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Abstract Dysosma pleiantha, an important threatened medicinal plant species, is
restricted in distribution to southeastern China. The species is capable of repro-
ducing both sexually and asexually. In this study, inter-simple sequence repeat
marker data were obtained and analyzed with respect to genetic variation and
genetic structure. The extent of clonality, together with the clonal and sexual
reproductive strategies, varied among sites, and the populations under harsh eco-
logical conditions tended to have large clones with relatively low clonal diversity
caused by vegetative reproduction. The ramets sharing the same genotype show a
clumped distribution. Across all populations surveyed, average within-population
diversity was remarkably low (e.g., 0.111 for Nei’s gene diversity), with populations
from the nature reserves maintaining relatively high amounts of genetic diversity.
Among all populations, high genetic differentiation (AMOVA: ®gr = 0.500; Nei’s
genetic diversity: Ggr = 0.465, Bayesian analysis: ®g = 0.436) was detected,
together with an isolation-by-distance pattern. Low seedling recruitment due to
inbreeding, restricted gene flow, and genetic drift are proposed as determinant
factors responsible for the low genetic diversity and high genetic differentiation
observed.
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Introduction

Information on genetic diversity patterns can provide insight into evolutionary and
demographic history of a taxon (Milligan et al. 1994). Understanding the relative
importance of processes that structure diversity within and among populations
(specifically inbreeding, gene flow, genetic drift, and selection) can provide both a
means to assess future risk of erosion of diversity and a means for designing effective
conservation strategies for rare taxa (Neel and Ellstrand 2003). The distribution of
genetic variation in space is also a prime factor to consider in the conservation and
management of natural populations (McCue et al. 1996). For example, developing
sample strategies for recovery and, where appropriate, reintroduction may greatly
benefit from this information (Neel and Cummings 2003).

The world trade figures suggest that China is first with exports of medicinal raw
materials (Lange 1997). The current trend toward increased commercialization has
resulted in overharvesting of some economically important medicinal plants, many
of which have become threatened. Threatened medicinal plant species have become
the focus of world attention because they represent a vanishing and decreasing flora
in need of protection and conservation and because of their role as an essential
commodity for health care (Kala 2005). The Podophyllaceae [formerly considered
as a separate family but now included in Berberidaceae (APG II 2003)] comprises
six genera: Achlys, Diphylleia, Dysosma, Jeffersonia, Ranzania, and Podophyllum.
Among the six genera, Dysosma, consisting of seven species, is restricted to China.
Dysosma pleiantha (Hance) Woodson (Berberidaceae), a perennial herb, is
restricted in distribution to southeastern China (Ying et al. 1993). This region has
been recognized as an important center of origin for threatened medicinal plants
(Kala 2005). The rhizomes of Dysosma pleiantha, also known as guijiu, are well
known in traditional Chinese medicine. The active constituent of guijiu is
podophyllotoxin, which has cytotoxic and antitumor properties and has been used
for cancer treatment (Jackson and Dewick 1985). In recent years, the species has
been subject to a rapid demographic decline. Based on census estimates (H. L. Liu,
unpubl. data), the population size of D. pleiantha is generally small, ranging from
150 to 800 individuals (see Table 1). The two populations within Tianmushan
Nature Reserve (TM) and Sanqging Nature Reserve (SQ) are the largest known
populations of the species, comprising approximately 800 individuals. The other
populations were estimated to be fewer than 300 individuals (Table 1). As to its
overall conservation status, D. pleiantha has been ranked as “threatened” on the
China Species Red List (Wang and Xie 2004).

Many perennial plants combine sexual reproduction and clonal propagation as
population regeneration mechanisms (Richards 1997). In some clonal species, the
success of sexual versus clonal recruitment often varies geographically in response to
ecological and genetic factors that limit one regeneration mechanism or the other
(Eckert 2002). The demographic balance between sexual and clonal recruitment is
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Table 1 Five Dysosma pleiantha populations

Pop. Locality Altitude Latitude Longitude Pop. N Conservation Voucher

code (m asl) (°N) (°E) size status

TM Mt Tianmushan, 300-500 30°19’ 119°26' ca. 800 15 Nature H. L. Liu
Linan City, reserve 0645-0650

Zhejiang Prov.
DQ Mt Sumushan, 400-500 30°42' 119°48' ca. 150 22 No protection H. L. Liu

Deqing 0632-0637
County,
Zhejiang Prov.

