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Abstract The western Himalayan yew (Zaxus contorta
Griffith, synonym Taxus fuana Nan Li & R.R. Mill), one of
the highly prized tree species for its anticancer properties, is
experiencing severe reduction in populations across its range
in Pakistan. We examined a chloroplast DNA region (#7nL-F)
and ten nuclear microsatellite loci variations among seven
populations to investigate the levels of genetic diversity and
reconstruct the demographic history of 7. contorta in Pakistan.
A low haplotype diversity (Hr=0.182), moderate level of
microsatellite diversity (Hg=0.541+0.034), significant popu-
lation differentiation (Fs=0.107) and high level of inbreed-
ing (F1s=0.219-0.418) characterized this species. Results of
an approximate Bayesian computation (ABC), mismatch dis-
tribution analysis, neutrality tests and data on glacial chronol-
ogies of the western Himalaya indicated a historic
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demographic expansion of 7. contorta populations from small
ancestral populations. This expansion is estimated to have
occurred at least 37.5 thousand years ago (kya) during the late
Pleistocene. An unprecedented level of habitat disturbance
over the last few decades, coupled with the highly variable
climate may have played an important role in shaping the
genetic structure of the extant 7. conforta populations. We
have discussed a range of sustainable management measures
for the ecological restoration of remnant populations as well as
for a sustainable exploitation of this plant of high economic
potential.

Keywords Conservation - Habitat fragmentation -
Inbreeding - Chloroplast DNA - Nuclear microsatellites -
Western Himalaya

Introduction

The levels of genetic diversity and population structure of
plants are largely determined by their evolutionary histories,
shaped by impacts of stochastic factors such as demographic
expansion, environmental variation and natural catastrophes,
that acted upon species over time (Spielman et al. 2004; Ruan
et al. 2013; Liu et al. 2013a). Genetic variation also plays a
role in a wide range of ecosystem processes (Hughes et al.
2008). In addition, the pattern of plant distribution and their
genetic diversity has been affected by human-induced habitat
fragmentation since the beginning of the Holocene (Jump and
Pefiuelas 2006; Miche et al. 2009). The genetic consequences
of demographic and environmental stochasticities and catas-
trophes in plants with restricted distribution ranges are gener-
ally a decrease in genetic variability and an increase in in-
breeding which consequently can lead to a reduced reproduc-
tive fitness (Frankham 2005). Thus, the timing of conserva-
tion measures is crucial to conserve genetic diversity and
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potential adaptive values for the long-term persistence of a
species (Jump et al. 2009; Hoffmann and Sgro 2011).

The western Himalaya, characterized by a complex moun-
tain system, has undergone periodic climatic changes over
several million years until the mid-Holocene (Yin and
Harrison 2000; Owen et al. 2008; Kamp and Owen 2011).
This region has also witnessed an increased human population
that led to an unprecedented level of disturbance in the natural
vegetation and extensive forest destruction, particularly over
the last few decades (Ali et al. 2005; Pandit et al. 2007; Miehe
et al. 2009; Haq 2012). Taxus contorta Griffith (synonym
Taxus fuana Nan Li & R.R. Mill) is a dioecious, evergreen,
understorey tree species with a distribution in subtropical to
temperate regions from eastern Afghanistan to central Nepal
along the western Himalaya (Moller et al. 2007; Shah et al.
2008b; Poudel et al. 2012). This species, commonly known as
the western Himalayan yew, is one of the only three yew
species in the Himalayas, the others being Taxus wallichiana
Zucc. and Taxus mairei (Lemée & H. Léveill¢) S.Y. Huex T.S.
Liu (Poudel et al. 2012). Taxus contorta is facing severe
pressure from habitat encroachment from local farmers as well
as an unsustainable harvesting for domestic uses and commer-
cial production of ‘Taxol’, an anticancer compound (Poudel
et al. 2013). The species has already lost several populations
from its limited distribution range in northern Pakistan, lead-
ing to further fragmentation of the remaining populations
which are sometimes reduced in size to less than fifty to a
few individuals (Haq 2012).

Most of the natural forests in Pakistan occur in the northern
part and cover about 4.8 % of the total land area of the country.
This forest area is declining at an annual rate of 4—6 % due to
pressures from a rapidly growing population and agriculture
land expansion, illegal commercial harvesting, and over-
exploitation for local consumptive uses (Ali et al. 2005; Haq
2012). Forest destruction and fragmentation have serious im-
pacts on less common understorey tree species by altering the
species composition and the surrounding ecosystem (Benitez-
Malvido and Martinez-Ramos 2003; Barbier et al. 2008).
Taxus contorta has been listed as endangered in the I[UCN
red data book and is regulated by CITES. However, increased
local uses, habitat destruction and degradation are major chal-
lenges in the conservation of yew in Pakistan (Shah et al.
2008a). An increased understanding of the historic and con-
temporary events and their consequences on the genetic di-
versity and differentiation among populations of an endan-
gered species like 7. contorta will help to design appropriate
long-term conservation strategies (Liu et al. 2013b), especially
for this species with its high economic potential (Poudel et al.
2013).

