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Abstract Studies on the genetic diversity and structure in

endangered and threatened species are of utmost impor-

tance to design and promote effective conservation and

management programs. Ephedra foliata, an endemic and

threatened species growing naturally in arid and semi-arid

regions of north western India, was investigated to estimate

genetic variability and population structure using inter-

simple sequence repeats (ISSR) and directed amplification

of mini-satellite DNA (DAMD) markers. Twenty-five

(ISSR 15; DAMD 10) markers produced 449 fragments, of

which 382 were polymorphic in nature, revealing 84.59%

polymorphism. ISSR markers revealed higher levels of

polymorphism, polymorphic information content, marker

index, diversity index and effective multiplex ratio than

DAMD markers. Higher values of polymorphism, genetic

diversity and Shannon information index at species level

than at population level revealed that E. foliata possess

high genetic diversity. AMOVA revealed much higher

variance within populations than among the populations.

The three clustering approaches viz., UPGMA, PCoA, and

STRUCTURE, grouped the eleven investigated popula-

tions into two clusters revealing two genetic populations

and the patterns of clustering of populations was in

accordance with their geographic distribution, suggesting

that these populations have evolved in response to their

local environments. The high level of genetic differentia-

tion (GST = 0.31) and moderate gene flow (Nm = 1.11)

among populations could be due to geographic isolation,

regional climatic conditions, over-exploitation and impro-

per seed setting. To the best of our knowledge, this study is

the first endeavour to estimate genetic diversity and pop-

ulation structure of E. foliata using molecular markers.

Keywords Arid regions � Ephedra foliata � Genetic
variability � Molecular markers � Population genetic

structure

Introduction

Knowledge and information regarding genetic variability

are highly essential for protection and conservation of plant

genetic resources. There are innumerable DNA based

markers available to estimate the genetic diversity in the

plants, however, application and choice of markers largely

depend upon the objectives of the study. In the present

investigation, Directed Amplification of Minisatellite DNA

(DAMD; Heath et al. 1993) and Inter Simple Sequence

Repeats (ISSR; Prevost and Wilkinson 1999) methods were

used to examine the extent of genetic variability and

genetic structure in E. foliata occurring naturally in arid

and semi-arid regions of north western parts of India.

Though, DAMD and ISSR are dominant markers and have

some disadvantages but they are still widely used for

determination of polymorphism, and can provide credible
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discriminating information. These markers are present

throughout genomes and are cost effective (Costa et al.

2016). Considering these advantages, these markers have

been extensively used either alone or in combination with

other markers (Jianfeng et al. 2013; Meena et al. 2016;

Singh et al. 2016; Wang et al. 2016; Chen et al. 2017) to

estimate the genetic diversity within and between plant

species. The genus Ephedra has been analyzed earlier from

biogeographic and phylogenetic perspectives using nuclear

and plastid markers (Qin et al. 2013; Ickert-Bond and

Renner 2016; Wu et al. 2016), but only a few studies are

available on the genetic diversity in Ephedra species using

single primer amplification reaction (SPAR) methods like

RAPD (Takeuchi et al. 2003; Ghafoor et al. 2007) and,

RAPD and ISSR (Zhu et al. 2013; Saeed et al. 2015).

However, no prior information is available on the appli-

cation of molecular markers for studying the genetic vari-

ability and population genetic structure in E. foliata. The

present study, therefore, was aimed to (1) examine the

genetic diversity in E. foliata using DAMD and ISSR

markers; (2) study genetic variation distribution within and

between populations and (3) discuss the possible methods

of conservation of the species by utilising the population

genetic data.

Ephedra foliata Boiss. et Kotschy ex Boiss. (Ephe-

draceae) commonly known as ‘Shrubby Horsetail’ is

widely distributed in deserts of Africa, Arabian Peninsula

and India (Sahni 1990; Freitag and Maier-Stolte 2003). It is

a typical component of arid and semi-arid regions of north

western parts of India and locally known as ‘Unthphog’

(Bhandari 1978). The plants are dioeciously woody shrubs

with trailing or scandent stem 3–5 m long, having sub-

verticillate or fascicled, thin, persistent branches with

2.5–10 cm long internodes. Leaves usually 3, linear seta-

ceous, shortly connate at base, stem performs the function

of assimilation and female plants bear semitransparent,

nutritious edible berries (female cones) having sweet taste

due to the fleshy bracts. These fleshy bracts are important

during the food scarcity in arid regions (Kotia 2008).