TT  Mt.Tiantai, 300-400 29°15 121°05' ca. 250 18 No protection H. L. Liu
Taizhou City, 0624-0628
Zhejiang Prov.

SQ Mt Sanging, 500-700 28°54 118°03’ ca. 800 23 Nature H. L. Liu
Shangrao City, reserve 0651-0656
Jiangxi Prov.

JN Mt Shiyan, 500-700 26°55' 116°41 ca. 300 27 No protection H. L. Liu
Jianning 0657-0662
County, Fujian
Prov.

N, number of plants analyzed for ISSR variation

likely to have important consequences for the clonal diversity and genetic structure of
plant populations (Ellstrand and Roose 1987; Eckert and Barrett 1993). Higher rates
of sexual reproduction will increase heterozygosity and decrease population
differentiation (Balloux et al. 2003). As clonal recruitment may reduce the number
of genetically distinct individuals within a population, an understanding of clonality
is critical for the implementation of the most appropriate conservation management
of threatened clonal plants (Young et al. 2002). Clonal reproduction is thought to be
extensive for the species in Dysosma, and rates of germination and seedling
emergence and establishment in the field tend to be low (Qiu et al. 2005). Our
previous isozyme study on the clonal diversity of five populations of D. versipellis
and one population of D. pleiantha showed that D. pleiantha appears to consist of
multiple genets compared with its allopatric congener D. versipellis. Qiu et al. (2005)
speculated that sexual reproduction is likely more important than clonal reproduction
in D. pleiantha; however, only one D. pleiantha population was included in a
previous isozyme analysis. Again, a problem with the application of enzyme
electrophoresis for clonal identification and detecting genetic variation is the low
number of polymorphic loci available in many studies (Ellstrand and Roose 1987,
Qiu et al. 2005; Clark-Tapia et al. 2005). DNA type markers are able to detect the
genetic variation beyond coding loci and to provide broader information on the
amount of genetic variation and the genetic divergence among populations.
Dominantly expressed multilocus DNA markers such as inter-simple sequence
repeats (ISSRs) have been successfully used to assay the levels of clonal diversity and
apportionment of genetic diversity within plant species and populations (Culley and
Wolfe 2001; Qiu et al. 2006). Moreover, ISSR is useful in the estimation of genetic
diversity when compared with other types of neutral DNA markers (Nybom 2004).
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In the present study, we used ISSR markers to (1) investigate the levels and
distribution of genetic variability within and among populations of D. pleiantha, and
(2) detect the possible factors that might explain the patterns and levels of genetic
variation observed. Additionally, we present measures of ISSR variation within and
among populations of D. pleiantha and compare them with data published for its
congener D. versipellis (Qiu et al. 2006). Overall, such information can also serve
as a guide to preserving the genetic resources of this medicinally important, severely
threatened species.

Materials and Methods
Study System and Population Sampling

Dysosma pleiantha is a diploid, herbaceous perennial, with a reported chromosome
number of 2n = 2x =12 (Zhang et al. 1991). It grows from the rhizomes and
typically reaches 10-30 cm in height. The nonbranching shoots bear opposite,
centrally peltate, rounded leaves with 5-9 lobes and finely dentate margin. Plants
remain in a juvenile phase for 4-5 years. When mature, they produce a terminal
cyme with 5-8 drooping red-purple flowers in April. The most frequent pollinators
are Chrysomya megacephala and Musca domestica (Y. X. Qiu, pers. obs.). Each
plant produces 1-3 large berries (about 4-5 cm long and 2-3 cm wide), each with
20-30 minute seeds. The fruit ripens in late June and is dispersed by gravity (Li and
Wang 2006). Fruit set is typically low and varies widely from year to year (Ying
et al. 1993; Qiu et al. 2005). D. pleiantha grows in rocky and humous soils on
hillsides and occurs primarily in mixed evergreen and deciduous forests, at altitudes
between ca. 500 and 800 m. The forest habitats of D. pleiantha in southeast China
are dominated by subtropical and temperate woody species such as Quercus
acutissima Carruth, Cunninghamia lanceolata (Lamb.) Hook., Liquidambar
formosana Hance, Alangium chinense (Lour.) Harms., and Cyclobalanopsis glauca
(Thunb.) Oerst. (Y. X. Qiu, pers. obs.). Some D. pleiantha populations, however,
survive in artificial bamboo forests due to deforestation, and these populations are
characterized by very low density and patchy distribution (e.g., populations DQ and
JN in Table 1) (Li and Wang 2006). D. pleiantha is distributed only in fragmented
populations within the Zhejiang, Jiangxi, Anhui, and Fujian provinces of southeast
China (Ying et al. 1993). Most populations in southeast China are small and isolated
(Qiu et al. 2005). This may be caused in part by (1) destruction of natural habitat,
(2) narrow-niche habitats, and (3) historical factors (e.g., historical fragmentation).