The genetic diversity and population structure of
T. contorta in Pakistan have been characterized by Shah
et al. (2008a) using random amplified polymorphic DNAs
(RAPDs). A high level of genetic differentiation among
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populations and a low level of genetic diversity within popu-
lations were detected in this study. By contrast, RAPD and
amplified fragment length polymorphism (AFLPs) markers
showed a high within population genetic variation in nine
studied populations of 7axus from the Himachal state of
northwest India (as 7. wallichiana in Mohapatra et al. 2009
according to Shah et al. (2008b) and Poudel et al. (2012),
yews from this area of northwest India should be regarded as
T. contorta). Comparing the results of Mohapatra et al. (2009)
and Shah et al. (2008a), who used the same genetic marker,
RAPDs, the genetic differentiation among populations (NW
India, Gs7=0.214, ¢s7=0.100; Pakistan, Gg1=0.584, ¢gr=
0.568) was higher but the genetic diversity (NW India, Hg=
0.307, Pakistan, Hz=0.116) was lower within populations
from Pakistan. Molecular markers such as RAPDs can sample
a relatively unbiased portion of the genome, but this marker
has a few technical and/or analytical drawbacks: their domi-
nant inheritance, thus the exact level of heterozygotes cannot
be determined; they can be scored only as absence or presence
of bands; therefore, their homology cannot be ascertained
fully; they are prone to effects of subjective user selection
criteria, and RAPD assays are sometimes not sufficiently
reproducible (Nybom and Bartish 2000). Although, the selec-
tion of markers depends on the practicality and objectives of a
study, nuclear microsatellites or simple sequence repeats
(nSSRs) have gained tremendous popularity in conservation
genetic studies because of their co-dominant inheritance,
multiallelic nature, high reproducibility and high throughput
in genotyping for precise analyses (Sunnucks 2000).
Nowadays, biparentally inherited microsatellites are often
combined with uniparental organelle markers for phylogeo-
graphic studies (Qi et al. 2012; Liu et al. 2013a). In Taxus,
chloroplast DNA (cpDNA) is paternally inherited and is dis-
persed by pollen and seeds (Collins et al. 2003). Despite the
relatively slow rate of evolution in cpDNA, high levels of
genetic variation have been reported in some noncoding
spacers within and among species (Meng and Zhang 2013),
including 7axus (Gao et al. 2007; Liu et al. 2013a).
Chloroplast DNA is not subjected to recombination and has
a lower effective population size and thus may provide com-
plementary and more exact information on population differ-
entiation, level of genetic diversity and demographic history
of a species (Bai et al. 2010; Jadwiszczak et al. 2012).

In this study, we used a combination of nuclear microsat-
ellite markers and chloroplast sequence data to investigate the
genetic structure and demographic history of 7. contorta in
Pakistan. Specifically we aimed to (1) determine the levels of
nuclear microsatellite and cpDNA diversity within and among
populations, (2) estimate the degree of population differentia-
tion and inbreeding in the context of the complex geography
and habitat fragmentation in Pakistan, (3) investigate the
demographic history of the species in Pakistan, whether it
had been affected by past climate fluctuations, and finally,
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(4) discussed the implications of our finding to devise appro-
priate conservation strategies for 7. contorta in Pakistan.

Materials and methods
Population sampling

We used a total of 129 individuals from seven populations,
which covered almost the entire distribution range of
T. contorta in Pakistan (Fig. 1 and Table 1). Silica-gel dried
leaf materials of 13-20 trees per population were sampled
(Shah et al. 2008a) and stored in the Germplasm Bank of
Wild Species, Kunming Institute of Botany. The correspond-
ing vouchers deposited in the herbarium of Kunming Institute
of Botany, Chinese Academy of Sciences (KUN) were also
consulted for taxonomic validation of each sample used for
genetic analysis here.

DNA isolation, PCR, sequencing and genotyping

Total DNA was extracted from silica-gel dried leaf material
using a modified CTAB method (Liu and Gao 2011). PCR
amplification and sequencing of the cpDNA #nL-F region
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followed Shah et al. (2008b). Sequences were edited in
Sequencher v5.0 (Gene Codes Corp., Ann Arbor, MI, USA)
and aligned with Clustal W in Bioedit v7.0.9.0 (Hall 1999)
with manual adjustments. Ten nuclear microsatellite loci
(TG111, TA116, Tax86, TC04, TGO6, TWO1, TG34, TG47,
TS03 and TG141) described in Liu et al. (2011) were used to
genotype the samples following Liu et al. (2013a). Allele size
was scored and checked for possible genotyping errors like
stuttering, large allele dropouts and null alleles in MICRO-
CHECKER (Van Oosterhout et al. 2004).

Chloroplast data analysis

The cpDNA haplotypes were defined in DnaSP v5 (Librado
and Rozas 2009). The haplotypes identified in each popula-
tion were plotted on the map of Pakistan using ArcGis v9.3
(Environmental Systems Research Institute, Redlands, CA,
USA). Phylogenetic relationships between the haplotypes
were inferred through a reduced median network applied to
the dataset using Network v4.6 (Bandelt et al. 1999). Indices
of haplotype diversity (Hy) (Nei et al. 1983) and nucleotide
diversity (7t) (Nei 1987) were calculated in ARLEQUIN v3.5
(Excoffier and Lischer 2010). The total haplotype diversity
(Ht), within population diversity (Hg) and population
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Fig. 1 Sampling locations and the distribution frequencies of cpDNA
haplotypes (top) and cluster assignment inferred by STRUCTURE
(bottom) for Taxus contorta. The top left inset highlights the study area
in a map of South Asia. The bottom left inset depicts a median joining

phylogenetic network among the cpDNA haplotypes with mutational
steps shown by dashes across the branches. For population codes, refer
to Table 1
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Table 1 Locality information, sample sizes, cpDNA haplotype frequencies and population genetic parameters estimated for seven populations of Zaxus

