)

***

SR 0.042
(106 km)

0.034
(55 km)

0.039
(60 km)

***

CR 0.047
(117 km)

0.049
(73 km)

0.063
(78 km)

0.051
(46 km)

***

YD 0.061
(105 km)

0.062
(63 km)

0.076
(68 km)

0.060
(48 km)

0.019
(15 km)

***

AK 0.064
(116 km)

0.075
(96 km)

0.080
(100 km)

0.058
(105 km)

0.036
(69 km)

0.047
(60 km)

***

Fig. 2   The plot of Mantel 
test of S. gulendamii 

Fig. 3   Unweighted Pair Group Method with Arithmetic Aver-
age (UPGMA) dendrogram of S. gulendamii populations

Fig. 4   The plot of Principal Coordinate Analysis (PCoA) of 
Sideritis gulendamii populations
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SR populations and connected AY population, the 
Eskişehir province group was composed of CR and 
YD, and connected AK population (Fig. 3). A similar 
clustering was also observed in the PCoA plot. The 
PCoA plot based on populations results revealed that 
45.6%, 18.3%, and 15.1% of the total variance was 
explained by axis 1, axis 2, and axis 3, respectively 
(Fig. 4).

For a detailed visualization of the genetic relation-
ships between genotypes of S. gulendamii, we per-
formed both UPGMA and PCoA clustering analy-
ses (Each population is shown by a different color) 
(Figs.  5, 6). In the UPGMA dendrogram, individu-
als typically showed a tendency to cluster together 
within their respective populations. In detail, Ankara 
populations, the first main cluster at UPGMA den-
dogram, were composed of Group A1, the subgroups 
A1-1, A1-2, and A1-3. While the subgroup A1-1 
consisted of the all genotypes of AY population and 
one genotype of BS population, the subgroup A1-2 
consisted of the genotypes of BS and IN which clus-
tered together and one genotype of SR population. 
Sub-group A1-3 was completely clustered with the 
genotypes of SR population. The second main cluster, 
Eskişehir populations, consisted of Group B1, and the 
subgroups B1-1 and B1-2. While the subgroup B1-1 
consisted of CR and YD populations that clustered 
together, the sub-group B1-2 consisted of the geno-
types of AK population (Fig. 5). The PCoA plot at the 
individual genotype level supports the UPGMA den-
drogram. It indicates that axis 1, axis 2, and axis 3 
accounted for 15.03%, 6.83%, and 6.14% of the total 
variance (Fig. 6).

According to the STRU​CTU​RE analysis con-
ducted for K = 4, genotypes of S. gulendamii were 
assigned to subclusters (A, B, C, and D) if their prob-
ability of membership (threshold) value qi > 0.80. 
Admixed cluster did not meet criteria; i.e. the qi value 
is smaller than 0.80 for this cluster (See supplemen-
tary information). Cluster A comprised 21 genotypes 
(13.3%) solely from the SR population. Cluster B 
consisted of 42 genotypes (26.7%), comprising 19 
and 23 genotypes from the BS and IN populations, 
respectively. Having 66 genotypes (42.03%), cluster 
C had the largest number of genotypes. This cluster 
contains 22, 21 and 23 genotypes from the popula-
tions of CR, YD, and AK, respectively. Cluster D 
included 21 genotypes (13.3%) exclusively from the 
AY population. Additionally, an admixed cluster was 

composed of 7 genotypes (4.45%) from all popula-
tions except the IN population (Fig. 7).

Fig. 5   Unweighted Pair Group Method with Arithmetic Aver-
age (UPGMA) dendrogram of Sideritis gulendamii genotypes
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Discussion

It has been estimated that 31.82% of plant taxa are 
endemic for Türkiye (Ekim et al. 2000, IUCN 2022). 
The majority of these taxa are in the categories of CR, 
EN, and VU due to high risk while a tiny portion of 
them (0.03%) falls into EX (Türe and Böcük 2010). 
Therefore, it is very important to conduct research 
on plant species that need conservation. Hence, this 
work aimed to determine the genetic diversity of the 
natural populations of S. gulendamii, which is know 
to be endangered and confined to only gypsum and 
marly soils in Central Anatolia.