Traditionally, whole plant is used in fever, stomachic,

worms, blood purification, asthma, dropsy, snake bite and

as cardio tonic (Silori et al. 2005; Quattrocchi 2012). It also

possesses hepatoprotective, antimicrobial and antibacterial

properties (Alqasoumi and Abdel-Kader 2012; Bissa 2015)

and high nutraceutical value (Kamboj 2000). Although, E.

foliata is cultivated and harvested to a limited scale on a

commercial basis in Gujarat (Gavali and Sharma 2004), but

over exploitation, extensive habitat destruction, very slow

growth rate, poor regeneration, grazing and other anthro-

pogenic pressures have caused tremendous reduction in its

natural populations. Therefore, E. foliata in its natural

habitats has now become a rare or endangered species from

a vulnerable category (Kharin 2002; Joshi et al. 2013).

Presently, E. foliata is considered as a threatened species in

India, though it is included in ‘Least Concern’ category of

IUCN Red list of threatened species (Lodha et al. 2014;

IUCN 2017).

Materials and methods

Plant materials

The plants of E. foliata were collected from different

locations in arid and semi-arid regions of north western

parts (Gujarat and Rajasthan) of India (Table 1, Fig. 1). A

total of 95 accessions representing ten natural and one ex

situ population covering the maximum distribution range

of the species in India were sampled and analyzed. The ex

situ population comprised only five accessions comprising

two from Botanic garden BSI, Jodhpur; one each from

farmer’s backyard, Dhinodhar; Botanic garden NBRI,

Lucknow; Botanic garden Lucknow University, Lucknow.

Approximately 5 gm fresh and healthy juvenile twigs were

stored dry at room temperature over blue self-indicating

silica gel (6–20 mesh) in zip-lock plastic bags till the DNA

was extracted. Voucher specimens were prepared for all the

collected materials and housed at the herbarium of CSIR-

National Botanical Research Institute (LWG), Lucknow,

India.

Genomic DNA extraction

Total genomic DNA was extracted from the silica dried

juvenile twigs following the CTAB method (Doyle and

Doyle 1990). Qualitative and quantitative assessment of the

extracted genomic DNA was carried out by comparing

band intensities with known standards of Lambda DNA

EcoRI/Hind III Double Digest on 0.8% agarose gel stained

with ethidium bromide and also by UV spectroscopy using

a NanoDrop ND-1000 Spectrophotometer (NanoDrop

Technologies Inc. USA). The DNA was stored at - 20 �C
until further use.

PCR amplification and agarose gel electrophoresis

The DAMD primers already available in public domain

(Hu et al. 2011) were custom synthesized from Sigma

Aldrich Chemicals Pvt. Ltd, India. A set of 100 anchored

ISSR primers was procured from University of British

Columbia, Canada. Twenty DAMD and 100 ISSR primers

were initially screened with two template DNAs of E.

foliata, of which 10 DAMD and 15 ISSR primers were

finally selected for profiling of the complete set of 95
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accessions on the basis of clear and reproducible banding

patterns. PCR amplification was carried out according to

Meena et al. (2016).

The amplified PCR products were resolved on 1.5%

agarose gel using 1X TBE buffer (Tris–borate 89 mM;

2 mM EDTA, pH 8.3) at a constant voltage of 5 V/cm.

Table 1 Details of the sampling populations: population size, sample size, locality, latitude, longitude, and altitude

Population name Accession Locality Latitude (�0N) Longitude (�0E) Altitude (m)

BKN (5)a BKN (1–5)a Bikaner, RJ 27�46.340 073�03.960 292

JSM (18) JSM (6–13) Jaisalmer, RJ 26�58.507 070�52.540 207

KRD (30) KRD (14–20) Kiradu, Barmer, RJ 25�45.539 071�06.679 263

VMT (50) VMT (21–29) Viratra Mata, Barmer, RJ 25�28.846 071�01.708 230

JMT (40) JMT (30–39) Jean Mata, Sikar, RJ 27�27.998 075�11.165 514

BPR (18) BPR (40–46) Budha Pushkar, Ajmer, RJ 26�30.501 074�35.892 534

MAN (50) MAN (47–59) Mandore, Jodhpur, RJ 26�23.322 073�03.251 252

DHL(40) DHL(60–71) Dhawala, Jalore, RJ 25�14.783 072�39.655 217

NNV (25) NNV (72–82) Nainava, Banaskantha, GJ 24�38.538 071�53.458 101

DDH (20) DDH (83–90) Dinodar Hills, Kutch, GJ 23�26.545 069�19.475 105

CLT (5) CLT (91–95) Introduced in botanic gardens

BKN Bikaner, JSM Jaisalmar, KRD Kiradu, VMT Viratra mata temple, JMT Jean mata temple, BPR Budha Pushar region, MAN Mandore, DHL