contorta from Pakistan, based on ten nuclear microsatellite loci

SN Locality Code Lat. Long. Altitude N H, Hy s (><1072) AR Hg Hg nun Fis

1 Kurram valley KV 33.81 70.60 2,439 18 1 0.000 0.000 3.890 0.543 0.622 0.301*
2 Tirah TH 34.89 71.76 2,000 18 2 0.111 0.013 4.679 0.546 0.577 0.222%
3 Chitral CH 3535 71.80 2,050 20 2 0.105 0.012 4.836 0.584 0.616 0.260*
4 Palas valley PV 35.26 72.58 2,000 20 2 0.100 0.012 4.773 0.579 0.618 0.305%*
5 Swat SW 35.03 72.58 2,200 13 4 0.602 0.099 3.483 0.486 0514 0.384*
6 Hazara HZ 34.55 73.38 2,200 20 4 0.363 0.046 4431 0.523 0.554 0.219*
7 Neelam Valley KK 34.84 7437 2,150 20 1 0.000 0.000 4.123 0.527 0.607 0.418*

Lat. latitude, Long. longitude, Alfitude altitude in metres, N number of samples, H,, total haplotypes, H, haplotype diversity, 7 (x10"%) nucleotide
diversity, AR allelic richness, Hy expected heterozygosity, Hg y,.; expected heterozygosity null alleles adjusted, F;s inbreeding coefficient

*P<0.05

differentiation coefficients (Ggr and Ngt) were estimated
using PERMUT (available at: http://wwwpierrotoninraft/
genetics/labo/Software/Permut) with 1,000 permutations. A
significantly larger Ngr than Ggr implies the presence of
significant phylogenetic structure (Pons and Petit 1996).
Geographic structure among the haplotypes was assessed
through spatial analysis of molecular variance (SAMOVA)
with SAMOVA v10 (Dupanloup et al. 2002). Genetic differ-
entiation within and between populations was investigated by
an analysis of molecular variance (AMOVA) using 10,000
permutations in ARLEQUIN.

Microsatellite data analysis

Genetic diversity statistics, i.e. the total number of private
alleles (Pa), number of different alleles (Na), observed (Hp)
and expected (Hg) heterozygosity, was estimated using
GenAlEx v6 (Peakall and Smouse 2012). The allelic
richness (4R), based on a minimum population size of 12
diploid individuals and Wright’s inbreeding coefficient (Fig),
was calculated for all populations at each locus. Within each
population, Hardy-Weinberg equilibrium and linkage disequi-
librium were assessed by applying an adjusted sequential
Bonferroni correction. These analyses were performed in
FSTAT v2.9.3.2 (Goudet 2002). Null alleles were estimated
to re-compute the expected heterozygosity (Hg nun) and the
population differentiation index (Fst nup) Using FreeNA
(Chapuis and Estoup 2007). To test the association between
pairwise genetic differentiation and geographic distances, a
Mantel test was implemented in GenAlEx. Both Fgr values,
corrected (Chapuis and Estoup 2007) and uncorrected (Fst)
(Weir and Cockerham 1984) for null alleles, were used in the
Mantel test. Genetic differentiation among the populations
was calculated using pairwise Fgp between populations and
overall Fgracross all populations in FSTAT. The Fgris highly
likely to underestimate the genetic differentiation between
populations for markers with high levels of allelic variations.
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Thus, standardized measures of genetic differentiation (G'st)
were calculated to account for the influence of high within
population heterozygosity (Hedrick and Goodnight 2005; Jost
2008) using SMOGD (Crawford 2010).

To understand the genetic variation among and between
populations, an AMOVA was carried out using ARLEQUIN
with 10,000 permutations. Nei’s (Nei et al. 1983) inter-
population genetic distance (D,) was calculated in
Microsatellite Analyser v4.05 (MSA) (Dieringer and
Schlétterer 2003), and the resultant matrix used to construct
an unrooted neighbour-joining (NJ) tree using 1,000 bootstrap
replicates across each population. The tree was visualized
using TreeView 1.6.6 (http://taxonomy.zoology.gla.ac.uk/
rod/treeview.html). A Bayesian clustering program, STRU
CTURE v2.3.3 (Pritchard et al. 2000), was used to investigate
genetic differentiation and assignment of individuals. With an
admixture model and model for correlated allele frequencies
between populations, the length of the burn-in and Monte
Carlo Markov chain was set to 100,000 each. For the whole
microsatellite dataset (ten loci over 129 individuals), initially
15 runs were performed, but later, based on the initial results,
the simulation was run ten times for each value of K from 2—
10. The best K was selected and used according to Evanno
et al. (2005).

Population demographic history

To unravel the demographic history of 7. contorta populations
in Pakistan, Tajima’s D (Tajima 1989) and Fu’s Fg (Fu 1997)
values were calculated for the #nL-F sequence data using
neutrality tests in ARLEQUIN. The significance of both tests
was examined using 1,000 permutations. The purpose of the
neutrality tests was to determine whether or not the popula-
tions are in mutation-genetic drift equilibrium or not. Tajima’s
D and Fu’s Fg tend to have significant negative values when
populations are not in equilibrium. Further, a pairwise mis-
match distribution analysis (MDA) was conducted under a


http://wwwpierrotoninrafr/genetics/labo/Software/Permut
http://wwwpierrotoninrafr/genetics/labo/Software/Permut
http://taxonomy.zoology.gla.ac.uk/rod/treeview.html
http://taxonomy.zoology.gla.ac.uk/rod/treeview.html