The percentage of polymorphic locus in Sideritis 
gulendamii was observed to be 95.8% (PPLsp) at the 
species level, while it was found to be 54.2% (PPLpop) 
at the population level. Research on other Lamiaceae 
species using ISSR markers have shown varying 
levels of polymorphism in terms of the percentage of 
polymorphic locus (PPL). For instance, wide spread 
endemic species Lamiophlomis rotate (Benth.) Kudo 
(PPLsp = 96.73%) (Liu et  al. 2006), an endangered 
medicinal and aromatic species Cunila spicata Benth. 
(PPLsp = 84.4%, PPLpop = 13.94%) (Echeverrigaray 
et  al. 2016), narrowly distributed, endemic and 
threatened species Satureja khuzistanica Jamzad 
(PPLsp = 98.33%, PPLpop = 74.88%) (Hadian et  al. 

2017), Teucrium leucophyllum Montbret & Aucher 
ex Benth. (PPLsp = 99.31%, PPBpop = 79.14%) (Sözen 
et  al. 2017), Scutellaria yildirimlii Çiçek & Yaprak 
(PPLsp = 93.9%, PPLpop = 56.5%) (Yıldırım et  al. 
2023). Primula cicutariifolia Pax (PPLsp = 64.8%, 
PPLpop = 25.7%) (Wang et  al. 2014), Verbascum 
gypsicola Vural & Aydoğdu (PPLsp = 99.5%, 
PPLpop = 61.1%) (Keser and Yaprak 2023), Muscari 
adilii M. B. Güner & H. Duman (PPLsp = 97.0%, 
PPLpop = 69.6%) (Keser et al. 2023) are the examples 
for narrow endemic and endangered species from 
other families. The percentage of polymorphic locus 
ranged from 64.8% and 99.5% at the species level, 
and from 13.94 and 79.14% at the population level. 
The PPL values of S. gulendamii indicate a high 
polymorphism rate at the species level but moderate 
polymorphism rate at the population level.

Shannon’s information index (I) and Nei’s gene 
diversity (H) of S. gulendamii were calculated 
at the species level (Isp = 0.298, Hsp = 0.189) and 
population level (Ipop = 0.231, Hpop = 0.150). Values 
corresponding to narrowly distributed endemic 
and endangered species from the Lamiaceae were 
Scutellaria yildirimlii Çiçek & Yaprak (Isp = 0.292, 
Hsp = 0.183 and Ipop = 0.242, Hpop = 0.158) (Yıldırım 
et al. 2023), Satureja khuzistanica Jamzad (Isp = 0.466, 
Hsp = 0.306 and Ipop = 0.390, Hpop = 0.262) (Hadian 

Fig. 6   The plot of Prin-
cipal Coordinate Analysis 
(PCoA) of Sideritis gulen-
damii genotypes
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et  al. 2017), Teucrium leucophyllum Montbret & 
Aucher ex Benth. (Isp = 0.418, Hsp = 0.263 and 
Ipop = 0.345, Hpop = 0.220) (Sözen et  al. 2017), 
from other families Uechtritzia armena Freyn & 
Sint. (Isp = 0.171, Hsp = 0.192 and Ipop = 0.275, 
Hpop = 0.333,) (Yıldırım Doğan et  al. 2016), 
Verbascum gypsicola Vural & Aydoğdu (Isp = 0.25, 
Hsp = 0.15, and Ipop = 0.21, Hpop = 0.13) (Keser and 
Yaprak 2023), and Muscari adilii M.B.Güner & 
H.Duman (Isp = 0.300 Hsp = 0.188 and, Ipop = 0.268, 
Hpop = 0.171) (Keser et  al. 2023). Comparing these 
results with those of S. gulendamii, we observed that 
the genetic diversity at species level is relatively high 
while that at population level is low. As generally 
expected, the genetic diversity of endemic and locally 
distributed species is low (Hamrick and Godt 1996). 

Nevertheles, the genetic diversity of S. gulendamii 
is obtained at high levels at the species level. This 
result can be explained by Türkiye’s being one of the 
primary gene hubs for the Sideritis genus.

If we were to rank the populations of S. gulendamii 
based on genetic diversity values (H and I), the order 
from the highest to lowest would be YD, CR, SR, 
AY, AK, IN and BS. On the other hand, one of the 
main factor influencing genetic diversity levels is 
the population size. In the study by Yıldırım et  al. 
(2019), these populations were ranked from largest to 
smallest as AK, IN, SR, CR, BS, YD, and AY based 
on their population sizes. Although the AK (8338 
individuals) and IN (4244 individuals) populations 
have the highest number of individuals, they are at the 
fifth and sixth place, respectively, in terms of genetic 