Dhawala, NNV Nainava, DDH Dinodar hills, CLT Cultivated, RJ Rajasthan, GJ Gujarat
aNumbers in parenthesis are approximate number of individuals in that population and number of accessions sampled

Fig. 1 Geographic locations of

Ephedra foliata populations

sampled from the arid and semi-

arid regions of north western

India
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After electrophoresis, the gel was stained with ethidium

bromide, then visualized and archived using UV Tech Gel

Documentation System (UK). The gel profiles were

recorded as digital images in Gel Documentation System.

Data analysis

Only distinct, reproducible and clearly separated fragments

were scored manually as ‘1’ (presence) and ‘0’ (absence)

for both ISSR and DAMD markers. For each marker, the

molecular size of each band was estimated on the basis of

the corresponding maker lane. The DAMD and ISSR data

matrices were computed independently as well as cumu-

latively (DAMD ? ISSR) to calculate total number of

polymorphic bands (PB), percentage of polymorphism

(P %), polymorphic information content (PIC) and

resolving power (RP) according to Botstein et al. (1980)

and Prevost and Wilkinson (1999). In order to determine

the usefulness of the two methods, diversity index (DI),

effective multiplex ratio (EMR) and marker index (MI)

were calculated according to Powell et al. (1996).

All statistical analyses regarding the extent of genetic

diversity and population genetic structure were carried out

using a cumulative data matrix (DAMD ? ISSR). Genetic

distance among pair of accessions was computed using

Jaccard’s coefficient (Jaccard 1908) for Neighbour-Joining

(NJ) method, for unweighted pair group method with

arithmetic averages (UPGMA) method in the FreeTree

program 0.9.1.5 (Pavlicek et al. 1999).

POPGENE version 1.32 software was used to calculate

the genetic diversity parameters such as percentage of

polymorphic bands (% P), observed number of alleles (Na),

effective number of alleles (Ne), Nei’s gene diversity (H),

and Shannon information index (I), total genetic diversity

(HT), genetic diversity within populations (HS), genetic

differentiation (GST) and gene flow (Nm) assuming that all

populations were in Hardy–Weinberg equilibrium (Yeh

et al. 1999). Genetic distance among pair of populations

was also computed using the same program and Nei’s

unbiased genetic distance matrix was subjected to construct

a UPGMA dendrogram using the PHYLIP program 3.5

(Nei 1978) to infer genetic relationships among

populations.

GenAlEx program 6.5 was used to calculate number of

private alleles (Pa) among the 11 natural as well as two

genetic populations inferred from STRUCTURE analysis

and to perform principal coordinate analysis (PCoA) to

provide a spatial representation of the relative genetic

distances among accessions and to determine the consis-

tency of differentiation among populations (Peakall and

Smouse 2012). Using the same program, a Mantel test

(Mantel 1967) was also conducted at 9999 permutations to

determine the relationship between pair-wise genetic and

geographic distances of ten natural populations and to

evaluate the isolation by distance (IBD) model. The par-

titioning of genetic variability among and within popula-

tions was computed with analysis of molecular variance

(AMOVA) using ARLEQUIN program 3.5 (Excoffier and

Lischer 2010). The possible correlation of genetic diversity

(H) with rainfall (mm), temperature (�C) and altitude

(m) of populations was calculated using SPSS 16.0 (SPSS

Inc., USA, 2007).

Bayesian analysis of genetic structure was performed

as implanted in STRUCTURE 2.3.4 software (Pritchard

et al. 2000; Falush et al. 2003) to estimate the most

likely number of population genetic clusters (k), and

proportion of assignment of individuals from each of the

assumed natural populations to each of the inferred

genetic clusters. An admixture model with correlated

allele frequencies was used to infer the number of ‘k’

with prior population information. The analysis was

performed with a burn-in period of 20,000 and a Markov

Chain Monte Carlo (MCMC) replication number set to

50,000. The program was run 10 times for each ‘k’,

ranging from 1 to 12. The most appropriate number of

genetic clusters ‘k’ was estimated using the criterion

described by Evanno et al. (2005), which is based on

DK. The output from STRUCTURE analysis was the

proportion of ancestry membership of each individual of

the given population in the inferred genetic cluster cal-

culated by averaging the membership coefficient obtained

from 10 runs of the real ‘k’.

