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Abstract To assess genetic variation, 33 novel microsatellite
markers were identified through nucleotide sequencing of
enriched genomic libraries of Pteris cretica. Di- repeats
(79.7 %) were found to be most predominant followed by tri
(15.8 %), tetra (2.3 %) and hexa (2.3 %) type of repeat motifs.
Evaluating these markers in six populations (N=48) of West-
ern Himalayan range detected average polymorphism infor-
mation content (PIC) of 0.32. Combined neighbor joining
(NJ) and principal coordinate analysis (PCoA) grouped all
the populations in two major clusters with high levels of
intermixing of accessions in each cluster. This suggests that
P. cretica populations ofWestern Himalaya have broadly been
mixed with two sub-populations. High within population var-
iance (98.7 %) and low genetic differentiation (Φst: 0.013),
recorded in the analysis of molecular variance (AMOVA).
For the first time, highly polymorphic novel genomic micro-
satellite markers were identified and utilized for revealing ge-
netic diversity of P. cretica in Western Himalayan range in
context of established hypothesis of genetic variations based
on allozyme markers.

Keywords Cluster analysis . Genetic variation . Pteris
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Abbreviations
SSRs Simple sequence repeats
ESTs Expressed sequence tags
PIC Polymorphic information content
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Introduction

Pteris cretica (family; Pteridaceae) is an ornamental plant
with pantropical distribution (Morton 1957). In India, it is
found across the Himalayan and Central Mountain regions.
It has a remarkable ability to tolerate and accumulate high
concentrations of arsenic as well as antimony (Robinson
2009), and therefore also used as a model plant for heavy
metal tolerance studies (Raab et al. 2004). It may be proved
as promising bio resource for reclaiming barren lands intoxi-
cated with heavy metals.

P. cretica is one of the most ancient fern species often
known for apogamous mode of reproduction (Debary 1878;
Farlow 1874; Huang et al. 2011). In such reproduction, an-
theridia produce unreduced spores that give rise to sporophyt-
ic plant bypassing fertilization (Ishikawa et al. 2003). Apoga-
my creates reproductive barriers, thereby facilitating sympat-
ric speciation (Werth and Windham 1991). Earlier studies
suggests that more than 75 % of apogamous fern are poly-
ploids (Kanamori 1972; Park and Kato 2003; Walker 1962),
and opportunities of polyploidization increase due to a rise in
gene dosage or addition of chromosomes (Heilbronn 1932).
P. cretica exists as a species complex with its different cyto-
reproductive types; diploid, triploid and tetraploid
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(agamosporous), and diploid sexual types (Kato et al. 1992;
Walker 1962). Sexual cytotypes are reported but less frequent-
ly in Yunnan, China and Indonesia, Central India and Nepal
(Jha and Sinha 1987; Kato et al. 1992; Roy et al. 1971;Walker
1962). Apogamous cytotypes are widely distributed
expanding from Europe, Africa, Asia, and North and South
America (The Global Biodiversity Information Facility; http://
data.gbif.org). Based on the extensive survey and cytological
studies done by Verma and Khullar (1965), two apomictic
cytotypes namely diploid (n=2x=58) and triploid (n=3x=
87) were found to be the most prevalent groups distributed
in Western Himalayan range. Earlier, Suzuki and Iwatsuki
(1990) used allozyme based method to reveal genetic varia-
tions in apogamous P. cretica in Japan. Nonetheless, different
reproductive strategies followed by the species and lack of
genomic marker resource makes genetic analysis of P. cretica
challenging.

Among various marker systems, microsatellite
markers are preferred due to hyper variability, co-dom-
inance, high reproducibility and genome wide distribu-
tion (Varshney et al. 2005), and have been utilized for
various genetic diversity, mapping and evolutionary
studies. However, implementation of such studies in
P. cretica is limited largely due to non-availability of
microsatellite markers. The purpose of this study is to
develop microsatellite markers through nucleotide se-
quencing of genomic libraries enriched with SSR repeat
motifs and their utilization to examine genetic diversity
in natural populations of P. cretica existing in Western
Himalayan mountain range.