Fig. 7   STRU​CTU​RE analysis of Sideritis gulendamii based 
on ISSR data for 157 individuals (7 populations). a The vari-
ation of delta K vs. K values for the estimation of the num-
ber of cluster populations. b The output table according to the 
Evanno method highlighting the highest ΔK value at K = 4. c 

The STRU​CTU​RE output of the analysis for K = 4 clusters. 
The seven populations were seperated by vertical black lines. 
The same color represents the same cluster. (Color figure 
online)
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diversity. Two explanations can clarify this result; the 
number of individuals decreased greatly in the past 
and then increased again, or the settlement of new 
individuals of this species in the area and the founder 
effect. Genetic diversity was found to be proportional 
to population size for SR population (3559 
individuals). The distribution area of this population 
is located at approximately 1648  m and is more 
isolated than the other populations away from various 
anthropogenic influences. It is thought that the 
number of individuals in this population did not show 
great changes in the past, and there was no stochastic 
effect. Although the BS population was represented 
by 1285 individuals, it has the lowest genetic 
diversity. This population is very close to settlements 
which suggests that there were fluctuations in 
population size in the past. YD population which has 
only 884 individuals, has the highest genetic diversity 
that can be explained with its proximity (15  km) to 
CR population with 1743 individuals and probable 
gene flow. The AY population, which has the smallest 
number of individuals, is at the forth place out of 
seven populations in terms of genetic diversity. This 
population was larger until recently but has shown 
a sudden shrinkage since 2010 due to field clearing, 
afforestation, area destruction and habitat loss 
(Yıldırım et al. 2023). While the possible distribution 
area for AY population is much wider, the fact that 
510 individuals were confined to an area of 2.2 ha can 
be shown as evidence to explain this situation.

The genetic differentiation among populations 
is shaped by various factors, including habitat 
fragmentation, selection, gene flow, mating patterns, 
and genetic drift (Schaal et  al. 1998). These also 
could be linked to the total amount of genetic 
variation and its distribution within and among 
populations. The distribution of genetic diversity in 
plant species is usually associated with their breeding 
mechanisms (Hamrick and Godt 1996). The long-
lived perennial species exhibiting outcrossing tend 
to keep the majority of the genetic diversity within 
populations, whereas annual species exhibiting 
selfing tend to distribute majority of the genetic 
diversity among populations. Average coefficients 
reported for long-lived perennials are Φpt = 0.25 
and Gst = 0.19 whereas they are Φpt = 0.27 and 
Gst = 0.22 for outcrossing species (Nybom 2004). 
Among the populations of S. gulendamii, the genetic 
differentiation values were obtained as Φpt = 0.24 and 

Gst = 0.208, consistent with findings in outcrossing 
plant species. The AMOVA test results indicated that 
76% of the total genetic variation is due to differences 
among individuals within populations while 24% of it 
is due to population differences. High value of genetic 
variation within the populations of S. gulendamii is 
likely because of the outcrossing breeding mechanism 
of the species.

Papaporfyriou et  al. (2020) draw attention to a 
significant decline in the populations of Sideritis 
scardica (Greek sage), an endemic medicinal and 
vulnerable plant species of Central Balkan Peninsula, 
which is also under the influence of the same 
anthropogenic factors as Sideritis gulendamii. The 
biotic factors, abiotic factors, and anthropogenic 
factors have very crucial role on the survival of 
the species in long term. In addition, a previous 
molecular study with AFLP markers on Sideritis 
species reported that a statistically significant 
and relatively high genetic variation (Fst = 0.344, 
p < 0.0001) between the populations of S. euboea 
(Greece) exists (Sarrou et  al. 2022). Similarly, 
noticable genetic differentiation (Φpt = 0.367, 
p < 0.0001) among populations of S. scardica 
Griseb. (Balkan Peninsula) was observed using 
the AFLP marker (Grdiša et  al. 2019). However, in 
contrast, the use of URP molecular markers found 
high rates of population differentiation of endemic 
S. raeseri Boiss. & Heldr. (Balkan Peninsula) 
(Φpt = 0.633, p < 001) (Patelou et  al. 2020). The 
genetic differentiation among the population of S. 
gulendamii was statistically significant at a moderate 
level (Φpt = 0.24, p < 0.001), consistent with the 
obtained value of Gst (0.208), but it was lower than 
in previous research as mentioned above. Gene flow 
is a major factor affecting the genetic structure. Gene 
flow value of S. gulendamii was partially high level 
(Nm = 1.899). When Nm value is larger than 1, the 
gene flow is expected to be at high levels and this 
can hinder genetic differentiation among populations 
resulting from genetic drift (Slatkin and Barton 1989, 
Yan et al. 2019). The dispersal of seeds or pollens by 
long distances is believed to be the reason for the high 
value for gene flow (Sözen et  al. 2017). Pollination 
through insects and birds, and cross-pollination are 
widespread in the Lamiaceae family (Watson and 
Dalwitz 1992, Judd et  al. 2015). The individuals 
within this family provides pollen and nectar bees. 
In addition, it is thought that the Macroglassum 
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stellatarum (Sphingidae) species, which was observed 
to visit the flowers of the S. gulendamii species 
during field research, make significant contribution 
in shaping the genetic structure of the species by 
carrying out pollen transfer. Moderate genetic 
differentiation and high gene flow were observed in 
insect-pollinated steppe perennials, like Teucrium 
leucophyllum (Sözen et  al. 2017) and Scutellaria 
yildirimlii (Yıldırım et  al. 2023). Both are endemic 
for Türkiye that exhibit a narrow distribution and are 
categorized as endangered (EN). Besides, Scutellaria 
yildirimlii and Sideritis gulendamii are distributed 
together in AY and AK localities. According to 
Yıldırım et  al. (2023), this situation could be the 
result of different natural selection processes due to 
the small population size.