Results

Analysis of DAMD and ISSR polymorphism

A total of 202 bands were obtained with 10 DAMD primers

with an average 20.2 bands per primer (Table S1). Out of

these 202 bands, 161 were polymorphic corresponding to

79.70% polymorphism across 95 accessions of E. foliata.

The size of amplified fragments ranged from 160 to

2700 bp. Primer URP9F produced the highest number of

the polymorphic bands (31) with 57.14% polymorphism,

whereas primer URP30F resulted in least number of

polymorphic bands (14) with 93.55% polymorphism. PIC

value ranged from 0.13 (URP30F) to 0.27 (M13), with an

average of 0.20, while RP value varied from 15.89 (M13)

to 43.68 (URP9F) with a mean of 26.75 across all the 10

DAMD primers.

ISSR analysis with 15 primers resulted in a total of 247

bands, with an average of 16.46 bands per primer

(Table S1). Out of 247 bands, 221 bands were polymorphic

constituting 89.47% polymorphism across 95 accessions of

E. foliata. The size of the amplified products varied from
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250 to 2500 bp. Primer UBC 835 generated highest num-

ber of bands (26), while three primers UBC 807, UBC 812,

and UBC 861 resulted in the least number of bands (11).

The range of polymorphism varied from 63.64% (UBC

861) to 100% (UBC 835, UBC 836, UBC 840 and UBC

841) across the accessions analyzed. The PIC value varied

from 0.11 (UBC 810 and 861) to 0.34 (UBC 891) with a

mean of 0.23, while RP value ranged from 12.63 (UBC

807) to 24.55 (UBC 888) with a mean of 19.03. Compar-

atively, ISSR markers revealed higher polymorphism

(89.47%) than DAMD markers (79.70%) across the ana-

lyzed accessions of E. foliata. ISSR markers also revealed

higher values of DI (0.26), EMR (13.18) and MI (3.49)

than the values revealed by DAMD markers (DI = 0.25,

EMR = 12.83, MI = 3.17) (Table S1).

Cumulative analysis of DAMD and ISSR primers

revealed an average 84.59% polymorphism and mean

values for PIC and RP were 0.22 and 22.89, respectively.

The genetic distance among accessions ranged from 0.061

(Ef77–Ef78) to 0.447 (Ef22–Ef92), with an average of

0.254 (data not shown).

Analysis of inter- as well as intra-population genetic

diversity

Among the analyzed 11 populations of E. foliata, the

percentage of polymorphic bands (%P) ranged from

34.30% (BKN) to 50.33% (DHL) with a mean 44.46%

polymorphism at population level, however, polymorphism

was much higher (85.08%) at the species level (Table 2).

At population level, Nei’s gene diversity (H) and Shan-

non’s information index (I) were lowest in BKN popula-

tions (H = 0.13, I = 0.19) and highest in CLT population

(H = 0.19, I = 0.27), followed by MAN population

(H = 0.18, I = 0.26), though genetic diversity was much

higher at species level (H = 0.23, I = 0.35). Similarly,

number of alleles were also found minimum in BKN

population (Na = 1.43, Ne = 1.22) and the maximum

number of alleles were found in DHL (Na = 1.50) and CLT

(Ne = 1.32) populations. Further, the highest number of

private alleles (Pa) was found in CLT (08) followed by

MAN (04) from Rajasthan and DDH (04) from Gujarat

populations (Table S2). Total genetic diversity (HT) and

genetic diversity within populations (HS) were 0.23 and

0.16, respectively. The proportion of the genetic variations

contributed by the differences among populations (GST)

was 0.31, thus resulting in 69% of the total genetic varia-

tions within the populations. It was consistent with the

results of AMOVA, which showed highest genetic varia-

tion within populations (73.99), whereas the variance

among populations was 26.01% (Table 3). A moderate rate

of gene flow among populations was found (Nm = 1.11)

(Table 2).

The population diversity indices were also computed for

two genetic clusters (K1 and K2) inferred from STRUC-

TURE analysis, the levels of polymorphism ranged from

69.04% (K1) to 74.61% (K2) with a mean 71.82% poly-

morphism at population level, however these levels of

polymorphism were much lower than at species level

(85.08%) (Table 2). Among the two genetic populations,

the effective number of alleles and Nei’s gene diversity

were found higher in the cluster K1 (Ne = 1.40, H = 0.23)

while observed number of alleles and Shannon’s informa-

tion index were higher in the cluster K2 (Na = 1.75,

I = 0.35). Number of private alleles were higher (35) in K2

than K1 (15) (Table S2). Comparatively, at species level,

the two genetic populations revealed higher diversity

indices (HT = 0.25, HS = 0.23) than the 11 natural popu-

lations (HT = 0.23, HS = 0.16). Similarly, genetic differ-

entiation was higher and gene flow was significantly low in

11 natural populations as compared to two genetic popu-

lations (GST = 0.08, Nm = 5.46) (Table 2).