Materials & methods

Plant material and DNA extraction

Forty eight accessions of Pteris cretica were sampled
across six different locations (Chamba, Kangra, Kullu,
Mandi, Shimla and Dehradun) of Western Himalaya (Sup-
plementary Fig. 1). The distance between sampled acces-
sions was kept approximately 15 m (15 m×15 m quadrat).
Minimum number of accessions sampled per population
was at least 5. Two accessions collected from Dehradun
region (Uttarakhand) were included for comparison pur-
pose to evaluate potential of novel SSR markers for di-
versity characterization of wider geographical range.
Fresh leaves were collected and processed for DNA ex-
traction using CTAB method (Doyle and Doyle 1990).
The quantity of DNA was estimated spectrophotometrical-
ly using Nanodrop (Thermo Scientific, USA) and quality
was assured on 0.8 % agarose gel with respect to λ uncut
(Fermentas, USA).

Construction of microsatellite enriched genomic libraries

Di-repeat (GA)n enrichment of genomic DNA of P. cretica
was done as described earlier (Bhardwaj et al. 2013; Kijas
et al. 1994). Plasmid DNAwas isolated using R.E.A.L. prep.
plasmid kit (Qiagen, USA) and sequenced directly with M13
universal primers in both forward and reverse directions using
ABI 3730 xl DNA Analyzer in 20 μl of sequencing reaction
volumes as per the manufacture’s procedure. The base calling
and post processing of the sequence data were performed
using Sequence Analysis Software (Applied Biosystem,
v5.2).

Microsatellite identification and primer designing

Sequenced raw fragments were curated to obtain high quality
non-redundant (NR) sequence data using SeqMan (DNAstar
Lasergene, version 7.1) as per the parameters reported earlier
by Sharma et al. (2009). These NR sequence data were indi-
vidually processed with SSRIT (http://www.gramene.org/db/
searches/ssrtool) to identify SSR containing sequences with a
SSRs length of ≥12 bp. Primers were designed with the help
of web based Primer3 software (Koressaar and Remm 2007;
Untergrasser et al. 2012) with default parameters (GC percent-
age from 20.0 to 80.0 %; primer length from 18 to 27; primer
Tm from 57.0 to 63.0 °C). Considering their derivation from
Pteris cretica genome, these microsatellites were prefixed as
PCGMS (Pteris Cretica Genomic MicroSatellite) markers.

Marker validation and evaluation of genetic diversity

Designed SSR primers were PCR validated in 48 random
collections of P. cretica using 20 ng of template DNA and
appropriate annealing temperatures (Table 1) as described by
Sharma et al. (2009). Amplified fragments were separated on
denaturing sequencing gel and visualized by the procedure
described earlier by Sharma et al. (2009).

Considering, earlier reports on distribution of apogamous
P. cretica population in targeted Western Himalayan range
(Verma and Khullar 1965), various possible ploidy and repro-
ductive modes of different cytotypes, all the SSR marker loci
were dominantly scored across all accessions. Null alleles
were assigned to accessions with no/ambiguous amplification
products under standard conditions. Polymorphic information
content (PIC) was calculated for individual marker based on
amplification profiles in 48 accessions of P. cretica according
to Anderson et al. (1993). Determination of clone mates and
genetic diversity among sampled populations was done using
Genotype and Genodive software (Meirmans and Van
Tienderen 2004). This software package was specially devel-
oped for diversity analysis in asexual species of various ploidy
states existing within the same population. Although, it can
also handle the data of sexually reproducing species.
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Table 1 Characteristics of thirty three microsatellite markers derived from enriched genomic libraries in Pteris cretica