Tree Genetics & Genomes (2014) 10:653-665

657

model of demographic and spatial expansion using a total of
1,000 parametric bootstrap replicates. In both models, expect-
ed distributions were generated in ARLEQUIN. In the case of
populations having undergone expansions in the past, the
mismatch distribution is expected to be unimodal, whereas
subdivided populations or populations at demographic equi-
librium are expected to exhibit multimodal distributions
(Slatkin and Hudson 1991; Rogers and Harpending 1992).
The sum of squared deviation (SSD) and the Harpending's
raggedness index (HRI) between observed and expected mis-
match distributions were used as test statistics. Where the null
hypothesis was not rejected, the formula /=7/2u was used to
estimate the timing of expansion (¢), where u=pkg (with p the
mutation rate of the sequence, k the number of nucleotides in
the matrix and g the generation time in years). The mutation
rate for the #rnL-F region for Taxus species was taken from Liu
et al. (2013a) and was 8.08x 10 '° s/s/y. The generation time

for Taxus followed Wang et al. (2006) and was set to 25 years.

To corroborate our findings of the population expansion of
T. contorta in Pakistan as suggested by cpDNA, we tested four
plausible scenarios of demographic changes using approxi-
mate Bayesian computation (ABC) framework in DIYABC
v2 (Cornuet et al. 2014) using the nuclear microsatellite data:
(1) old expansion (approximately 13 thousand years ago,
kya), (2) recent expansion (approx. 6 kya), (3) old expansion
followed by bottleneck to current effective size and (4) old
expansion that later bottlenecked and recently recovered back
to a large current population size through sudden expansion
(Fig. 2). DIYABC allows a selection of the demographic

Old expansion

Past

3000 ==

< Time (in generations)

N

1 —
Present

Scenario 1

Recent expansion

Scenario 2

scenario that best fits the data and parameters of interest. We
set uniform priors for all demographic parameters that were
bound by specified minimum and maximum values and con-
ditions (Table S1, online resource). DIYABC draws a value
from prior distributions and performs coalescent-based simu-
lations to generate simulated samples with the same number of
gene copies and loci per populations. Time was number of
generations with a generation length of 25 years. The mutation
model for microsatellite loci, mutation rate of individual locus,
mean coefficient, individual locus coefficient, SNI rate, indi-
vidual locus SNI rate and possible range of allelic state for
each locus were set to default values of the software (Table S1,
online resource). We pooled all populations into a single
sample and for each of the four scenario, we simulated 1%
10° datasets. After each simulation, Euclidean distances be-
tween observed and simulated datasets were drawn from
uniform prior distributions. We used the ‘pre-evaluation sce-
nario prior combination’ option in DIYABC to check in which
of the scenarios the combinations of priors have produced
simulated data sets similar to observed data. Logistic regres-
sion analyses were performed to estimate the posterior prob-
ability of the best explanatory scenario and subsequent pa-
rameters of interest. The scenario with the highest posterior
probability was selected, and the associated parameters were
determined. Confidence in choice of scenario was assessed by
evaluating type I and type Il errors (Cornuet et al. 2010). Type
I errors were estimated as proportions of instances where the
chosen scenario did not exhibit the highest posterior probabil-
ity compared to the competing scenarios. While type II errors

Old expansion +
bottleneck
+ recent expansion

Old expansion
+ bottleneck

Scenario 4

Scenario 3

Fig.2 Schematic representation of the four demographic scenarios including model parameters of Taxus contorta in Pakistan tested by the approximate
Bayesian computation (ABC) approach. For the demographic parameters, see Table S1. Times and effective population sizes are not to scale
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were estimated by counting the proportion of data sets that
resulted in the highest posterior probability of the chosen
scenario, although simulated with other scenarios. Finally,
we used the model checking option of DIYABC for our best
fitting scenario. Model checking was carried out by simulating
10,000 pseudo observed datasets under each studied model to
check the ability of a given scenario to produce data sets
similar to the real data set.

Results
Chloroplast haplotype diversity and differentiation

When the cpDNA variation was examined over all popula-
tions, we identified a total of six haplotypes (H1 to H6), with
single nucleotide differences for each from the most common
haplotype H1 (GenBank accession JX680636), which oc-
curred in all populations and was present in 117 individual
yew trees. The haplotype frequencies for each population and
their geographical distribution are given in Table 1 and Fig. 1.
Two populations, SWAT valley (SW) and Hazara valley (HZ),
showed the highest number of haplotypes (four in each pop-
ulation). The populations Tirah (TH), Palas valley (PV) and
Chitral (CH) each possessed two haplotypes, one of them
being the dominant haplotype H1, while the peripheral popu-
lations Neelam valley (KK) and Kurram valley (KV) were
monomorphic and fixed for haplotype H1. Haplotypes H3
(KF765507), H4 (KF765508) and HS5 (JX680642) were all
shared haplotypes. Two private haplotypes (H2— JX680641
and H6— KF765509) were present in population SW and HZ
respectively. The haplotype (Hy) and nucleotide (7t) diversities
ranged from 0.000 to 0.602 and 0.000 to 0.099 respectively.
The haplotype diversity was highest in population SW,
followed by HZ, with no diversity found in the two marginal
populations KK and KV. The total intraspecific diversity
(Hr=0.201) across the populations was slightly higher than
the average within-population diversity (Hs=0.182).