According to the STRU​CTU​RE clustering 
analysis, the seven populations of S. gulendamii have 
been separated into four distinct genetic groups. The 
first cluster consists of AY; the second one includes 
BS and IN; the third one comprises SR; and the fourth 
one is composed of CR, YD, and AK. The separation 
has been supported both by the UPGMA dendrogram 
and the PCoA plot. Based on the Mantel test, a 
statistically significant positive correlation (r = 0.566, 
p < 0.001) was found between geographical and 
genetic distances. Mantel test results are supported by 
the UPGMA and PCoA cluster analyses. In this case, 
it can be said that geographic distance also contributes 
to genetic differentiation among populations. In 
both the UPGMA dendrogram and PCoA clustering 
analyses, Ankara populations (AY, BS, IN and SR) 
and Eskişehir populations (CR, YD, and AK) were 
clearly separated from each other. Regardless of the 
type of the analysis, the BS population was clustered 
with the geographically closest population (5  km), 
IN population. The genetic distance was measured as 
0.029. Despite of the 15 km geographically separated 
each other, CR and YD populations were found to be 
two genetically closest populations. In addition, the 
lowest genetic distance value of 0.019 was obtained 
for these two populations. UPGMA dendrogram in 
Fig. 5 shows that the populations are clearly separated 
from each other, with a few exceptions. An individual 
(number 46) from BS population clustered with AY 
population which is 48  km distance apart, and an 
individual (number 71) from SR population clustered 
with IN population which is 60  km distance apart. 

This situation, also seen in S. yildirimlii, suggests the 
possibility of long-distance pollen or seed distribution 
between populations (Yıldırım et al. 2023).

Conclusion

Sideritis gulendamii is an endemic plant species that 
has seven small, narrowly distributed and isolated 
populations with special habitat requirements due 
to edaphic factors. In  situ conservation of natural 
populations is a priority step for maintaining 
this species’ genetic diversity. This is especially 
important for populations like YD, CR, and AY, 
which have low numbers of individuals but high 
genetic diversity. These populations should be given 
conservation priorities, because individuals of these 
populations are likely to be more competitive than 
the individuals of populations with low genetic 
diversity and high numbers of individuals. These 
small but genetically diverse populations have 
higher ecological plasticity and can more easily 
adapt themselves to changing environmental 
conditions. Besides, anthropogenic factors such as 
overgrazing, reforestation, expansion of agricultural 
areas, and field clearings put pressure on this 
species. In order to prevent these anthropogenic 
effects, there should be some cooperation between 
relevant institutions and organizations. To provide 
the continuation of gene flow between populations, 
prevention of habitat fragmentation and habitat loss 
is very important for in situ conservation measures. 
Ex-situ conservation research can be carried out. 
From all known populations, seed samples can 
be collected and preserved to be as representative 
as possible of genetic diversity. Since many 
populations of the species are close to settlements, 
they are easily accessible, and it is important to 
inform the local people about this issue in order not 
to collect too much of this species, which can be 
consumed as tea.

Briefly, comprehending the population structure 
and genetic diversity of plant species is crucial 
for effective conservation efforts. The findings of 
this study indicates that, as a powerful and useful 
tool, ISSR molecular markers can successfully be 
employed for assessing the genetic structure of the 
endemic and endangered S. gulendamii.
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