S. no. Marker GenBank
accessions

Sequence (5’- 3’) Repeat motif Size
range

Ta No. of
alleles

PIC

1 PCGMS1 KJ000492 F- CCTCCTGGTTCCTCTTGACA
R- AGCCATTGCGATTCATCAGT

(TG)6(GA)5(AG)7 160–350 55 12 0.43

2 PCGMS2 KJ000493 F- GCGTGGACATACCAGAGTGTT
R- AAAAAGAAGAATTGTGTTGAGTCTTG

(CT)13(TC)5(TC)12
(TC)5(CT)10

180–305 55 9 0.25

3 PCGMS3 KJ000494 F- ATGCTTCCGATTCTGTGACC
R- TGCAATCAGACAGTGCAACA

(TC)21(CA)15 285–300 56 4 0.25

4 PCGMS4.1 KJ000495 F- GCCGAGTAGGAAAGCAACAA
R- GCAAAGAGGAATATATGTCACCA

(TC)26(AC)6 195–240 57 6 0.38

5 PCGMS4.2 KJ000495 F- CTCTCTCTCTCTCGTAGGCATGT
R- TAAGGAGGGTTTGGCCTTTT

(TG)12(GT)6(GA)5 270–360 57 5 0.32

6 PCGMS5 KJ000496 F- AGAGCCCTGCCAATTTTGTA
R- ATGCAAGCTATGCAGTGTGG

(CT)5(TC)17(CA)17
(TC)6(CA)17

190–235 58 7 0.40

7 PCGMS6 KJ000497 F- CCAGGGGCAAATTTTAGGTT
R- GTGGACATGCAACCCTCTCT

(AG)10(AG)5(AG)7 240–295 58 9 0.37

8 PCGMS7 KJ000498 F- GCTTCTGATGCTGCTGACTG
R- TTGGCCTTCTGAAGACGTAAA

(GA)11 210–225 56 4 0.24

9 PCGMS8 KJ000499 F - CCACCGACTGTTCTGGAGAT
R - TGAGTTCTCTCCCCCACAAG

(AC)5 245–260 56 4 0.24

10 PCGMS9 KJ000500 F-AGGTCATTTTGGCCTTCTGA
R-TTTTTCACTCCAGGGTGGTC

(TC)37 140–155 56 4 0.35

11 PCGMS10 KJ000501 F -GGTGGCTAGGGATGTGAAAA
R - TTATTGGGCTGCCAGTCTTC

(GA)12 255–275 55 6 0.39

12 PCGMS11 KJ000502 F - GCCAAGAAGAAGAGGGTTCA
R - AACAACTCCCCTCCACACAC

(TG)5(TG)24
(GA)17

233–245 55 4 0.32

13 PCGMS12 KJ000503 F - CCTGGCTCTCTCTTCCAAAA
R - TAGTCCATGCCCATCTGTGA

(TC)17 155–180 57 7 0.40

14 PCGMS13 KJ000504 F-CTGCTCGTTTGTCTTCCACA
R-TGCAATTTTGAGGAGCAACA

(TG)17(GT)5
(GA)12(AG)6

215–265 56 12 0.42

15 PCGMS14 KJ000505 F-ACCACTCGTCCATCCCTGTA
R-TGATTCTTGGCATTCCTTGC

(TG)34(GA)16 375–415 56 6 0.31

16 PCGMS15 KJ000506 F-GTGAGAGCGCCCATATTGTT
R-CACAAGGGATGCCCTACATT

(TG)11(GT)5
(GA)12

185–215 56 6 0.37

17 PCGMS16 KJ000507 F-GGGCAGAGCGTTATAAGAACC
R-TTTGCTTCAGATCTCCCACA

(TG)34(GA)16 270–280 56 3 0.21

18 PCGMS17 KJ000508 F-CTTGCCATGTTGTGATTTGG
R-GCTCCACCTTCCGTGTAAAA

(GT)9(GA)16 300–360 56 12 0.42

19 PCGMS18 KJ000509 F- GTGCTTGCAAGAGCTCAAGA
R- GTTGGAGATGTCTCCCGAAA

(TG)7 (TC)5 315–315 56 3 0.25

20 PCGMS19 KJ000510 F- GCATGTTTGCCATGTGGTAG
R- GCTTGAAATGGCTCTTTTGG

(CA)13 230–245 57 4 0.29

21 PCGMS20 KJ000511 F- GGATAGGTCATTTCCCACCA
R- AAGCATTTTGAGGCTGATTTTT

(CA)7(AC)35 225–370 57 10 0.38

22 PCGMS21 KJ000512 F- GCCCGCTGTTCAGATAGC
R- TAGAGTGGGCCACCATGTTC

(GT)10 153–180 56 9 0.43

23 PCGMS22 KJ000513 F- TGTGGCTACAGACCAGTTGA
R- GAATCCTCGTGGTCAGCAAT

(TG)27 230–295 57 7 0.38

24 PCGMS23 KJ000514 F- CCCTCACCAGAACCTTTGAC
R- CGCGAACACCATACTGACTC

(GA)7(GA)9
(AG)5

205–215 57 3 0.20

25 PCGMS24.1 KJ000515 F- AGAGTGACGCCTAGCTCCAG
R- CTCAAGCGGCACACACAC

(TG)7 185–225 56 6 0.35

26 PCGMS24.2 KJ000515 F- GTGTGTGTGCCGCTTGAG
R- ACGTGCTAGTGATGCGTGTC

(TG)5(TG)18 190–240 56 5 0.35

27 PCGMS25 KJ000516 F- GAGCGCATCATACAGAAAAGC
R- GTTGTGCATCATCTGCGTGT

(AG)5 160–175 56 3 0.27

28 PCGMS26 KJ000517 F-ACCAGAAGAAGCTGCTGTGC
R-CGCACATAAGATCACACTCACA

(GA)10 170–190 56 3 0.28

29 PCGMS27.1 KJ000518 F-ATGAGAGCTTGATGCCCATT
R-TTGCACACCACACACACAAG

(GT)6 240–245 56 2 0.16

30 PCGMS27.2 KJ000518 F-CGAAAGCACAAGTTGCAGAG
R-GCACCAGACACAATGCTCAC

(TG)5 248–265 56 6 0.36