Collections of silica-dried leaf material of D. pleiantha were made from five
natural populations, representing the overall distribution of the species in China
(Fig. 1). For ISSR polymorphism, 15-23 individuals were assayed per population,
with 105 putative genets in total (Table 1). Because the species can spread
vegetatively via rhizomes, care was taken to collect leaf material from putative
genets at intervals of more than 15 m.

The mode of reproduction (sexual vs. asexual) is likely to have important effects
on genetic variation and its spatial distribution within plant populations. Thus, it is
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Fig. 1 Location of the five natural populations of Dysosma pleiantha in China. Abbreviations as in
Table 1

necessary to investigate the extent of clonality in Dysosma pleiantha. However, few
highly clumped patches were found for D. pleiantha in the field, because of habitat
destruction and overexploitation of the natural population for medicinal use (Qiu
et al. 2005). Finally, two small plots (TT and JN, approximately 25 m?) and one
large plot (TM, approximately 60 m?) were selected for clonal study. Leaf materials
from all ramets within these plots were sampled (N = 113), and the exact locations
of all ramets were recorded by measuring their distance from the plot margins.
Voucher specimens representative of all the populations sampled (Table 1) are
stored at the Herbarium of Zhejiang University.

DNA Extraction and ISSR-PCR Amplification

Total genomic DNA was extracted using the modified CTAB method of Doyle
(1991). DNA concentrations were determined on ethidium bromide-stained agarose
gels by comparison with known amounts of DNA, and by spectrophotometry.
Working stocks of DNA were then prepared based on both estimates, and stored in
0.1x TE buffer. ISSR-PCR reactions were carried out in 25 pl total volume
containing 60 ng genomic DNA, 10 mM Tris—HCI (pH 9.0), 25 mM KCI, 1.5 mM
MgCl,, 0.25 mM dNTPs, 2% formamide, 1.0 U Tag polymerase, and 0.3 pM
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primers. Amplifications were performed using a GeneAmp 9700 DNA Thermal
Cycler (Perkin-Elmer, USA). The PCR program included an initial denaturing step
for 5 min at 94°C, followed by 45 cycles of 1 min at 94°C, 45 s at 52°C, and 2 min
at 72°C. A final extension step of 5 min at 72°C was performed after the cycles.
Amplified products were separated on a 2.0% agarose gel at 120 V for 3 h, along
with a GeneRuler 100-bp ladder (Fermentas, Hanover, MD), visualized with
ethidium bromide, and photographed with an Epson PhotoPC 850Z digital camera
(Seiko Epson, Japan). One hundred primers (UBC primer set no. 9, Biotechnology
Laboratory, University of British Columbia, Canada) were screened initially in 10
samples of D. pleiantha in two replicate trials to identify primers that amplified well
and produced polymorphic bands for all accessions on both occasions. These 12
primers were finally selected for the full survey of all 211 individuals: UBC815 =
(CT)sG, UBC823 = (TC)sC, UBC822 = (TC)sA, UBC845 = (CT)sRG, UBC857 =
(AC)YG, UBC852 = (TC)sRA, UBC853 = (TC)sRT, UBCS854 = (TC)sRG,
UBC866 = (CTC)s, UBC874 = (CCCT),, UBC895 = AGAGTTGGTAGCTCTT
GATC, UBC900 = ACTTCCCCACAGGTTAACACA.