Analysis of population genetic structure

Genetic distance among pair of populations ranged from

0.04 (VMT vs. JMT) to 0.17 (BPR vs. CLT), followed by

0.15 (JSM vs. CLT) (Table S3). UPGMA dendrogram

clearly separated out the CLT population from the wild

populations that clustered together into two broad clusters

(AI and AII). Cluster AI comprised of all the eight popu-

lations from Rajasthan while cluster AII grouped together

both the populations from Gujarat (NNV and DDH).

Cluster AI further divided into two sub-clusters (AIa and

AIb). Cluster AIa grouped together BKN, JSM and KRD

populations whereas cluster AIb clustered together VMT,

JMT, DHL, MAN and BPR populations (Fig. 2). This

pattern of clustering of populations was further confirmed

in PCoA clustering of accessions.

The genetic distances among ten natural populations

ranged from 0.04 (VMT vs. JMT) to 0.13 (BKN vs. NNV),

while corresponding geographic distances of populations

ranged from 32.02 km (KRD vs. VMT) to 739.10 km

(JMT vs. DDH) (Table S4). Mantel’s test between pair-

wise genetic and geographic distances of wild populations

revealed a weak but positive correlation (r = 0.375,

p = 0.062), indicating that these populations have evolved

in response to their local habitat conditions, therefore,

geographic isolation has contributed in shaping the present

population structure in E. foliata growing wild in arid and

semi-arid regions of north western India. Pearson correla-

tion (r) between genetic diversity (H) of populations and

rainfall, temperature and altitude of the collection sites did

not revealed a significant correlation (data not showed).

Principal coordinate analysis (PCoA) was performed to

provide a spatial representation of the relative genetic
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distances among accessions and to determine the consis-

tency of differentiation among populations as defined by

the cluster analysis. The first three principal coordinates

explained 16.75%, 12.93% and 8.09% of total variance,

respectively among the accessions representing 11 natural

populations (data not shown). PCoA was largely consistent

with cluster analysis and clearly separated the 95 acces-

sions of 11 populations (ten natural and one ex situ) into

two clusters on the basis of their population identities

(Fig. 3). In an agreement with the cluster analysis, acces-

sions from each population formed a separate plot and

could be clearly distinguished from those of other popu-

lations. The cluster I grouped together 24 accessions from

NNV, DDH, and CLT populations, while cluster II grouped

all the remaining 71 accessions of eight natural populations

from Rajasthan.

The Bayesian model based STRUCTURE analysis

applied to infer genetic structure among E. foliata acces-

sions revealed that maximum likelihood of clustering was

obtained when samples were grouped into two clusters

(Fig. 4). Evanno test detected two genetic clusters (k = 2)

within the 11 assumed natural populations showing an

average ancestry membership participation of C 74% to

one of the two inferred clusters (Table S5). Cluster I con-

tained 24 accessions, all from three populations including

two from Gujarat (NNV and DDH) and one ex situ popu-

lation (CLT) with an ancestry membership coeffi-

cient C 89% (59.2–99.9%), whereas cluster II contained

remaining 71 accessions from eight populations from

Rajasthan, with an average ancestry membership coeffi-

cient C 95% (63.6–99.8%) (Table S6). Nine accessions

[Ef72-Ef74 (NNV), Ef86, Ef87, Ef89, Ef90 (DDH) and

Ef94, Ef95 (CLT)] of cluster I showed lower values of

ancestry membership coefficient than the average (89%). In

cluster II, fifty individuals showed ancestry membership

higher than the average 95% (95.6–99.8%). This confirms

that E. foliata growing in arid and semi-arid parts of

Rajasthan and Gujarat, India has two types of genetic

populations or gene pools. The assignment of the assumed

natural populations revealed a strong population genetic

structure among them. The Bayesian clustering analysis

further corroborated with the UPGMA and PCoA cluster-

ing patterns of detecting two groups of populations

(Figs. 2, 3).