The phylogenetic relationships among the haplotypes
using a median-joining method formed a ‘star-like’ network
(Fig. 1). The most common and widespread haplotype H1 was
located in the centre of the network, which indicates that it
likely represents the ancestral haplotype for this species in this
geographic region. The permutation test revealed a higher
value for Gt (0.096) than Ngr (0.043). However, the differ-
ence was not significant in the test, indicating an absence of
phylogenetic structure among the populations. The SAMOVA
gave one or more single population groups without reflecting
geographic pattern of distribution (data not shown). A signif-
icant genetic differentiation was observed among all popula-
tions (Fsr=0. 04, P<0.01), with most chloroplast diversity
occurring within populations (95.28 % of the total variance)
compared to only 4.72 % partitioned among populations.
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Microsatellite diversity and differentiation

We did not find scoring errors, stuttering or large allele drop-
outs in the microsatellite dataset. No linkage disequilibrium
was detected between any pair of loci in any of the popula-
tions. All populations deviated significantly from Hardy-
Weinberg (HW) equilibrium. A total of 74 alleles, of which
14 were private, were found for the ten loci among the seven
populations (Table S2, online resource). An estimate of null
allele frequency for each locus in all seven populations is
given in Table S2 (online resource). Allelic richness, based
on 12 minimum samples, ranged from 3.48 (SW) to 4.83
(CH). A strong variability among loci was observed across
the populations with a mean observed heterozygosity (Ho)
ranging from 0.016 in locus TG34 to 0.791 in locus TA116.
The observed and expected heterozygosity per population
varied from 0.304 to 0.435 and 0.486 to 0.584, respectively.
The expected heterozygosity was slightly higher when adjust-
ed for null alleles (Hg=0.541+0.034, Hg null=0.586+0.041,
P=0.041) (Table S2, online resource). Across all loci, the
mean value of total genetic diversity (Hr=0.601) was higher
than that of the mean genetic diversity within populations
(Hs=0.546). The distribution of genetic diversity and allelic
richness among populations did not reveal any geographic
pattern (Table 1 and Fig. 1). The inbreeding coefficient Fig
ranged from 0.219 to 0.418 and was significant (P<0.05) for
all populations.

All pairwise comparisons of genetic differentiations (Fgt)
between populations were significant and ranged from 0.038
to 0.226 (Table 2). A higher population differentiation was
observed particularly between populations SW and HZ, KV
and KK. Although there were some differences between the
unadjusted pairwise Fgr and those adjusted using the ENM
algorithm, which corrects for null alleles, the overall data
indicated no consistent bias among the data sets (Table 2).
The estimated Fgt values for 7. contorta at each locus, both
with and without adjustment for null alleles, were similar
(Fs1t=0.0985, Fsronuny=0.0954). However, the standardized
genetic differentiation, G's, was higher than the Fgracross all
loci (Table S2, online resource).

The result obtained from the AMOVA indicated that
89.33 % of the genetic variation could be attributed to differ-
ences within populations, the remaining 10.67 % explained
variation among populations (Fst=0.107, P<0.01). The NJ
tree based on Nei’s D, illustrated clear differences among
populations (Fig. 3). However, none of the proximal popula-
tions, except PV and CH, showed genetic similarities. The
Bayesian analysis with STRUCTURE did not suggest clear
genetic structures for the seven populations (Figs. 1 and 4).
Although the optimum number of clusters was suggested to be
K=2, the admixture proportions of each cluster differed
among the populations showing no geographic pattern.
Population TH and SW showed high proportions of one
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Table 2 Genetic differentiation among the seven populations of 7axus contorta from Pakistan analysed, measured by pairwise Fst based on ten nuclear

microsatellites. Pairwise Fsr values, above and below diagonal, are adjusted and unadjusted for null alleles respectively

KV TH CH PV SW HZ KK
Kurram valley (KV) 0.000 0.172 0.049 0.047 0.185 0.071 0.042
Tirah (TH) 0.191 0.000 0.107 0.125 0.030 0.185 0.156
Chitral (CH) 0.057 0.114 0.000 0.007 0.127 0.047 0.034
Palas valley (PV) 0.059 0.137 0.014 0.000 0.145 0.058 0.029
Swat (SW) 0.199 0.038 0.134 0.162 0.000 0.226 0.173
Hazara (HZ) 0.079 0.186 0.046 0.061 0.226 0.000 0.057
Neelam Valley (KK) 0.052 0.175 0.047 0.047 0.189 0.064 0.000

All pairwise comparisons shown in italics were significant at 5 % level of confidence after Bonferroni corrections

(green) cluster group and grouped together in the NJ tree with
maximum bootstrap support (100 %). The two populations
PV and CH had a similar proportion of members of the two
cluster classes. They were geographically relatively close and
clustered together in the NJ tree (66 %). Similarly, the two
geographically most distant populations KV and KK with
more than 60 % red cluster members, grouped together in
the NI tree, albeit with relatively low bootstrap support
(56 %). Population from Hazara valley (HZ) that had highest
proportion of red cluster showed clear difference with all the
other populations both in STRUCTURE and NJ tree (Figs. 1,

SW

CH

PV
0.1

Fig. 3 Neighbour-joining (NJ) tree based on Nei’s genetic distance (D4)
for seven populations of Taxus contorta from Pakistan. Bootstrap values
above 50% are presented at the base of the branches in italics

3 and 4). For both, null alleles adjusted and unadjusted genetic
differentiation (Fg1), no significant correlation was observed
between the genetic distance and geographic distance (°=
0.028, P=0.289 and *=0.021, P=0.325, respectively).