Data Analysis

Statistical analysis of ISSR patterns was based on three assumptions. (1) ISSR
fragments in D. pleiantha behave as diploid, dominant markers with alleles being
either present (amplified) or absent (nonamplified). (2) Comigrating fragments
represent putatively homologous loci. (3) Fragments are of nuclear origin and
inherited biparentally (Arafeh et al. 2002).

Clonal diversity was detected at fine-scale levels and evaluated by the following
indices: (1) number of genotypes, G; (2) the mean clone size, Nc = N/G, where N
represents total number of ramets; (3) proportion of distinguishable genotypes,
PD = G/N; and (4) a modified version of the Simpson diversity index, D = 1 —
2[nin; — 1)/N(N — 1)] ,where n; is the number of ramets of the ith genet.

To characterize the levels of genetic diversity of D. pleiantha, the following
parameters were calculated for each population: (1) percentage of polymorphic
fragments (PPF) using PopGene version 1.31 (Yeh et al. 1997) and TFPGA version
1.3 (Miller 1997); (2) Shannon’s index (/) of phenotypic diversity (Lewontin 1972),
calculated across all loci as I = —XP;log, (P;), where P; is the relative frequency of
a given ISSR fragment, using PopGene version 1.31 (Yeh et al. 1997) and TFPGA
version 1.3 (Miller 1997); and (3) Nei’s (1973) expected heterozygosity or gene
diversity (Hpop), calculated from allele frequencies based on the square root of the
frequency of the null (recessive) allele, or the unbiased estimator of Lynch and
Milligan (1994), using PopGene version 1.31 (Yeh et al. 1997) and TFPGA version
1.3 (Miller 1997). Given that the above estimation of allele frequencies from
dominant markers requires the assumption of Hardy—Weinberg equilibrium, within-
population gene diversity was also estimated using a Bayesian approach (Zhivo-
tovsky 1999; parameter Hg) employing the Hickory program, version 1.0 (Holsinger
and Lewis 2003). We used default values for burn-in (50,000), sampling (250,000),
and thinning (50).
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To characterize genetic differentiation among D. pleiantha populations, we
adopted three different approaches to explore any possible bias induced by the Hardy—
Weinberg assumption. First, we calculated Nei’s (1973) coefficient of population
differentiation (Gst) using PopGene version 1.31 (Yeh et al. 1997). Second, a
Bayesian estimate of population structure (®g) was estimated using the f~free analysis
option in Hickory, which allows for uncertainties in the level of within-population
inbreeding (Holsinger et al. 2002). Finally, nonhierarchical AMOVA was used to
partition the total phenotypic variance of the entire data set into within-population and
among-population components using Arlequin version 2.000 (Schneider et al. 2000).
Statistical significance of fixation indices was tested with 10,000 permutations
(Excoffier et al. 1992). The same software was used to calculate values for pairwise
®gr (analogous to Fgr) between populations. To visualize the genetic relationships
among all ISSR phenotypes, their Euclidean distance matrix was subjected to a
principal coordinates analysis using the program MVSP, version 1.3 (Kovach 1999).
In addition, a matrix of Nei’s D (1972) was calculated between all pairs of populations
and subjected to UPGMA clustering as implemented in TFPGA version 1.3 (Miller
1997). Bootstrap values were obtained by resampling with replacement over loci
(5,000 replicates). The correlation between pairwise ®@gt values and geographic
distances (Mantel’s ry;) was tested for all natural populations by using Mantel’s test
with 3,000 permutations (Mantel 1967).

Results
Clonal Study

Estimates of clonal diversity for three plots of D. pleiantha are given in Table 2.
Twelve selected ISSR primers identified 45 genotypes in 113 individuals, and all the
plots examined were composed of more than one genet. The plot in population TM
contained 31 multilocus genotypes for 52 individuals sampled. The two plots from
populations TT and JN, however, had only 6 and 8 multilocus genotypes, respectively.
The average number of genotypes was 14.7. The average size of genotypes ranged
from 1.677 (TM) to 4.833 (TT). The largest clone from population TT consisted of 21
samples, and each of these multisample clones spread at a maximum of 3.5 m long
(Fig. 2, TT). The mean clonal diversity (measured as Simpson’s diversity index) was
0.734 (Table 2). More distinct multilocus genotypes were detected in the plot from
TM than in the plots from TT and JN, which parallels the relatively higher genetic
diversity measured in population TM. A dendrogram based on genetic distances
between individuals showed that all individuals from the same plots formed a group
(data not shown), indicating that none of the 45 genotypes was found at more than one
location. Therefore, they were all local genotypes and no widespread genotype
occurred. The spatial distribution of genets is shown in Fig. 2.