31 PCGMS28 KJ000519 F-ACACACACTGCGTCGTCTCT (TC)15(TC)5(TC)5 160–180 56 3 0.27
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Genotype is useful for identification of clones and duplicate
removal for subsequent analyses. Genodive efficiently deter-
mines unbiased genetic diversity by normalizing potential
biases due to small sample size (Meirmans and Van Tienderen
2004). Infinite mutation model was employed to calculate
AMOVA based on distance matrix obtained. Estimates of ge-
netic similarity between the accessions were calculated using
Jaccard coefficient and a dendrogram was obtained based on
Unweighted Neighbour Joining method using Darwin soft-
ware version 5.0.158 (Perrier and Jacquemoud-Collet 2006).
Principal coordinate analysis was done using the same
software.

Results

Enrichment of microsatellites

Three hundred fifty (GA)n enriched genomic positive clones
were selected for nucleotide sequencing in both forward and
reverse directions. Non-redundant (NR) nucleotide sequences
with size range of 200–800 bp were utilized for identification
of PCGMS markers. Analysis of sequence data with SSRIT
identified 133 clones, which contained one ormore targeted or
non-targeted microsatellite repeat motifs (37 perfect and 49
compound excluding mononucleotides) suggesting 39.4 %
enrichment. Among 133 SSRs, di- repeats (106, 79.7 %) were
most predominant followed by tri (21, 15.8%), tetra (3, 2.3%)
and hexa (3, 2.3 %) type of repeat motifs. GA/TC type of
repeat motif formed a major portion (78, 73.6 %) of di-
repeats followed by CA/TG (28, 26.4 %) type of repeat motif.
Among tri repeats, ATG/CAT motifs were most common (7,
33 %) followed by CAG/CTG type (5, 24 %) of SSR motifs
(Figs. 1a and 2b).

Marker development and evaluation of polymorphism

Eighty six primers flanking the microsatellite repeat could be
designed. Of these, thirty seven markers produced successful
amplicon. However, four PCGMSmarkers showed no genetic
variation (monomorphic) among the accessions, and hence
were excluded from the study. A total of thirty microsatellite

sequences (deposited under Gen Bank IDs: KJ000492 to
KJ000521) containing thirty three polymorphic PCGMS
markers produced a total of 194 amplicons ranging from 2
(PCGMS27.1) to 12 (PCGMS1, PCGMS13, PCGMS17) with
an average of 6 amplicons per SSR locus (Table 1; Fig. 2).
Polymorphic information content (PIC) ranged from 0.15
(PCGMS27.1) to 0.43 (PCGMS1) with a mean value of 0.32.

Genetic diversity and cluster analysis

Based on Genotype software, we found none of the sampled
accessions were clones (at threshold value=10). Further,
choosing an appropriate threshold value is essential for

Table 1 (continued)

S. no. Marker GenBank
accessions

Sequence (5’- 3’) Repeat motif Size
range

Ta No. of
alleles

PIC

R-TCTAGTGCCTGTTTGCCTTG
32 PCGMS29 KJ000520 F-GAAACAGGGATTTTGCAAGC

R-GCTTCGGCAACCATTAATACA
(GA)nGA)9 290–350 56 7 0.40

33 PCGMS30 KJ000521 F-CCATGGTTGCAAACCTCTCT
R-ATGCAGATCCCCCTCCTACT

(CT)5 230–250 56 3 0.19

Ta Annealing temperature, PIC Polymorphism information content

21.1%

58.6%

5.3% 3.8% 2.3% 2.3%
6.8%

Di, 79.7%

Tri, 15.8%

Tetra, 2.3% Hexa, 2.3%

(a)