Population demographic history

In the demographic model of mismatch distribution analysis
based on the cpDNA #rnL-F sequence data, the null model of
rapid population expansion was not rejected for 7. contorta
since the graph showed a distinct unimodal distribution
(Fig. 5). Likewise, the mismatch distribution analysis was
not significant for SSD (demographic expansion 0.00014,
P=0.457 and spatial expansion 0.00003, P=0.544) and HRI
(demographic expansion 0.464, P=0.669 and spatial expan-
sion 0.464, P=0.608), indicating that a sudden expansion
event had likely happened in the past. The neutrality test
revealed significant negative values in Fu’s Fi test (—5.812,
P=0.001) and Tajima’s D test (—1.771, P=0.0006).

The DIYABC analysis on microsatellite data also support-
ed a scenario of a past population expansion (scenario 1,
Fig. 2). The posterior probability of this scenario was with
53 % (52.61-53.13 %) significantly higher than those of
scenario 2 with 16.51 % (15.94-17.27 %), scenario 3 with
30.36 % (29.43-30.79 %) and scenario 4 with 0.027 %
(0.014-0.056 %). The results point to a scenario that assumed
a demographic expansion of Taxus populations in Pakistan
from small ancestral populations (Na) to a presently large
effective population size (N1) (scenario 1, Fig. 2). Despite
the markedly higher posterior probability obtained for scenar-
io 1 compared to the other three scenarios, it was difficult to
distinguish between the four scenarios based on an analysis of
confidence performed to evaluate the choice of the best sce-
nario. However, the average type 1 or alpha error rate (i.e.
probability that data sets simulated under the true scenario
were assigned to other scenarios) of scenario 1 was only
11.4 % that gave the highest, 88.6 % statistical power for
our model choice procedure (Table S3, online resource).
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Fig. 4 Bayesian inferences of the number of clusters (K) of 129 individ-
uals of Taxus contorta, inferred by STRUCTURE analyses of ten nuclear
microsatellites. The graph to the right shows the value of AK that

Model check values and marginal posterior probability densi-
ties for the demographic parameters of the best-supported
demographic scenario are provided in supplementary material
(Table S4 and S5, online resources). The parameter estimates
provided reasonable values, indicating that a historic popula-
tion with an average effective size of N,=291 individuals
increased extensively to a present average population size of
2,830 individuals. This expansion is estimated to have oc-
curred during, on average, 1,500 generations ago (i.e. about
37.5 kya) (Table S5, online resource).

Most interestingly, the estimates of population expansion
time obtained from the DIYABC analysis on microsatellite
data fits within the range suggested by the tau (7) values and
corresponding population expansion time estimates as
140.06-6.71 kya for the studied populations of T’ contorta in
Pakistan based on cpDNA sequence data.

2 3 4 5 6 7 8 9
HZ KK K

suggests the appropriate number of clusters for the STRUCTURE anal-
ysis of Taxus contorta in Pakistan. The graph to the left shows the cluster
assignments of the 129 individuals at the population level using K=2

Discussion
Chloroplast and nuclear microsatellite diversity in 7. conforta

This study reports the first detailed analysis of comprehensive
chloroplast DNA and nuclear microsatellite data for
T. contorta from Pakistan. Shah et al. (2008a), using RAPDs
on the same populations (as 7. fuana Nan Li & R.R. Mill)
came to somewhat different conclusions (low genetic diversity
within populations, low within and high among population
variation and no information regarding the demographic his-
tory of the species), which will likely have been due to the
differences in marker technique applied. Particularly, the sam-
ple size can have a significant effect on the estimation of
expected heterozygosity for RAPD and nSSR markers
(Nybom 2004). Usually, two to ten times more individuals

Fig. 5 Mismatch distribution
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per RAPD loci are needed to be sampled to get comparable
results based on the minimum number of loci required for co-
dominant markers (Lynch and Milligan 1994).

In the present study, the total haplotype diversity in
T contorta (Hy=0.201) was found to be lower than the aver-
age value for other gymnosperms (Petit et al. 2005) and even
compared to its congeners T wallichiana (Hy=0.824) (Liu
et al. 2013a) and T mairei (H7=0.550) (Zhang 2010) distrib-
uted in the eastern Himalaya and South China respectively.
However, T’ contorta populations from Pakistan harboured a
slightly higher total haplotype diversity compared with the
populations that are distributed in the eastern extent of its
distribution range, namely in Nepal and southwest Xizang of
China (H1=0.106) (Poudel et al. 2014). Interestingly, the
nuclear microsatellite diversity in T contorta (Hg=0.541)
was, although lower than the mean value for outcrossing
gymnosperms (Hg=0.650) (Nybom 2004) and a European
species Taxus baccata (Hg=0.655) (Gonzalez-Martinez et al.
2010), still higher than in T wallichiana (Hg=0.478) (Liu
et al. 2013a) and 7' mairei (Hg=0.538) (Zhang and Zhou
2013), the two yew species distributed along the Himalayas.
Within 7 contorta, populations from Nepal and southwest
Xizang of China revealed slightly lower diversity estimates
(Hg=0.539) compared to those in Pakistan (Poudel et al.
2014). There could be several factors for the observed dis-
crepancies between species and the chloroplast and nuclear
microsatellites diversity estimates within species, such as dif-
ferent evolutionary rates and mode of inheritance between the
markers (Sunnucks 2000; Hamilton et al. 2003), different
evolutionary histories of the species (Schaal et al. 1998),
and/or species-specific impacts of human induced habitat
degradation and fragmentation.