Genetic Diversity Within Populations

The survey of 105 individuals from 5 populations of D. pleiantha with 12 ISSR
primers generated a total of 165 fragments, 98 (59.39%) of which were
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Table 2 Clonal diversity and distribution uniformity of three plots of Dysosma pleiantha

Plot (Site) N G Nc (= N/ PD (= 1/ D

G) Nc)
™ 52 31 1.677 0.596 0.999
TT 29 6 4.833 0.207 0.473
IN 32 8 4.000 0.250 0.746
Mean 14.7 3.504 0.351 0.734

N, Sample size; G, number of genotypes; N/G, average size of genotypes; PD, proportion of distin-
guishable genotypes; D, Simpson index

polymorphic. The band sizes ranged from 300 to 2500 bp (Fig. 3). All individuals
tested produced different ISSR profiles. Levels of ISSR variation within populations
varied widely across populations (Table 3). Assuming Hardy—Weinberg equilib-
rium, the average gene diversity (Hpop) ranged from 0.075 (JN) to 0.134 (SQ) for
D. pleiantha, with an average of 0.111 £ 0.026 at the population level. Shannon’s
index (/) ranged from 0.115 to 0.207, with an average of 0.170 £ 0.039 at the
population level. Among the five populations, SQ and TM from nature reserves
exhibit the greatest variability (PPF 48.48% and 39.39%, I 0.207 and 0.197, Hpop
0.134 and 0.131, Hg 0.247 and 0.229, respectively). By contrast, genetic diversity
was lowest in population JN, with PPF 26.06%, I 0.115, Hpop 0.075, and Hg 0.145
(Table 3). Considering groups of populations, those from the nature reserves (SQ
and TM) had on average higher levels of diversity (PPF 43.94%, I 0.202, Hpop/Hg
0.133/0.238) than those from outside nature reserves (DQ, TT, and JN: PPF 31.92%,
10.148, Hpop/Hg 0.097/0.180) (Table 3).

Population Structure of ISSR Variation

Across the five populations of D. pleiantha surveyed for ISSR variation, Nei’s
(1973) estimator of population substructure (Gst) indicated a fairly high level of
population differentiation (Gst = 0.465). These Ggr values translated into corre-
spondingly low levels of gene flow (Nm), with 0.575 migrants exchanged between
populations (on average) each generation. The AMOVA also revealed highly
significant genetic differences among the five populations of D. pleiantha. Of the
total genetic diversity, 49.99% of the variance occurred among populations
(®st = 0.500, P < 0.001) and 50.01% occurred among individuals within popu-
lations. In the Bayesian approach to infer population structuring, we used the f-free
model because it had the smallest DIC value (1614.2). The ®g was 0.436, similar to
the ®gt values from AMOVA.

The plot of the first and second principal coordinates from a principal
coordinates analysis (PCoA) (accounting for 24.67% and 10.64% of the variation,
respectively) is depicted in Fig. 4. PCoA revealed three plots, which were defined
according to their geographic origin. Estimates of genetic distance, in terms of
Nei’s (1972) D, between all pairs of populations ranged from 0.0757 (between TM
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Fig. 2 Distribution of multilocus genotypes in three plots from three Dysosma pleiantha populations
(TM, from Tianmushan Nature Reserve; TT, from Mount Tiantai; JN, from Mount Shiyan). Each dot
represents a sampled individual. Genotyped ramets sharing the same multilocus genotype are included
within a single encircled group, and each dot outside the groups represents a distinct multilocus genotype
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Fig. 3 ISSR amplifications of Dysosma pleiantha from two populations (TM, Tianmushan Nature
Reserve; TT, Mount Tiantai) using primer UBC854. Lane M, size marker (MBI Fermentas)

and DQ) to 0.2201 (between TM and JN). Subjecting the genetic distance matrix to
UPGMA clustering (Fig. 5) also revealed that populations spatially near each other
tended to be genetically similar. Neighbor-joining clustering of the same distance
matrix resulted in an identical tree topology (not shown). Corroborating this,
Mantel’s test revealed that the genetic distances between these populations were
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Table 3 Genetic diversity indices for five Dysosma pleiantha populations