(b)

Fig. 1 Frequency and relative distribution microsatellites in P. cretica
genome a Different microsatellite types; b Frequency of various types
of repeat motif
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assigning clones to a particular lineage. However, in case of
arbitrary populations like this, determining threshold value
was difficult. When the threshold value was set 15 based on
distance matrix, 48 accessions assigned to 43 genotypes
(Table 2). Based on genotypic frequency, total diversity was
found to be 0.96 with high level of within population diversity
(d=0.87) and low level of among populations diversity (d=
0.1) (Supplementary Table 1). Further, AMOVA analysis re-
vealed high level of variance partitioned within populations
(98.7 %) and low variance partitioned among population
(1.3 %). Φst values (0.013) suggest very low level of genetic
differentiation among populations (Supplementary Table 2).
However, pair wise population differentiation suggested
Shimla and Chamba populations were most diverse followed
by Dehradun and Kullu (Supplementary Table 3).

Combined Neighbor Joining (Fig. 3a) and principal coor-
dinate analysis (Fig. 3b) detected two major clusters with high
level of intermixing among 6 populations of Western
Himalaya. Majority of accessions (33) were grouped in cluster
2 followed by fifteen accessions in cluster 1.

Discussion

Genomic microsatellites

Microsatellite enrichment technique based on pre-cloning, se-
lective hybridization are shown to be a robust, reproducible
and cost effective approach for identification of large numbers
of SSR markers in diverse plant species (Parida et al. 2010).
Efficiency of enrichment obtained in present study was
39.4% of the NR cloned sequences, which was comparatively
higher than that reported in apple (Guilford et al. 1997), Eu-
calyptus (Brondani et al. 1998) and tea (Bhardwaj et al. 2013).
Among di- repeats (106, 79.7 %), GA/TC type was most
predominant (58.6 %) showing successful enrichment of de-
sirable repeat motifs.

Evaluation of genetic diversity and population structure

Several marker tools have been used previously for determining
the level of genetic variation in P. cretica including allozymes
(Suzuki and Iwatsuki 1990). However, these markers suffered

from one or more limitation in revealing the actual level of
variation. For the first time, we developed novel SSR markers
(which exploits DNA polymorphism) from enriched genomic
libraries and marked their utilization in revealing the genetic
diversity P. cretica from Western Himalaya region of India.
Thirty three SSR markers outperformed limited allozyme
markers (Suzuki and Iwatsuki 1990), with a total of 194 allelic
variants (average: 6 alleles per SSR locus). Further, the genomic
SSRmarkers (PCGMS) revealed higher allelic variants as com-
pared to EST SSRmarkers (<5 alleles per SSR locus) in Alpine
lady fern (Woodhead et al. 2003). This study reveals potential
of newly developed SSRmarkers for genetic diversity and evo-
lutionary studies in P. cretica complex. Previous cytological
and phylogenetic analyses on P. cretica suggest different
cytotypes and reproductive strategies are common in different
parts of the world including India (Grusz et al. 2009;
Jaruwattanaphan et al. 2013; Jha and Sinha 1987; Roy et al.
1971; Suzuki and Iwatsuki 1990; Verma and Khullar 1965;
Walker 1962). Further, apogamictic cyotypes has been reported
in many fern species including P. cretica (Debary 1878; Farlow
1874; Huang et al. 2011). Apogamy must give rise to clonal
populations (Chao et al. 2012). However, analyses of clone
mates and genetic diversity using Genotype Genodive software
suggests different genotypes of P. cretica do exist in Western
Himalaya region contributing to high level of within population
genetic variance (98.7 %) and diversity (d=0.87). Various hy-
potheses have been proposed supporting our observations of
genetic variation in apogamous species: (1) hybridization of
apoamous species with sexual diploid cytotype or allied species

M  
300 bp 

250 bp 

  1    2   3   4   5   6   7 8  9  10 11 12  13 14 15 16  17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35  36 37 38 39 40 41 42 43 44 45 46 47 48