Genetic structure and population differentiation in 7. contorta

In this study, though most of the total genetic variation was
partitioned within populations (95.28 and 89.33 % for cpDNA
and nSSRs, respectively), a significant genetic differentiation
among the populations of 7. conforta in Pakistan was estimat-
ed for both cpDNA and nuclear microsatellite data. The ge-
netic variation was not structured geographically, and even
nearest populations especially from the SWAT valley (SW)
and Hazara valley (HZ) were highly differentiated (Fgr=
0.226) (Table 2). However, the overall population differentia-
tion observed in the analyzed 7. contorta populations was still
lower than the average Fgr observed in gymnosperms
(Nybom 2004; Petit et al. 2005) and congeneric species, e.g.
T. baccata (Fst=0.155, Gonzalez-Martinez et al. 2010),
T. wallichiana (Fsy=0.110, Liu et al. 2013a) and 7. mairei
(Fs1=0.159, Zhang and Zhou 2013). Nevertheless, the value
for differentiation obtained for the seven populations in
Pakistan were much higher when compared with the nine
populations of 7. contorta from its eastern range (overall

Fs1=0.073 and pairwise Fst=0.037-0.132) in Nepal and
SW Xizang of China (Poudel et al. 2014). In general, endemic
species and species with scattered isolated populations often
show low within and high among population variation
(Nybom 2004), due to a limited gene flow between the iso-
lated populations and the higher impact of genetic drift. The
significant population differentiation, observed heterozygote
deficiency, and high level of inbreeding in 7’ contorta indicat-
ed a restricted gene flow among the populations with stronger
genetic drift in the small isolated populations (Shah et al.
2008a; Dubreuil et al. 2010). High levels of inbreeding, as
estimated in 7' contorta here, were also observed in its con-
geners 7. baccata (nSSRs: Dubreuil et al. 2010), T° brevifolia
(allozymes: El-Kassaby and Yanchuk 1994), T cuspidata
(allozymes: Chung et al. 1999), T mairei (nSSR: Zhang and
Zhou 2013) and T wallichiana (nSSR: Poudel 2012). The
restricted gene flow may be attributable to the complex moun-
tainous areas and human-induced habitat fragmentation
(Poudel et al. 2012), limited wind-mediated pollen flow
(Wheeler et al. 1995) and limited seed dispersal range in
Taxus (Gao et al. 2007).

Population demographic history of 7° contorta in Pakistan

The demographic history of the 7. contorta populations in
Pakistan was addressed for the first time in this study and
indicated that a rapid population expansion in this species has
likely occurred in the past. A demographic expansion has
possibly taken place in the late Pleistocene, after the penulti-
mate ice age (marine oxygen isotope stage (MIS) 6), and
before the local glaciation MIS 3, both of which were the
most extensive among the four Pleistocene glaciations in
northwest Pakistan (Su 2006; Kamp and Owen 2011). Our
inference from the ABC analysis, the star-like network, the
mismatch distribution analysis with unimodal frequency dis-
tribution and the highly significant negative values of Fu’s Fg
and Tajima’s D, all indicated a sudden demographic expan-
sion of populations of 7. contorta happened in past in
Pakistan. The absence of significant relationships between
genetic distance and geographic distance is consistent with
such a scenario. A similar demographic history was found in
the HM lineage of 7. wallichiana that is confined to the
Hengduan Mountain region (Liu et al. 2013a). Studies on
glacial chronologies have shown that glaciation in north
Pakistan was more extensive during MIS 3, and that there
were multiple glacial advances during the last glacial maxima
(LGM) and in the late Holocene (Kamp and Owen 2011). For
example, the Chitral valley was covered by an over 270-km-long
ice sheet that advanced as low as 1,300 m a.s.l. 30-60 kya at the
Dros glacial stage (MIS 3). The ice sheet during the following
glaciation in the early Holocene (MIS 2), about 24 kya, was less
extensive, with around 250 km length, terminating at
1,670 m as.l. in the south of the Chitral valley (Kamp and
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Owen 2011). The glacial geology of the Nanga Parbat, the
Deosai plateau and the Indus valley, that lies at the northeast
border of Pakistan was extensively glaciated 56 kya and 35 kya
(during MIS 3) and during multiple glacial advances in the late
Holocene and the Neoglacial (Phillips et al. 2000; Richards et al.
2000; Owen et al. 2008; Kamp and Owen 2011). Furthermore,
studies based on different proxy data (marine cores, lake sedi-
ments and pollen and peat deposits) also revealed that the climate
during the Pleistocene and Holocene in the western Himalaya
was likely highly variable, with several consecutive cold and dry
events (Ansari and Vink 2007; Gupta 2008). The available
palynological evidence from northwest India suggests the pres-
ence of Taxus there as early as 30 kya (Gupta 2008; Kotlia et al.
2000). In the context of these events, we can infer that popula-
tions of 7. contorta in Pakistan most possibly underwent a rapid
demographic expansion during the Pleistocene, from ancient
small populations, which survived in valleys, such as Swat and
Hazara.

Paleoecological data studied by Miehe et al. (2009) dem-
onstrated that an earlier human impact in north Pakistan
(Shukan) has caused the decline of conifer forest before
5.7 kya. Such an extensive landscape disturbance coupled
with climate fluctuations during the recent evolutionary his-
tory of T contorta might have caused the observed low
diversity and high population differentiation in the extant
populations of yews in Pakistan.