Population N PPF 1 Hpop Hg
(%)

In the nature reserves

™ 15 39.39 0.197 0.131 0.229

SQ 23 48.48 0.207 0.134 0.247

Mean 43.94 0.202 0.133 0.238

Outside the nature reserves

DQ 22 36.36 0.186 0.125 0.219

TT 18 33.33 0.143 0.092 0.177

IN 27 26.06 0.115 0.075 0.145

Mean 31.92 0.148 0.097 0.180

Pop. average 36.72 0.170 0.111 0.203

Total 59.39 0.308 0.208 0.364

PPF, percentage of polymorphic fragments; /, Shannon’s diversity index; Hpop, Nei’s (1973) measure of
gene diversity; Hg, expected Bayesian heterozygosity (without assuming Hardy—Weinberg equilibrium).

Population codes as in Table 1
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Fig. 4 Principal coordinates analysis
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of 165 ISSR phenotypes from five populations of Dysosma

pleiantha. The first and second axes extracted 24.67% and 10.64% of the total genetic variance,
respectively. Abbreviations as in Table 1

significantly and positively correlated to their geographic distances (ry = 0.833;
P = 0.027) as expected under Wright’s (1943) isolation-by-distance model of

population structure.
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TT
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r T T T 1
0.08 0.10 0.13 0.16 0.18

Nei’s genetic distance

Fig. 5 UPGMA phenogram illustrating the genetic relationships among five populations of Dysosma
pleiantha, based on Nei’s (1972) genetic distance measure calculated from 165 ISSR markers. Numbers
on branches indicate bootstrap values from 1,000 replicates. Abbreviations as in Table 1

Discussion
Fine-Scale Genetic Structure

For species that reproduce sexually, populations usually contain many genets (Ellstrand
and Roose 1987; Eriksson and Bremer 1993). In this study, clonal diversity in three small
plots for D. pleiantha tended to be relatively high (G/N = 0.351, Simpson’s D = (0.734,
on average, Table 2), when compared with values presented in reviews of clonal
diversity among more than 20 primarily obligate clonal species by Ellstrand and Roose
(1987) (G/N = 0.17, Simpson’s D = 0.62, on average). Our data on the distribution of
genotypes suggested that, in general, the ramets sharing the same genotype show a
clumped distribution (<3.5 m). Without seedling recruitment, clonal diversity is
expected to decline rapidly and populations are expected to become dominated by a few
large genets (Eriksson 1993). Thus, the above results provide evidence that sexual
recruitment is a very important mechanism of regeneration in D. pleiantha populations,
and most individual plants with identical or similar genotypes were located within the
small spatial range. Clonal ability can contribute to propagating or perpetuating adapted
genotypes (Salemaa and Sievanen 2002) and thus enhance genet survival under
suboptimal conditions (Kudoh et al. 1999). For instance, clonal spread was reported to
be higher under harsh ecological conditions (Eckert and Barrett 1993; Stenstrom et al.
2001; Young et al. 2002). In our study, clonal diversity among three plots varies greatly.
Clonal spread occurs more readily in plots TT and JN from outside the nature reserves
than in plot TM from the nature reserve (Table 2), which could be interpreted as a
strategy for propagating or perpetuating adapted genotypes under the suboptimal
ecological conditions resulting from human disturbance.

Within-Population Variation and Population Divergence

The levels of within-population genetic diversity in D. pleiantha are relatively low
when compared with other seed plants, with either a similar life history or various
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breeding system attributes, that have been screened with a comparable (i.e., dominant)
marker system, such as amplified polymorphic DNA (RAPD), as most recently
reviewed by Nybom (2004). Thus, if for comparison we focus on the genetic diversity
index Hpop, the total average of within-population ISSR diversity in D. pleiantha
(Hpop/Hg = 0.111/0.203; Table 3) is much lower than the corresponding average of
RAPD diversity reported in long-lived perennial species (Hpop = 0.25) and
outcrossers (Hpop = 0.27), whereas it is comparable to selfers (Hpop = 0.12)
(Nybom 2004; see also Nybom and Bartish 2000, for almost identical estimates).
When compared with its congener species, these values of genetic diversity for D.
pleiantha are higher than that observed from ISSR analysis in D. versipellis (Hpop/
Hpg = 0.084/0.177) (Qiu et al. 2006). The results are also in good agreement with that
obtained by our previous allozyme analysis (Qiu et al. 2005).