Analysis of molecular variance (AMOVA) performed to

measure population differentiation to further evaluate the

genetic structure in 11 natural populations of E. foliata

revealed that majority of the variance was restricted within

populations (73.99%), whereas 26.01% variance was par-

titioned among populations with a FST value of 0.26

(Table 3). The estimates of differentiation evaluated

among the two genetic populations inferred from clustering

analyses (PCoA and Bayesian) methods revealed evenT
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higher variance within populations (84.62%) and lower

among populations (15.38%) with lower values of FST

(0.15).

Discussion

The present study was undertaken to analyze the genetic

variability and population structure in representing eleven

populations of E. foliata (ten natural and one ex situ)

sampled from arid and semi-arid north western parts of

India. ISSR markers revealed higher levels of polymor-

phism, PIC, MI, DI and EMR than DAMD markers and

proved more informative for analyzing the genetic diver-

sity in E. foliata accessions and is congruent with Meena

et al. (2016) and Singh et al. (2016). Cumulative data

(DAMD and ISSR primers) revealed high polymorphism

(P = 85.08%) across E. foliata accessions. The level of

percentage of polymorphism found in the present study is

comparable with the earlier studies carried out in Ephedra

species using RAPD (P = 85%; Takeuchi et al. 2003),

ISSR (P = 72%; Zhu et al. 2013), RAPD and ISSR

(P = 62%; Saeed et al. 2015), and ISSR and DAMD

(P = 90.84%; Meena et al. 2016) and is also higher than

the levels found in a meta-analysis of the genetic diversity

based on the allozyme analysis of 55 out-crossing endemic

gymnosperms (P = 70.9%; Hamrick et al. 1992). This level

of polymorphism is also comparable with the levels

revealed by ISSR and DAMD, and RAPD and ISSR in two

important tree species i.e. Prosopis cineraria (P = 95.18%)

and Commiphora wightii (P = 86.72%) occuring naturally

in arid and semi-arid regions of India (Sharma et al. 2011;

Harish et al. 2013). At population level, BKN population

showed lowest parameters of genetic diversity

(P = 34.30%, H = 0.13, I = 0.19) followed by BPR pop-

ulation (P = 38.08%, H = 0.14, I = 0.21), while MAN

population showed highest diversity parameters

(P = 49.44%, H = 0.18, I = 0.26). The different levels of

genetic diversity were probably due to the locations of

sampled populations. The BKN population was found to be

the most fragmented, as heavy grazing and cutting of trees

by local inhabitants has impacted adversely the natural

regeneration process or recruitment of new individuals in

the population. The smaller population size (only 5 indi-

viduals recorded), degraded habitat and higher geographic

isolation (154 km from MAN) of BKN population may be

an explanation for the low level of genetic diversity.

Comparatively, MAN population was much larger and

intact due to being part of KAZRI field station, Jodhpur;

and more number of sampled individuals may have con-

tributed to higher levels of genetic diversity. The high level

of genetic diversity in E. foliata is consistent with the

findings of Hamrick and Godt (1996), according to which

long life span, fecundity and high out-crossing rates in

gymnosperms contribute to maintainance of high intra-

population genetic diversity. Therefore, high genetic

diversity was found in E. foliata at the species level

(HT = 0.23 and 0.25) than at population level (HS = 0.16

and 0.23) in both the estimates based on 11 natural and two

genetic populations and these results are corroborating with

Table 3 AMOVA analyses of E. foliata carried out using ARLEQUIN program (a) among and within 11 natural populations, (b) among and

within two genetic populations as inferred from STRUCTURE analysis

Source of variations Degree of freedom Sum of squares Variance component Percentage of variations FST

(a)

Among populations 10 2662.156 13.33156 26.01 0.2601

Within populations 179 6788.244 37.92315 73.99

Total 189 9450.400 51.25471 100.00

(b)

Among populations 1 656.814 8.50261 15.38 0.1538

Within populations 188 8793.586 46.77439 84.62

Total 189 9450.400 55.27700 100.00

Fig. 2 UPGMA dendrogram showing the relationship among eleven

populations of Ephedra foliata
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the estimates of Ephedra gerardiana (Meena et al. 2016)

and other gymnosperms (Jianfeng et al. 2013; Wang et al.

2016; Chen et al. 2017) analysed using ISSR markers.