Conservation of 7. contorta

Based on satellite data, Pandit et al. (2007) projected the loss
of >50 % of the remaining forest in the western Himalaya by
the year 2100. Forest encroachment to expand farmland and
overharvesting of forest resources for commercial or domestic
purposes have severe negative impacts on the demography of
yew populations (Shah et al. 2008a; Poudel et al. 2013).
Habitat fragmentation and forest destruction remove natural
stands, causing demographic fluctuations that are ultimately
manifested genetically in low diversity levels, high population
differentiation and high levels of inbreeding. Consanguineous
mating in small, fragmented populations may cause loss of
genetic variation, which strongly influences the fitness of
threatened species to cope with changing environments
(Bellard et al. 2012; Kremer et al. 2012). Therefore, maintain-
ing an effective population size and restoring genetic variation
among the remnant populations of 7. contorta should be a
priority in conservation plans (Frankham 2005). Our data on
chloroplast and microsatellite variation has increased our un-
derstanding of the possible major factors that have influenced
the genetic make-up of the remnant populations of T_ conforta
in Pakistan. The findings have supplemented a previous ge-
netic study (Shah et al. 2008a) and provided information
beyond this initial study to design conservation priorities for
populations that need specific attention.
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Because the western Himalayan climate fluctuated fre-
quently in the past (Owen et al. 2008), it is possible that the
ancestral population was genetically flexible to adapt accord-
ingly, and that current populations may contain genetic rem-
nants of this adaptability (Sork et al. 2013). In situ conserva-
tion would thus be a priority to safeguard the genetic variation
present in 7. contorta. Protection and a proper management of
the natural forests through controlled animal grazing and
minimising the disturbance by local people is further neces-
sary to allow the regeneration of wild yew populations. The
community forest approach is widely practised in the
neighbouring Himalayan country Nepal and encompasses a
set of policies that empower local communities to manage
forests nearby their villages following both customary and
statutory laws. Given the highly isolated populations of yew,
a community forest approach is equally applicable in Pakistan,
where, if managed properly, the remaining patches of forest
isolated by farming terraces may work as small forest islands
acting as stepping stones for gene flow from one community
forest to another. In in situ conservation of threatened species,
a detailed inventory of different demographic parameters (age,
size class distribution, male/female ratio) and quantification of
anthropogenic and environmental threats for each population
are the most basic requirements (Poudel et al. 2014).
Populations that contain a high number of private haplotypes
and high microsatellite diversity, such as CH, HZ, PV and SW
in Pakistan, should be considered as distinct evolutionary
significant units (ESUs). These should be given a higher in
situ conservation priority because there is a greater likelihood
that the genomes of these plants have a wider genetic base and
may contain traits that may become significant in future
adaptive scenarios, e.g. involving climate shifts. They can also
be used as source material for ex sifu seed banks, botanic
gardens, tissue culture units, plant nurseries and to conduct
research for yield improvements (WHO 1993).

Local people in Pakistan use Zaxus for fodder, fuel-wood
and furniture making (Shah et al. 2008a; Poudel et al. 2013),
but surprisingly not for the production of paclitaxel (‘Taxol’),
a highly effective anticancer compound. Commercial collec-
tion of yews to extract paclitaxel, which is one of the major
reasons behind the extirpation of several natural populations
of yews along the Himalayas, has not been reported yet from
Pakistan. Pakistan could learn lessons on the negative conse-
quences of unscientific collections from neighbouring coun-
tries and design schemes to sustainably use this species with
its tremendous economic potential. Planting 7axus for com-
mercial use can provide a sustainable income to rural subsis-
tence farmers (Niisser 2001) of rural villages in north
Pakistan. The establishment of micro-enterprises/-nurseries
in villages for the provision of supplying propagation mate-
rials and technical support for the cultivation, value addition
and a marketing consultation service could encourage rural
people to grow Taxus on private farms or marginal lands
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(Hamilton 2004). Taxus can relatively easily be propagated en
masse from cuttings (Nandi et al. 1996; Kaul 2008; Muiioz-
Gutiérrez et al. 2009). Plant materials used for cultivation are
generally selected based on the inherent superiority of an
individual for the desirable characters and propagated clonal-
ly. Suitable cultivars can give high yield and exhibit pest
resistance and adaptability to specific localities. However,
cultivars are genetically homogeneous, and if the aim is to
restock wild populations of yews, emphasis should be given to
use a sufficient number of different propagation material
(seed, seedlings and/or stem cuttings), collected from different
populations following both mix and match approaches (Lesica
and Allendorf 1999). To avoid inbreeding and further genetic
depauperation in the future, the selection of planting material
must proceed with caution.

In conclusion, our analyses of chloroplast DNA and nucle-
ar microsatellite marker datasets have provided detailed infor-
mation on the population genetics and demographic history of
T contorta in Pakistan, beyond the previous study of Shah
et al. (2008a). We observed low chloroplast and moderate
nuclear microsatellite diversity and a high level of inbreeding
in T. contorta. This pattern can mainly be attributed to climate
changes in the late Quaternary and, more recently, due to an
unprecedented level of human-induced habitat destruction and
fragmentation in the western Himalayas. Declining population
sizes and an increased level of consanguineous mating in
T. contorta is likely to have elevated the extinction risks for
the remnant populations, especially in the current rapid cli-
mate change scenario. From this perspective, conservation
relevant insights into the genetic composition of the remnant
populations need to be appropriately interpreted and convert-
ed to clearly defined in situ and ex situ conservation
approaches.
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