The low levels of heterozygosity observed in this species could result from
significant amounts of selfing occurring within D. pleiantha populations. This
interpretation would be in conflict with a predominantly outcrossing mating system of
this species (Qiu et al. 2005). Genetic diversity, however, may be structured in
neighborhoods, and mating may mainly take place among genetically related and
geographically close individuals and/or intraclone ramets. Field observations of
Chrysomya megacephala, the main pollinator of this species, have shown that its flight
distance is less than 2 m, and it flies to the nearest plant to collect pollen and nectar (Y.
X. Qiu, pers. obs.). No specialized structures were observed either on the fruit or seed
surface that would facilitate dispersal. In natural conditions, the mature berries of D.
pleiantha usually drop in the vicinity of their mother plant during the rainy season, and
small seeds are released following decay of the fruit pulp (Li and Wang 2006). The
pollinator behavior, coupled with the lack of specialized seed dispersal mechanisms,
could be favoring the establishment of neighborhoods of related individuals. Thus,
inbreeding resulting from these pollinations could be one of the major factors
responsible for the low genetic variation within the populations of these species. The
proportion of its sexual and asexual propagation may determine the level of genetic
diversity (Ayres and Ryan 1997). Relatively low levels of genetic variation and small
numbers of distinct multilocus genotypes observed in the JN and TT populations may
indicate that vegetative reproduction and spreading predominate in these populations.
The relatively high level of genetic variation observed within the TM and SQ
populations suggests that the balance between vegetative reproduction and sexual
reproduction is more in favor of sexual reproduction in the large populations than in
the small populations (e.g., JN and TT); indeed, the relatively high fruit production
observed in TM and SQ confirms this hypothesis.

Recent land uses and deforestation have resulted in population size reduction and
habitat fragmentation of D. pleiantha, particularly for populations outside the nature
reserves (DQ, JN, and TT) (Li and Wang 2006, see Table 1). All D. pleiantha
populations are fewer than 800 individuals, based on our five-year field investi-
gation (Qiu et al. 2005). From theoretical predictions and a number of studies, the
smaller populations might be expected to show reduced levels of polymorphism and
allelic richness (Young et al. 1996; Coates and Hansley 1999). Thus, we expected
the populations outside the nature reserves (DQ, JN, and TT) to be genetically
depauperate, compared with the populations in the nature reserves (TM and SQ).
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Diversity estimates obtained with ISSRs indicate that those from the nature reserves
had on average higher levels of diversity (PPF = 43.94%, Hpop/Hg = 0.133/0.238)
than those from outside the nature reserves (DQ, TT, and JN: PPF = 31.92%, Hpop/
Hg = 0.097/0.180) (Table 3). Based on that analysis, inbreeding and random
genetic drift could be responsible for the lower genetic diversity of this species.