In addition, the traits such as out-crossing, wind polli-

nation, seed dispersal associated with the life history of

Ephedra species may have promoted high genetic diversity

(Hamrick et al. 1992; Nag et al. 2015). E. foliata exhibits a

high ratio of male plants over female plants. It is conven-

tionally propagated through seeds, however, the absence of

proper seed setting is a major problem. Furthermore, the

Fig. 3 Principal coordinate

analysis showing the spatial

differentiation among 95

accessions of ten natural and

one ex situ populations of

Ephedra foliata

Fig. 4 Genetic structure of ten natural and one ex situ populations of

Ephedra foliata sampled from north western arid and semi-arid

regions using the Bayesian clustering software STRUCTURE ver.

2.3.4. a The probable K value estimated by the likelihood of the

probability of data L(K), b value of DK estimated by Evanno test,

c bar plots represents accessions arranged according to its most likely

ancestry. Each colour represents the most likely ancestry of the

cluster from which the genotype was derived (colour figure online)
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damage of seeds by pests, significantly affects the propa-

gation by seeds (Singh 2004). Inbreeding depression in

conifer species is a common phenomenon which often

results in empty seeds formation due to the early abortion

of the embryo (Kormutak and Lindgren 1996; Williams

and Savolainen 1996). Therefore, more field studies and

genetic investigations are required to better understand the

mating system of E. foliata.

The over harvesting of Leptadenia pyrotechnica for

thatching (Jhumpa, the traditional circular hut) and medi-

cine, and Calligonum polygonoides for food, fodder, and

medicine has adversely affected the desert ecosystem

(Verma et al. 2014; Kumar et al. 2015). These species are

keystone species of the region and considered as the best

sand dune stabilizers and provide initial protection to E.

foliata from grazing animals and other anthropogenic

threats. When these associates are affected, newly recruited

individuals of E. foliata automatically get affected and

perish. Natural habitats of E. foliata have also been

adversely affected by anthropogenic factors like intensive

grazing, expansion of cultivation, collections of plants for

fuel-wood, medicine, trade and commerce. Besides, the

developmental activities like infrastructure, highways,

industries, and urbanization has also contributed towards

population’s fragmentation in E. foliata (Silori et al. 2005;

Shekhawat et al. 2014).

A relatively high level of genetic differentiation (GST-

= 0.31; FST = 0.26) was estimated among the 11 natural

populations of E. foliata (Zhao et al. 2016). These values

are comparatively higher than the levels found in Ephedra

gerardiana (GST = 0.27), an endemic Himalayan plant

(Meena et al. 2016). Though, this estimate of GST com-

puted for 11 natural populations was also higher than the

average values estimated for gymnosperms (Nybom and

Bartish 2000), long lived perennial herbaceous (Nybom

2004) and widely distributed out crossing species (Hamrick

and Godt 1996), however significantly lower levels of

differentiation were observed when populations were ana-

lyzed based on Bayesian clustering (GST = 0.08, FST-

= 0.15) and these levels were congruent with levels

estimated for gymnosperms. Moreover, some other

endangered and endemic gymnosperms like Pinus nigra

(Rubio-Moraga et al. 2012) and Podocarpus sellowii

(Dantas et al. 2015), Cephalotaxus oliveri (Wang et al.

2016) and Chinese fir (Chen et al. 2017) also have revealed

higher genetic differentiation. Therefore, the results of the

present investigation are corroborating with the findings of

other gymnosperm species.

Geographical isolation limits the gene flow and thus is

one major factor that influence genetic differentiation

(Pfeifer and Jetschke 2006). The moderate gene flow

(Nm = 1.11) among populations of E. foliata also revealed

that genetic differentiation among populations may be due

to the problems in seed setting, along with ongoing habitat

fragmentation and habitat loss (Singh 2004). Other native

species of the Indian Desert i.e. P. cineraria and C. wightii

also revealed moderate and low levels of gene flow,

respectively, thus corroborating with the present findings

(Sharma et al. 2011; Harish et al. 2013). The transition of

climate from a humid tropical during Neogene to the pre-

sent day arid climate may also have contributed to the

limited gene flow and elevated genetic differentiation

among the species growing in Indian Thar Desert (Dhir and

Singhvi 2012). A weak but positive correlation (r = 0.375,

p = 0.062) between genetic and geographic distances of

populations indicated that the isolation of populations is

contributing towards shaping the present population

structure in E. foliata. Moreover, the genetic drift alone did

not contribute to population differentiation as evident by

the lack of significant correlation; however, in case of

isolation of populations from each other, the genetic drift is

an important factor influencing the genetic structure,

leading to genetic variations among populations (Fischer

et al. 2000), therefore E. foliata populations revealed

higher genetic diversity at species level than at populations.