Chamba Kangra Mandi Shimla Dehradun Kullu

Fig. 2 Amplification profiling of PCGMS6 in 48 accessions of P. cretica. Lane 1–48: different accessions of represented by the name of geographical
location, M: 50 bp DNA ladder (MBI Fermentas) as size standards

Table 2 Indices of clonal diversity of 48 accessions

Population N gen eff div eve shw shc diu

Chamba 11 11 11 1.00 1.00 1.00 -nan 0.91

Kangra 10 7 5.6 0.91 0.79 0.80 1.12 0.82

Mandi 12 12 12 1.00 1.00 1.80 -nan 0.92

Shimla 8 8 8 1.00 1.00 0.90 -nan 0.88

Dehradun 2 1 1 0.00 1.00 0.00 0.00 0.00

Kullu 5 4 3.6 0.90 0.89 0.58 0.99 0.72

N sample size, gen number of genotypes, eff effective number of geno-
types, div genotypic diversity, eve evenness, shw shannon-wiener, shc
corrected shannon-wiener, diu uncorrected genotypic diversity
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like P. kidoi (Grusz et al. 2009; Jaruwattanaphan et al. 2013;
Suzuki and Iwatsuki 1990; Walker 1962), (2) Unequal meiosis
(Lin et al. 1992), (3) genetic segregation by homoeologous
pairing of chromosome (Ootsuki et al. 2012; Ishikawa et al.
2003; Klekowski and Edward 1973), (4) Watano and
Iwatsuki (1988) and Manton (1950) suggested recurrent origin
of apogamous species from ancestral sexual species due to
translocations, chromosomal changes and natural selection.
Theory of multiple origins (Ellstrand and Roose 1987; Parker
1979) which suggests the existing diversity in populations is
due to diversity already existing long back to their time of
origin. Moreover, rare occurrence of sexual cytotypes of
P. cretica in Yunnan, China and Indonesia, Central India and
Nepal regions cannot be overlooked. Nevertheless, on the basis
of genetic fingerprinting data alone, it would be too early to
conclude which reproductive strategy (ies) is (are) being
adopted by the species that has led to high genetic diversity.

Low level of genetic differentiation among population
and high level of intermixing of accessions of distant geo-
graphic locations as revealed by AMOVA, NJ and PCoA
signifies long range spore dispersal (up to hundreds of kilo
meters with wind and/or water currents prevailing in the
regions) (Soltis and Soltis 1990) and establishment to new
locations. Furthermore, due to ornamental importance of the
species, anthropogenic activities might have resulted in mi-
gration of genotypes to distant locations. Clustering pattern
based on combined NJ and PCoA suggests basically two
genetic populations contributing to overall diversity of the

species in the region. This also suggests accessions from
same geographic locations might not exhibit similar individ-
ual genotype, and that natural selection has not played any
significant role in genetic differentiation and diversification
of the species. Majority of accessions (33) grouped in cluster
2, suggesting that the genetic pool is more successful and
invaded larger locality in Western Himalayan range as re-
ported earlier by Schneller et al. (1998). Our results suggest
that the whole species complex functions as a single large
population with intermixing of sub-populations of similar
genetic backgrounds as previously reported (Bucharova
and Munzbergova 2012; Schneller et al. 1998).

Current research presents the first study to assess genetic
diversity and differentiation in Western Himalaya populations
of Pteris cretica using hyper variable genomic SSR markers.
Population genetic analysis using SSR markers is a landmark
for population biology studies of Indian ferns. Novel micro-
satellite markers with high level of polymorphic potential sug-
gests that PCGMS markers are capable of revealing substan-
tial variation in natural populations of P. cretica, thus, can be
extrapolated for future population biology and evolutionary
studies. Our study provides a new outlook to the existing
allozyme based genetic variability of P. cretica complex
across Western Himalayan range. High level of genetic diver-
sity in this apomictic fern allows the plant to adapt and with-
stand various environmental stress. In future, these markers
can assist cytological studies to decipher reproductive strate-
gies and evolutionary pattern of this fern.
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Fig. 3 Dendrogram showing genetic relationships among 48 accessions
of P. cretica based on 194 alleles produced by 33 PCGMSmarkers. Scale
represents Jaccard’s similarity coefficient. Tree branches with bootstrap

values greater ≥50 % are indicated (a). Principal coordinate analysis
revealing clustering pattern of 48 accessions of P. cretica (b)
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