Across the species’ range, natural populations were found to show an unexpectedly
high level of genetic subdivision, with an estimated Ggt value of 0.465 [Nei (1978)
classified Ggr < 0.05 as low, 0.05-0.15 medium, and >0.15 high]. There is a
considerable amount of genetic differentiation among populations of D. pleiantha.
Different analyses of the ISSR data all show a high between-population variation
(AMOVA, ®gr = 0.500; Nei’s genetic diversity, Gst = 0.465; Bayesian analysis,
®g = 0.436). The AMOVA-derived Ggr analog, @gr, is of comparable magnitude,
0.500. This value is much higher than the average reported in the RAPD literature for
species with long-lived perennials (Pst = 0.25) as well as outcrossers (Pgr = 0.27—
0.28), but is still lower than generally found in predominant selfers (®gr = 0.65;
Nybom and Bartish 2000; Nybom 2004). A high level of population differentiation
may be explained by several factors, including the species’ breeding system, genetic
drift, or geographic isolation of populations (Hogbin and Peakall 1999). When the
association between collection distance and among-population distance diversity was
analyzed for outcrossing and selfing taxa separately, a strong positive relationship was
found for outcrossing taxa, but not for selfing taxa (Nybom and Bartish 2000; Nybom
2004). Given that the mating system of the species was outcrossing and most
populations of D. pleiantha were more than 250 km apart, we therefore believe that
great geographic isolation between populations may have played an important role in
promoting differentiation among these populations. When populations are small and
isolated from one another, genetic drift also influences genetic structure and increases
differentiation among populations (Ellstrand and Elam 1993). D. pleiantha seems to
consist of a series of disjunct populations, more or less isolated from each other
(Fig. 1). Restricted gene flow and genetic drift might have influenced the extent of
differentiation among D. pleiantha populations. The Ggr-derived Nm value of 0.575 is
indicative of restricted gene flow among natural populations, and this value is actually
below the level (Nm = 1) needed to counteract genetic drift (Slatkin 1993). The
significantly positive ry; value observed in the isolation-by-distance analysis also
indicates that gene exchange is largely restricted to nearest neighboring populations.
Hence, based on the present data set, there is no evidence that serendipitous long-
distance dispersal (or colonization) plays a large role in the population dynamics of
D. pleiantha. These data strongly suggest that the major contemporary factor, in
addition to breeding system attributes, determining the pronounced genetic structure
of D. pleiantha is restricted gene flow due to limited pollen and seed dispersal with
isolation by distance.

Conservation Implications

Knowledge of the levels and distribution of genetic diversity is important for
designing conservation strategies for threatened and endangered species (Qiu et al.
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2005). In the present study, the observed genetic differentiation among D. pleiantha
populations is so great, and so little gene flow appears to exist among them, that
management for the conservation of genetic variability in this species should aim to
preserve not only large populations but also as many of the small populations
outside nature reserves as possible. Reduced levels of genetic variation, especially
in the smaller populations, will affect the species’ ability to adapt to changes in its
habitat (Luijten et al. 2000). Positive correlations between population size, expected
heterozygosity, and plant fitness were also found in Gentiana pneumonanthe
(Oostermeijer et al. 1995) and a self-incompatible perennial (Arnica montana;
Luijten et al. 2000). Vegetative reproduction in the small populations of D. pleiantha
might postpone extinction, but it is essentially an evolutionary dead end. In the
present situation, seedling recruitment in small populations (e.g., TT and DQ) is
virtually absent (Y. X. Qiu, pers. obs.). Thus, policy plans should be developed to
stimulate recruitment in the small populations. Artificial transplanting of individuals
among different scattered plots in the same population may be advantageous to
increase fruit set. Given that remarkably high levels of genetic differentiation
existed among populations in D. pleiantha, crossing populations may bear a certain
risk of outbreeding depression, which can be attributed to the disruption of local
adaptation (i.e., extrinsic isolation), underdominance, or epistatic interactions
(heterozygote—heterozygote interactions or interactions involving sex chromo-
somes) (Fischer and Matthies 1997; Edmands 2007).

Considering that low seed set was observed in this species, a good strategy to
encourage seed set, improved seed germination, and seedling recruitment needs to
be considered. It is desirable to apply simple methods (e.g., enhancing seed
germination or propagation via rhizome segments). These would be easy to perform
in the field and cost effective. In vitro techniques such as tissue culture have proved
to be an effective means for recovery of endangered species (Nadeem et al. 2000).
At present, an effective protocol of in vitro propagation, involving multiple shoot
formation from zygotic embryos and subsequent rooting, has been developed for
D. pleiantha in our laboratory (Pan et al. 2006). In vitro propagation may well be
used as a means to rescue zygotic embryos for this species. Currently efforts have
been taken up along these lines. In addition to the demographic and genetic
constraints, there are external threats to the species in the form of overexploitation
of its rhizomes for medicinal use, which greatly reduces its chances of survival. In
view of these investigations, we conclude that the external pressures on the species
need to be stopped, and an integrated conservation strategy based on demographic,
ecological, and genetic aspects should be prepared. In these ways, we hope that
the future of this medicinally important, severely threatened species will be
guaranteed.
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