However, very low level of differentiation (GST = 0.08,

FST = 0.15), and high gene flow (Nm = 5.46) among two

natural populations/gene pools inferred from STRUC-

TURE analysis revealed that E. foliata occurring naturally

in arid and semi-arid parts of India is not facing any genetic

bottle-necks in its natural habitats.

High genetic differentiation revealed by E. foliata is in

congruence with the level of differentiation observed in P.

cineraria, (a keystone tree species), and C. wightii (an

endangered medicinal plant) growing in arid and semi-arid

regions of north western parts of India (Sharma et al. 2011;

Harish et al. 2013). A weak but positive correlation

between genetic and geographical distances among popu-

lations revealed that microhabitats have played an impor-

tant role in constituting the present genetic structure in E.

foliata. Although, the values of Pearson correlation coef-

ficient (r) calculated among genetic diversity, rainfall,

temperature, and altitude of populations did not reveal a

significant correlation, but positive for rainfall, and nega-

tive correlation for temperature and altitude supports the

pattern that populations growing in drier and high altitude

regions possess less genetic variability. The results of

UPGMA, PCoA, and Bayesian clustering showed clear

geographic trends among natural populations of E. foliata

and its comparison with the ex situ population revealed that

effect of climate change during the past may have played

an important role in shaping the present genetic diversity

and population structure in E. foliata growing in wild in

north western parts of India (Dhir and Singhvi 2012). The

high genetic differentiation among populations of E. foliata

could be due to the geographic isolation, regional climatic
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conditions, habitat fragmentation and degradation, and

over-exploitation in its natural habitats. The present

endeavour is the maiden attempt to analyze the genetic

diversity and population genetic structure in E. foliata

using DAMD and ISSR markers.

Implications for conservation

The assessment of genetic diversity and population struc-

ture in threatened and endangered species provide impor-

tant information for development of conservation strategies

and implementation of management programs. The extant

of genetic diversity and scale of population differentiation

estimated in the present study investigating 11 natural

populations of E. foliata have confirmed parallel decrease

of genetic diversity in the analyzed populations and

that small populations harbour low genetic diversity than

the large ones. The maximum genetic diversity was found

in ex situ CLT population followed by naturally growing

MAN population and the lowest in BKN population of E.

foliata. Intra-population diversity was significantly higher

than the inter-population diversity revealing that majority

of diversity is preserved within populations. High level of

genetic differentiation and moderate gene flow among the

analyzed 11 natural populations suggest that population

isolation is probably long term. These results also indicated

that E. foliata does not face any threat of genetic drift or

population extinction in immediate future. However,

highly fragmented state of its natural habitats warrants

speedy measures for maintenance of the available genetic

diversity (Kharin 2002; Silori et al. 2005; Quattrocchi

2012; Joshi et al. 2013; Mathur and Sundaramoorthy 2013).

It is also equally important to understand the adaptation

biology and evolutionary process of the species. The major

goal of conservation is the maintenance of genetic diversity

in order to prevent the potential extinction of a species

(Frankham 2005; Zhang et al. 2012) and in situ conserva-

tion is a preferred choice because it allows the ongoing

evolutionary mechanism (Liu et al. 2006). The present

study detected two genetic clusters in E. foliata growing

naturally in north western parts of India and these two

genetic clusters could be managed as two evolutionary

units and should be given highest priority for conservation.

The populations that harbour high genetic diversity and

high allelic diversity may be considered suitable candidates

for high adaptive variation and these populations are

pointed to conservation (Vinceti et al. 2013). Out of the 11

natural populations analyzed, MAN from Rajasthan and

DDH from Gujarat possessing high genetic diversity and

highest private alleles, should get prioritized for conser-

vation as these populations have the high adaptive capa-

bility in changing environments (Harish et al. 2013).

Furthermore, seedlings or micro-propagated plants from

healthy populations may also be introduced to genetically

penurious populations (BKN, JSM and BPR) to increase

the levels of heterozygosity in these populations and to

conserve diverse gene pools. Populations from Gujarat

(NNV and DDH) are genetically more differentiated than

Rajasthan populations and should get special management

priorities. In addition, more efforts should be made to raise

conservation awareness among the local inhabitants,

farmers and prohibition of deforestation in E. foliata dis-

tribution areas should be strictly implemented. Further

study to explain the barriers or bottlenecks that inhibit the

proper seed setting in E. foliata will improve our under-

standing towards conservation of this highly valuable and

sole representative of gymnosperms occurring naturally in

arid and semi-arid regions of north western parts of India.
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